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Foreword

Improving the management of existing irrigation projects
is the subject of this volume, the eighth in the Westview
series "Studies in Water Policy and Management." The volume
focuses on a critical problem: Investments in Third World
irrigation projects of all sizes in the post-war period have
not been as productive as expected. As the costs of new
projects escalate and as the debts from past projects drain
resources from national treasuries, aid recipients and donors
have come to realize the importance of cbtaining greater
payoffs from existing infrastructure.

The results of extensive, widely varied field research
by irrigation specialists from the major disciplinary fields
are presented in this volume and can be used in the training
of irrigation planners, managers, and extension personnel.
The chapters emphasize the need for total management of
agricultural inputs, the need for appropriate incentives,
the utility of farmer involvement, the possibility of
changing institutions, and so on. The chapters are not
highly technical and they constitute excellent training
materials for short courses, as well as supplemental reading
in standard courses.

Charles W. Howe
General Editor

Charles W. Howe is professor of natural resource
economics at the University of Colorado and a specialist in
water resources.
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 Introduction

K. C. Nobe and R. K. Sampath

Irrigation management and its technologies
have no inherent value in themselves, nor value
to farmers or to society until they are applied
for the purpose for which they were developed.
The central question then is what kinds of in-
stitutions and their delivery systems and poli-
cies are needed to bring these new agriculture
production possibilities to farmer clients so
they can benefit by higher production, higher
income, more equity, and better levels of
living. This means also finding ways to reduce
the very negative impacts or externalities on
nonintended audiences, the environment, and
society at large (Leagans, 1979).

Irrigation remains a high priority consideration in
the development strategy of a large number of countries,
particularly in South and Southeast Asia, but also in the
arid regions of Africa, the Middle East, and Latin America
as well. While these efforts continue to attract large
investments in civil works, increasing attention is now
being given by donor agency personnel and public agency
staff in the developing countries to achieving more effec-
tive management of these large, complex systems. There is
ample evidence that low irrigation efficiency levels and
overall poor performance levels of major projects devel-
oped since World War II are primarily the result ot poor
project and program management, rather than being attribu-
table only to poor farming practices and/or to faulty
engineering design of the associated civil works. What
all this means is that in the arid areas of developing



countries, provision of an irrigation water supply is a
necessary but insufficient condition for achieving suffi-
cient increases in crop production so that increased
benefits will outweigh increased investments for construc-
tion, operation, and maintenance. Management entails tiie
provision of an operational framework which makes it pos-
sible for farmers to combine the water input with other
required inputs, such as seeds, fertilizer, lzbor, and
capital, under conditions where the potential returns out-
weigh the perceived high risks associated with the costs
of these inputs to be provided by the farmers.

The technical requirements of irrigation development,
including its engineering, agronomic, economic, and socio-
logical parameters, are reasonably well understood, even
though until recently they were being studied and imple-
mented under conditions of discipline isolation. The
management of a completed project and an extension infor-
mation delivery program for farmers managing small farm
subunits included in a command area, however, requires an
overall understanding of the linkages of these discipline
components in the highly complex system that a large irri-
gation project represents. Because so many of the vari-
ables that contribute to the success or failure of a
project are beyond the farmer's direct control, the argu-
ments for some form of government involvement in project
operation after the construction phase are highly convin-
cing. Whether such government intervention will be suc-
cessful depends critically on the quality of the project
management that it provides. Therefore, it is the purpose
of this volume of collected writings by experienced irri-
gation specialists to provide an organized body of knowl-
edge that we feel should be a key input into the training
of irrigation project planners and managers in those
developing countries that are highly dependent on irri-
gated crop production.

THE IMPORTANCE OF IRRIGATION: AREA
COMMANDED VS. EFFICIENCY LEVELS

The largest beneficial use of water, worldwide, is
for irrigated crop production. While irrigation is prac-
ticed in a large number of countries, the area commanded
under irrigation is highiy concentrated in a relatively
few countries, most of which are classified as underdevel-
oped and most of which are located in South and Southeast
Asia. Data collected by Rao (1975), for example, show



that 12 countries, including the U.S. and USSR as devel-
oped nations, are irrigating in excess of 135 million ha,
which account for 80 percent or more of the total jrri-
gated area worldwide (Table I.1).

While Rao's data are relatively old (1954 to 1974},
there are reascns to beiieve that current figures, if
available, would not differ significantly. First, most of
the readily developable, lower-cost project areas had been
brought into production by 1970; and second, in some coun-
tries, such as India, where major expansion of irrigation
projects is still under way, loss of cropland to waterlog-
ging and soil salinization is almost offsetting the acre-
age being added by new projects. Given these two condi-
tions, there is considerable merit in the argument that
public agencies in these countries should now give greater
weight to providing effective management for existing pro-
jects than to adding expensive new projects. These would

Tabie I.1 Irrigated areas in selected countries, up

to 1974
Area Area
51 Cultivated Irrigated
No. Country (in million ha) Remarks
1 2 3 4 5
1 India 161.0 43.0 The figures are up
to 1974
2 China 134.0 29.0 The figures are up
to 1954 and are
exclusive of blocks
less than 630 ha
which were done by
the people
3 uU.s. 176.0 16.9
4 Pakistan 19.7 11.4
5 USSR 225.5 9.9
6 Iraq 7.5 4.0
7 Indonesia 14.0 3.8 The figures are
8 Japan 6.0 3.4 given up to 1968
9 Mexico 15.0 3.3
10 Italy 27.5 9.2
11 Iran 6.8 3.1
12 U.A.R. 2.9 2.9




surely fail if operated under the management levels pro-
vided for past projects.

Another major reason for concentrating on improving
project management is to increase the irrigation effi-
ciency levels of available water supplies. While modern
technical approaches--such as level basin flooding and
drip irrigation--are helping tu achieve extremely high
efficiency levels in developed countries, the efficiency
levels in most developing countries are still extremely
low. In India, for example, irrigation using groundwater
supplies typically requires a 0.65 hectare meter when sur-
face water is used, due to high conveyance losses. As
both croppirg intensities and the levels of nonwater in-
puts increase, the incentives for increasing irrigatien
efficiencies will also intensify; however, project re-
sponse capability will require improved project management
capability.

Finally, it should be recognized that well-managed
irrigation projects can serve as a primary mechanism for
modernizing the agricultural sector in many developing
countries. But to do this, mobilizing the availability of
a total package of necessary agricultural inputs and fa-
cilitating their adoption by farmers being supplied with
irrigation water will be necessary. The recent 1doption
of the command water management project approach 2y major
donor agencies, such as the World Bank and the U.S. Agency
for International Development (USAID), is based on this
comprehensive systems approach. For such projects to be
successful, however, total agricultural input managers,
not merely water delivery managers, would be required.
And, in turn, such managers would have to be trained in
modern concepts of project management and given the oppor-
tunity to operate within an institutional framework that
encompasses managerial control of all forms of input,
ranging from the water supply to credit to the extension
delivery system.

Transformation of the rigid administrative systems
now in place in most developing countries, with split
responsibilities between irrigation and agricultural
agencies, will not be easy, but irrigation management can-
not be significantly improved unless such changes occur,
however slowly. Without improved management, improved
irrigation efficiencies, increased agricultural output,
and higher returns to farmers will not occur. There is
reason tc believe that, because of the high stakes in-
volved, government administrators in the Key developing
countries heavily dependent on irrigation are beginning to
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respond to efforts to improve irrigation management. The
material provided in this text will, hopefully, aid in
their understanding of the processes involved in effec-
tively managing complex irrigation farming systems.

A Systems Approach to Irrigation Management

An irrigation delivery system is defined as a created
entity with complex interdependent social, economic,
legal, biochemical and physical factors, processes, and
procedures designed to transport waler from a known source
to the root zones of plants and remove excess water
through horizontal or vertical drainage. At the farm lev-
el, the water input is combined with other farm inputs and
managed to produce crops of economic value. Thus, a Sys-
tems approach to irrigation management encompasses the
total set of process interactions involved in irrigated
agriculture--not just the water input. Failure to grasp
the vital principle of interaction of systems components
is the greatest present technical (and institutional)
handicap to agricultural development in the newly develop-
ing countries. This is particularly true in those coun-
tries heavily dependent upon irrigated agriculture.

Irrigation mapagement, as a recognized systematic
methodology, is only about 15 years old, although many of
the technologies and concepts employed have been around
for 75 years or more. lhis approach is now coming of age
because decision makers in developing countries and donor
agencies alike now realize that concentrated irrigation
development and operation of existing irrigation systems
everywhere requires urgent attention. Escalating energy
costs have further aggravated ‘he pressures of population
growth, and food shortages aie again becoming major prob-
lems in some developing countries, particularly in Africa.
As the costs of new projects continue to escalate and
developable water supplies become scarcer, irrigation
decision makers are turning increasing attention to im-
proving and maintaining existing irrigation systems. The
interdisciplinary systems approach to irrigation manage-
ment will be a useful methodological tool in such efforts.

Chambers (1983) has stressed the need for rapid and
useful appraisal techniques for helping countries identify
priority strategies for further public intervent.on into
existing irrigation systems. But few attempts have been
imade to develop workable appraisal approaches, nor have
many studies been conducted on system performance at the



field level. One notazble exception is the interdisciplin-
ary approach to diagnostic analysis developed by the
Colorado State University On-Farm Water Management team
during the 1970s, working with an integrated surface and
groundwater .rr1gation water supp'y in the Punjab area of
Pakistan (Clyma, Lowdermilk, and Corey, 1977). While the
project objective was to improve the performance of one
locale, sufficient field research was conducted to identi-
fy causes and effects so that the results could be opera-
tionalized for widespread application of the resulting
diagnostic approach to other irrigated areas of the world.

Irrigation management is the orchestration of scarce
physical and biological resources, using the skills s
several disciplines to bring water to tke root zones of
plants for increased food and fiber production for all
classes of farmers. Clyma, Corey, and Lowdermilk (1977)
discussed this new interdisciplinary approach to irriga-
tion management (IM) as follows:

IM is not water resources, dams, canals,
command areas, Soils, eng1neer1ng, agronomy,
economics, watercourses, social science, farm-
ers, or plants. Instead, it is how these re-
sources are manipulated and orchestrated by all
these disciplines to bring water to the root
zones of crops with other inputs at the proper
time, the proper rate, and the proper place and
cost to produce food and fiber.

A more recent definition states that irrigation management
is:

a process that has at its core an efficiency
objective of improving a production system's
nerformance by adjusting inputs to produce a
more desired level or mix of outputs . . . an
interdisciplinary system process with built-in
learning mechanisms to improve system perform-
ance by adjusting physical, technological, and
institutional inputs to achieve the desired
levels of output (Seckler and Nobe, 1983).

Diagnostic analysis (DA) is a proven first phase for
improving existing irrigation systems, but it must be
followed with the development of solutions, assessment of
appropriate technological packages, and implementation of
national programs of water management improvement. The DA



approach evolved from projects that focused on irrigation
problems faced by farmers at the field level, but the
methodology is adaptable to a total irrigation delivery
system. The command water management programs now under
way in India and Pakistan are attempting total systems
application of an interdisciplinary DA approach. Seckler
and Nobe (1983) have developed a system-wide monito:ing
and evaluation approach to such projects, which they term
“Management by Results" (MBR).

The MBR approach requires continued monitoring and
evaluation at the project level and sufficient power by
the project manager to force delivery changes as various
bottlenecks appear in the delivery system for all irriga-
tion crop production inputs. The new Pakistan Command
Water Management Project, jointly funded by the World Bank
and UISAID, was designed to operate under the MBR approach.
The project was s’ow in getting off the ground, largely
due to administrative delays by USAID and a severe short-
age of trained manpower for project operation. Nonethe-
less, the project is now under way and will be recognized
as one of the first large- scale efforts to use a systems
approach to irrigation management.

Training Requirements for Modern
Irrigation Management

The most economic resource for irrigation development
trday may not be financial capital for new schemes, but
rather require the abilities of people to do the job--
their knowledge, skills and professional commitment. It
is professionals and technicians who build and operate
good and/or bad irrigation systems. Until recently,
training requirements for developing country personnel to
"manage" modern irrigation systems has been the least
understood and least supported component of donor agency-
funded agricultural development efforts. In this regard,
Aaron Wiener (1476), formerly chairman of the famous Tahal
National Water Program in Israel, has stated:

Irrigation wnot only requires much larger
capital inputs than other agricultural methods,
but also the heaviest innuts in trained and ex-
perienced human resources. With a few excep-
tions the more critical scarce resources in the
low income nations are management talent of pro-
fessional and sub-professional manpower.



Training of professionals and farmers for improved
irrigation management received little attention during the
1960s and 1970s. A recent survey of 63 World Bank and
USAID irrigation projects found that only about 1 percent
of the total project costs was devoted to improving human
capital. But the situation in the 1980s is definitely
improving; for example, in the recently initiated World
Bank/USAID-funded Pakistan Command Water Management Pro-
ject, a higher percentage of total project costs was set
aside for training project management persohnel, extension
agents, and farmers (World Bank, 1984).

Aaron Wiener (1976) has also noted the importance of
training farmers for operating successful irrigation
systems:

Engineering is not the fundamental problem
underlying irrigation development in LDCs. En-
gineering principles are known and can be adapt-
ed, but the major problem, however, is to dis-
cover ways to wutilize farmer clients more
effectively in operations and maintenance and
development programs which will create rural
transformation.  Rural transformation essenti-
ally requires changes in farmers' behavior,
motivations, and expectations, which is hardly
pussible until institutions exist to provide
them with the improved production possibilities
and incentives

Irrigation and other agricultural professionals
working with farmers in existing irrigated areas urgently
require retooling and training in modern irrigation man-
agement.  In addition to project managers, who tradi-
tionally are personnel trained as civil engineers in
developing countries, such interdisciplinary training is
also required of project monitoring and evaluation person-
nel, extension workers, and farmers in the project areas.
Such training is distinct from discipline-oriented train-
ing, which is the primary function of universities. We do
not believe that universities should be advised to develop
new interdisciplinary educational programs leading to
degrees in irrigation management. But we do think that
traditional training for irrigation engineering and irri-
gation extension degrees should include more courses from
other disciplines. Further, university professionals can
assist in continuing on-the-job training efforts in inter-
disciplinary, modern irrigation management via offering



nondegree, specialized training programs. We believe that
the material presented in this volume can be used effec-
tively in such efforts, based on our recent special train-
ing program on India held at Colorado State University.

Max Lowdermilk (1983), presently a training officer

with the USAID Mission in India, has identified the fol-
lowing necessary ingredients for an effective professional
training program in irrigation management:

1.

Training and educational programs for irrigatiun man-
agement should be based on careful action research
and need analysis.

Before 1nitiating any training activity, one should
be very clear about why training is needed. Is it to
provide more productive work, better service to farm-
ers, better job performance to save time and money,
or what? Some other questions in this context are:
What are the priority management deficiencies of
irrigation systems for which training is needed?
What are the criteria for improvements? What is the
quantity and quality of available manpower required
at all levels? What new rules and skills are needed?
Where, by whom, for what skills, and how long is
training needed? What basic incentives are reguired
for trainers and trainees?

A training program in irrigation should fit into and
support the strategy or framework for improving irri-
gation systems.

There are four interlinked aspects:

training and research are organically linked
training is real-world oriented

life systems are a laboratory for training
training is interdisciplinary.

o0 oo

Maintain an organic linkage between training and

field research and projects: keep training relevant:

1t must be oriented toward field exercises and train-

ing material should evolve from Jocal situations.

One wuseful approach to training would be through
diagnostic analysis, as is beiing done by personnel in
the USAID-financed Water Management Synthesis II Pro-
ject. The diagnostic analysis mode of training is
designed to train professionals in field methods use-
ful for monitoring irrigation systems, project ap-
praisals, and management of systems. The training is
interdisciplinary and takes place in the field on
live systems.
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4.  Successful training and educational programs require
strong institutional commitment,
Wilhe it strong commitment for training by the agency
usiny the trained staff, the training is a waste. We
need (v focus on finding better ways and means to
build up the demand and commitment for training. In
order to sensitize senior officials and policymakers,
they should be exposed to irrigation management con-
cepts bhefor~ training operational staff.

Institutional building is a management concept which
means the planning, structuring, guidance, and reshaping
o7 new or existing organizations in terms of functions and
physical and/or social technologies. Such changes cannot
occur without training in the new approaches desired for
personnel at all levels in the organization, not the least
of which are the top agency personnel who will be respon-
sible for the change decisions. As an example of needed
institutional change in irrigation management, traditional
irrigation departments need to reorganize so as to create
a new cadre and career path fcr interdisciplinary profes-
sionals trained in system-oriented irrigation management.
Further, a means must be found to provide continued pro-
fessional development training in this new function for
in-service personnel. When these innovations become
established and become valued parts of normative relation-
ships within the agency, they have, in fact, become insti-
tutionalized! Without such changes, the massive donor
agency and LDC top echelon commitment to in-service train-
ing in modern irrigation management will fall far short of
its potential contribution to improved agricultural pro-
duction in these countries.

Organization and Description of Chapters

The chapters included in this volume were originally
prepared for and presented in the 1984 International
School for Agricultural and Resource Development (ISARD)
Invited Seminar Series, "Current Issues in and Approaches
to Irrigation Water Management in Developing Countries."
This effort was an integral part of a special training
program for 19 Indian irrigation water management per-
sonnel responsible for establishing a number of state-
level training institutes. We organized this seminar
series, however, to focus on a number of leading issues
and concerns that are currently the major preoccupation of
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irrigation development experts and practitioners on a
worldwide basis. Leading issues addressed were centered
around strategies to improve irrigation input efficiency
in terms of both disciplinary and interdisciplinary as-
pects involving the engineering-agronomic-economic-social-
institutional-legal dimensions of irrigation management.

Part 1 presents an overview of methodological and
conceptual aspects of irrigation management in developing
countries. In Chapter 1, Wayne Clyma discusses "Irrigated
Agriculture: A Comparative Analysis of Development Con-
cepts." He reviews several existing approaches t¢ improv-
ing irrigated agriculture by classifying the canceptual
phases according to the phases in the research-uevelopment
process. He notes the strengths and weaknesses of each.
Based on these results, he suggests an improved strategy
involving specific planning nbjectives.

In Chapter 2, "On the Development and Use of Improved
Methodologies for Irrigation Management," Roberto Lenton
makes a case for the development and use of gereral ap-
proaches to irrigation management that are not specific to
any given irrigation system, so that they can be applied
in a broad range of existing situations. In this context,
he clarifies the concept of modern irrigation management,
examines to what extent methodologies for implementation
are available and used in managing irrigation systems
around the world, explores research needs, and draws
lessons that may be applied in the development of improved
methodologies. The emphasis in this chapter is on large-
scale, publicly administered irrigation systems, such as
those prevalent in much of South and Southeast Asia.

Willard Schmehl's paper in Chapter 3 focuses on the
necessary linkage "From Diagnostic Analysis to Designing
and Conducting On-Farm Research." The major objective of
his paper is to emphasize that diagnostic analysis is only
the first step in the irrigation development process. He
presents some general methodologies that are used in the
research phase and then reviews the current status of on-
farm research in irrigated farming systems.

Chapter 4 is J. Mohan Reddy's presentation of '"Man-
agement of Gravity Flow Irrigation Systems." This paper
deals with water control and management aspects of gravity
flow irrigation systems in general.

In Chapter 5, John Replogle deals with "Some Tools
and Cencepts for Better Irrigation Water Use." Dr. Replo-
gle discusses different water delivery systems and sched-
uling policies, based on intensive research under way by
the U.S. Aricultural Research Service in Arizona and Cali-
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fornia, that he considers applicable to managing irriga-
tion systems elsewhere in the world.

Part II deals with economic aspects of irrigation
systems. In Chapter 6, "On the Allocation, Pricing, and
Valuation of Irrigation Water," Robert Young discusses
different water pricing concepts and systems to distribute
water to achieve efficiency, equity, and cost-recovery
goals.

Sam Johnson's paper in Chapter 7 deals with "Social
and E:uromic Impacts of Investments in Groundwater: Les-
sons irom Pakistan and Bangladesh." The purpose of his
paper is to examine social, technical, and economic as-
pects of investments in groundwater in these countries.
The paper focuses on covernment policies concerning
groundwater development and documents the economic and
social impacts of these poiicies.

Dan Yaron discusses "Eccnomic Aspects of Irrigation
with Saline Water" in Chapter 8. This paper reviews e.o-
nomic dimensions of irrigation with water of varying
salinity levels, with emphasis on on-farm irrigation prob-
lems in Israel.

Ian Carruthers discusses economic and technical is-
sues inherent in "Irrigation, Drainage, and Food Supplies"
in Chapter 9. Specifically, this article concentrates
upon the growing problem of waterlogging and salinity,
which portends to destroy the food-producing capacity of
much of the irrigated lands of the Nile, Euphrates, Indus,
Ganges, and many other arid zone river basins.

In Chapter 10, Melvin Skold and Donald Lybecker dis-
cuss "Developing Farm-Level Information for Improved Irrij-
gation Water Management in Developing Countries." This
paper, based on extensive field research in Egypt, focusas
on data useful for evaluating and understanding the farm
economic situation and the data base necessary to perform
financial and economic evaluations of alternatives per=~
taining tc irrigation system development. Its primary
focus, however, is on the necessary data base foy farms
and farmers,

Part 1I1 introduces the management and institutional
aspects of modern irrigation management. In Chapter 11,
Jack Keller discusses "Irrigation System Management."
This paper presents an overview of concepts reiated to
irrigation system management, based on conciusions reached
by the author as a result of extensive interdisciplinary
field study and consulting activities involving irrigated
agricultural management in several developed and develop-
ing countries.
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In Chapter 12, Warren Fairchild and Kenneth Nobe
focus or "Improving Management of Irrigation Projects in
Developing Countries: Translating Theory Into Practice."
In this paper, the authors discuss the jointly funded
World Bank/USAID Command Water Management Project in Paki-
stan, in which the new "Management by Results" approach i3
being tested on a pilot basis. Institutional constraints
and trained managerial manpower shortages are specifically
highlighted.

Chapter 13 is a paper by David Seckler on "The Man-
agement of Paddy Irrigation Systems: A taissez-raire,
supply-Side Theory," based on his recent experiences in
India, Thailand, and Indonesia. Seckler argues that paddy
irrigation is different from other irrigated crop svsteme
in at least two basic physical parameters tha* substan-
tially effect the design and efficient operation of ithese
irrigation management systems: (1) water is primarily
stored on and drained from the surface of fields and (2)
paddy irrigation systems have a self-regulating property
that leads to a reasonably optimal allocation of water
supply between farms. Thus, he notes that, in contrast to
other irrigated crop systems, it is doubtfu! if management
improvemerts in the form of rationing and rotation of
water supplied to paddy farmers would result in cost-
effective improvements over the allocation now being
achieved hy existing, naturally tunctioning laissez-‘faire
systems.

Chapter 14, by Max Lowdermilk, deals with "Improved
Irrigation Management: Why Involve Farmers?" In this
paper, the author deals with three basic questions that
are currently widely discussed:

0 Why involve farmers in irrigation development
and improvement?

0 Why don't farmers cooperate with irrigation
authorities more effectively?

c What are some useful lessons about farmer
involvement which may have relevance for
developing countries in general, and India
in particular?

In Chapter 15, George Radosevich presents an overview
of the "legal and Institutional Aspects of Irrigation
Water Management" in developing countries. Specifically,
he deals with three areas that affect development and
utilization of water-related resources: (1) laws, (2) or-
ganizations, and (3) the system of planning and management
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adopted or available to the decision-making parties
involved.

Chapter 16 is Walt Coward's paper on the "State and
Locality in Asian Irrigation Development: The Property
Factor." 1In this paper, the author argues that irrigation
development is the result of activity by both the state
and the locality and that improving irrigation development
outcomes is dependent upon discovering and using better
means for joining state and locality actions. He arques
that particular attention must be paid tc how much actions
affect the property rights of individuals.

Dan Lattimore's paper in Chapter 17 discusses "Water
Management: Probiems and Potential for Communications in
Technology Transfer." This concluding paper synthesizes
what we presently know about the communication aspects of
technology transfer as it relates to water management
around the world.

In conclusion, we can only express the hope that the
material presented in this volume will be of use to those
interested in promoting modern irrigation management tech-
niques in the developing countries. Based on our experi-
ence in using these papers in a special training program
for Indian irrigation personnel, we are confident that
these materials can be utilized in future training pro-
grams for personnel from many other developing countries.
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Irrigated Agriculture:

A Comparative Analysis
of Development Concepts

Wayne Clyma

Irrigated agriculture has a significant impact on
many developed and less developed countries. A review of
yield differences between irrigated and dryland production
suggests the difference is usually three to four times in
favor of irrigation as a country or regional average.
Potential yields are even greater. This average does not
reflect the increased variability of yield that usually
accompanies dryland agriculture. Thus, the mean yield is
increased, its potential increased by several magnitudes,
and its variability greatly reduced under irrigated
agriculture.

Irrigated agricultural development, however, greatly
lags behind the potential. As a result, major efforts and
significant programs have been developed that attempt to
improve the performance of irrigated agriculture as a
development strategy.

The technologies available to irrigated agriculture
continue to increase at an accelerated rate. Current
concepts such as computerized scheduling of irrigation,
mechanized and automated irrigation, the Green Revolution,
farmer participation through farmer organizations, and
policies to improve the economic benefits of irrigation to
farmers have been developed, articulated, and attempted.
The use of these improvements by farmers or appropriate
organizations to benefit farmers and improve the produc-
tivity of irrigated agriculture is limited. Irrigated
agriculture has yet to benefit near its potential from
these developments in most countries of the world, even in
the developed countries.

Several writers have suggested that the gap between
the state of the art and the state of the science in

19



20

irrigation continues to widen (Hagan and Stewart, 1972).
Further, over the last 10 years, a number of development
strategies have been suggested for irrigated agriculture
or agriculture in general that attempt to suggest a sys-
tematic structure for improving their level of perfor-
mance. The fundamental emphasis of each sirategy is to
suggest a systematic approach for improving irrigated
agriculture or agriculture in general.

This paper will review these approaches by classify-
ing their conceptual phases according to the phases in
the research-development process (Clyma et al., 1977) as
currently defined (Clyma et al., 1981), and discuss the
strengths and wezknesses of each. Based on these re-
sults, the conceptual approach to water management im-
provement in irrigated agriculture will be presented and
the important emphases needed will be suggested. An
improved strategy involving specific planning will also
be suggested.

HISTORICAL PERSPECTIVE

Systematic approaches to agricultural or irrigated
agricultural development in the past have revolved around
the concepts of specific project emphases or integrated
rural development. The results have been less than
satisfactory, with performance of irrigated agriculture
still limited.

The author was first introduzed to the concept of a
need for a systematic approach to improving irrigated
agriculture in 1974, as the Pakistan On-Farm Water
Management Research Project began to have a significant
impact on the development prcgrams of the government of
Pakistan, USAID, and the World Bank. The fundamental
question was this: If there were concepts, principles,
and procedures that came from the experiences of the team
in Pakistan, would they provide a basis for improving the
development efforts in irrigated agriculture? The answer
for many, over the next four years, was an emphatic,
"No!" The efforls of Dr. Max Lowdermilk; Dr. Gil Corey;
many Coiorado State University (CSU) personnel, such as
Dr. ¥W. Schmehl, Dr. Dan Lattimore, and Or. David Freeman;
and many other reviewer comments suggest that the answer
from a 10-year perspective is an emphatic, "Yes!" The
initial definition of the development model was provided
from the Pakistan experience (Clyma et al., 1977).
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Since that time, numerous models for development in
irrigated agriculture or agriculture have been articu-
lated.  These development approaches fall into three
general categories as follows: (1) those specifically
for irrigated agriculture, such as those suggested by
Skogerboe, Walker, and Evans (Skogerboe et al., 1979,
1980b, 1980c; Skogerboe, 1982), the Korten (1982) and
Uphoff (1984) models emphasizing farmer participation and
organizational development, and the Overseas Development
Institute (ODI) (Bottrall, 1981) action research empha-
sis; (2) those for agricultural development in general,
including the farming systems approach, such as given by
Shaner, Phillip, and Schmehl (Shaner et al., 1982) or the
International Research Center models (Rhoades and Booth,
1981, 1983); and (3) those giving a general environmental
approach, which attempt to deal with a broad area in need
of development. The latter category will not be reviewed
here.

The above strategies for development have been pub-
lished since 1977, with many of them only in the last two
to three years. An interesting observation is that none
of the strategies references any other as a source for
any concepts or principles. Sometimes, as in Skogerboe,
Walker, and Evans (Skogerboe et al., 1979, 1980b, 1980c;
Skogerboe, 1982), there is some indication that one
strategy draws on another but nnt in any specific sense.
Shaner, Phillip, and Schmehl (1Y82) do reference broadly
the area of farming systems but not other sources for
their concepts. Neither Korten (1982) nor 0DI (Bottrall,
1981) reference the Pakistan material, although these
were widely distributed in journals and other types of
publications.

The author would suggest a conclusion from personal
experience. In development, much effort is directed at
competition for responsibility and credit. Thus, there
is a significant resistance to acknowledging other organ-
izaticns for initiating a significant program, and there
is too frequently an unwillingness to acknowledge other
authors for their concepts or principles as a part of
their program. The result is a competition for ideac and
credit, too frequently on a persona! basis, that limits
direct progress in deveiopment. Some conclusions will be
suggested in other areas after further analysis.
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REVIEW OF DEVELOPMENT STRATEGIES

The concept that a specific approach or strategy can
be developed and applied to improve the performance of
irrigated agriculture does not have widespread acceptance.
Evidence for this thesis is the repeated efforts to assist
farmers to improve irrigation through specific disciplin-
ary practices, often recommended after research only, or
project designs that basically recommenc practices from
prior experiences be applied on a project-wide basis.
Neither approach addresses the specific needs of the
system nor the complex interaction of system changes. A
simple concept of addressing specific system needs and
making sure solutions solve the problems does nut seem to
be considered.

Some experiences from the earlier work of the
Pakistan program suggest that many people believe devel-
opment to be too complex to lend itself to simple strat-
egies. Other reactions were that a simplified phase or
step strategy is what "everyone" uses or that such a
simple strategy is nothing more than the "scientific
method." Such depreciating comments faii to recognize the
preconceived biases and disciplinary perspectives of per-
sonnel involved in development. 01d ideas are tried again
on a grand scale to the detriment of the farmers and the
project, or new ideas are tried at great expense without
helping farmers solve their own problems in particular
circumstances.

This section will review the various published strat-
egies for development presented over the past 10 years.
The evolution of the development model (Clyma et al.,
1977, 1981) will be reviewed, the phases summarized, and
the strengths and weaknasses described. The basic steps
and important concepts of the other processes will be re-
viewed and compared to the development model. Significant
strengths and weaknesses of each strategy will also be
discussed.

The models or strategies for development to be re-
viewed are as follows:

For irrigated agriculture:

1. The development model (Clyma et al., 1977)
2. The planning frameworks for salinity control,
development, dryland agriculture, and water-
logging and salinity of Skogerboe, Walker, and
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Evans (Skogerboe et al., 1979, 1980b, 1980c;
Skogerboe, 1982)

3. The Korten (1982) and Uphoff (1984) learning
process approach

4. The Overseas Development Institute action re-
search approach (Bottrall, 1981)

For agriculture in general:

5.  The farming systems approach:
a. Generalized by Shaner, Phillip, and Schmehl
(1982)
b.  The Interrational Research Center's farming
systems (Rhoades and Booth, 1981, 1983).

The general environmental approach will not be discussed
in this paper. The scientific methed will be reviewed
briefly to demonstrate its concepts in the above ap-
proaches. A review of each model will now be presented.

THE DEVELOPMENT MODEL

The original concepts and principles of this strategy
were developed by Clyma, Lowdermilk, and Corey (Clyma et
al., 1977). The basis for the model were the experiences
in a water management improvement program in Pakistan. A
similar program based on these concepts was developed for
Egypt and has been implemented over the past seven years
(Clyma ot al., 1981; Egypt Water Use and Management
Project, 1984). The phases of the model initially devel-
oped were: (1) problem identification, (2) development of
solutions, (3) assessment of solutions, and (4) program
implementation (Figure 1.1). Subsequent efforts to define
an in-country training program for host country profes-
sionals revised the process to: (1) diagnostic analysis,
(2) development and assessment of solutions, and (3) pro-
gram implementation (Figure 1.2).

Many host country professionals objected tc the term
"problem identification" because of its negative connota-
tion. The result was that many individuals became defen-
sive about an emphasis on problems, with reluctance to
discuss the program plans and their outcomes.

Strengths of the developient model include the
following: (1) field studies with farmer participation of
operating irrigation systems by interdisciplinary teams to
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understand how the system operates and develop solutions
which solve key problems; (2) developing solutions to
problems through a field action research program such that
the solutions do work; and, (3) trying to develop and
implement & program w1th tra1ned capable personnel in the
organization. Each of these strengths will now be dis-
cussed briefly.

The emphasis on deve]oping an understanding of irri-
gated agriculture as practiced in the field--including the
distribution of water, the farmer decision-making, organi-
zational services, and the physical and biological condi-
tions of the system--is an important aspect. Several
countries have developed new emphases and programs in ir-
rigation because of the understanding deva]oped from diag-
nostic analysis studies. Experience in a number of coun-
tries suggests that most personnel understand the general
problems, but they do not understand the magnitude of the
problems nor the causes of them. The result is that fre-
quently priority problems are not addressed, and the
causes of the problems are not changed to prov1de effec-
tive solutions.

Solutions to problems need careful testing under live
system operations to insure that they are successful.
Otherwise, solutions may create more problems than they
solve. Deve]op1ng the organizational capability to imple-
ment programs is essential, but this strength is also a
weakness. QOrganizational change is difficult, and resis-
tance to change has restricted the use of the development
model in Pakistan, Egypt, and Sri Lanka. Assessing the
improvements for 1mplementation needs further definition
in an action research program. This important phase needs
improvement in many respects.

Considerable effort has been invested in developing
scientific principles and procedures for diagnostic anal-
ysis (Lowderm11k et al., 1983; Podmore and Eynon, 1983).
There is a need to develop more specific principles and
procedures for the development and assessment of solu-
tions. Concepts have been defined, but the specifics are
still vague. Perhaps the use of some of the developments
in farming systems (Shaner et al., 1982) will improve the
research of developing and assessing solutions in the
development model.

Another limitation of the application of the develop-
ment model is the implied organizational change that is
necessary. The interdisciplinary emphasis requires the
restructuring of irrigation and agriculture departments in
most countries. The result is that the organizational
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changes delay the implementation of improvement programs
using the development model. BRoth developed and less-
developed countries have trouble restructuring their
organizations to implement  the  interdisciplinary
activities.

An early weakness of the development model was its
on-farm focus. The concepts were developed in Pakistan,
where priority constraints and bureaucratic restraints
restricted research to the on-farm system. Subsequent
applications in a number of countries have evolved an
integrated methodology for relating farm and main systems
in an interdisciplinary manner.

SKOGERBOE'S MODELS

Development processes described as planning frame-
works for salinity control (Skogerboe et al., 1980b),
waterlogging, and salinity (Skogerboe et al., 1979), best
management practices in agriculture (Skogerboe et al.,
1980c), and water quality from rainfed lands (Skogerboe,
1982) have been suggested. A manual for salinity manage-
ment also advocates the same concepts. Figure 1.3 com-
pares these planning frameworks with the development model
(Clyma et al., 1977) as initially defined by Clyma,
Lowdermilk, and Corey and subsequently expanded into manu-
als by a number of authors (Lowdermilk et al., 1980;
Sparling et al., 1980; Hautaluoma et al., 1980; Skogerboe
et al., 1980a). A summary of the model was subsequently
published (Skogerboe et al., 1982) without reference to
the original source.

The conceptual content of each of the models desig-
nated as planning frameworks is essentially the same. The
terms used have much overlap, although the detailed dia-
grams describing each framework are changed to reflect the
change in appropriate terms. The articles, in general, do
not reference each other except in a narrow sense. The
salinity control paper (Skogerboe et al., 1980b), for
example, does reference the EPA manual on salinity manage-
ment but does not reference the related best management
practices (Skogerboe et al., 1980c) (nor vice versa), nor
does the subsequent article on waterlogging and salinity
(Skogerboe et al., 1979) reference the earlier articles.
None of the articles cite the conceptual model developed
from experiences in Pakistan (Clyma et al., 1977). Even
the journal paper on the development model (Skogerboe et
al., 1982) cites only those reports developed by the
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authors and not the original source. The article on sa-
linity control (Skogerboe et al., 1980b) in the ASCE and
the article on waterlogging and salinity (Skogerhoe et
al., 1979) are very similar in content, but the earlier
ASCE article is not referenced. Engineers were the
authors of the above reports, even though each model is
described as an interdisciplinary process.

The water management technical reports (Lowdermilk et
al., 1980; Sparling et al., 1980; Hautaluoma et al., 1980;
Skogerboe et al., 1980a) were authored primarily by indi-
viduals without long-term experience in Pakistan, as only
one report had such a senior author. Only one other
author, out of a total of nine, had long-term experience.
The manuals present general procedures covering a broad
base of activities in a general way. The processes de-
scribed in each instance are complex, with many alternate
steps, feedback cycles, and decision points. The authors
seem unsure of whether they are describing the concepts or
the detailed procedures, with the result that both are
less than clear. While they contribute ideas and ap-
proaches to development, there is still a need for a clear
description of concepts and the definition of appropriate
procedures based on field experience.

These differing descriptions of concepts as developed
from the experiences in Pakistan were used to design a
program for Egypt (Clyma et al., 1981) and were further
refined for an in-country training program under the Water
Management Synthesis Project (Lowdermilk et al., 1983;
Podmore and Eynon, 1983). The development model concepts
have also been applied to irrigation water management
programs in a number of countries and also were the con-
ceptual base for the design of the Water Management
Synthesis Il Project (Contract No. DAN-4127-C-00~2086-00).
The experience of taaching the strategy and specific prac-
tices of diagnostic analysis in field irrigation systems
seems to provide a more effective basis for improving
irrigation water management on both a conceptual and oper-
ational basis.

KORTEN MODEL

The Tlearning process approach of Korten (1982), as
adopted in Cornell University's water management program
in Sri Lanka and described by Korten and Uphoff (1981),
and Uphoff (1984) as bureaucratic reorientation, follows
the classical steps of the other models for development
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(Figure 1.4). The strengths of this approach are in the
emphasis on organizational reform and farmer participa-
tion. These are concepts important to development and
have been sources of constraints to application of the
development model. More explicit incorporation of con-
cepts and procedures for organizational reform are needed
in future applications of the development model. Farmer
participation in management wil! be essential to improving
management in irrigated agriculture.

The Tearning process approach (Korten, 1982) depends
largely on organizationas reform and farmer knowledge to
provide the learning for improving irrigation systems. As
a result, applicationrs have frequently not dealt with
major system problems, and significant misunderstandings
about the system needs appear to have developed. For
example, specialists have looked at main systems and con-
cluded that that is where technical knowledge needs to be
developed (Uphoff, 1984). Understanding of productivity
has been Timited to farmer knowledge, such that productiv-
ity potentials have not been recognized (Uphoff, 1984).

The concepts of the learning process approach
(Korten, 1982) and of bureaucratic reorientation (Uphoff,
1984) are illustrated in Figure 1.4. The examination of
field experiences is largely a social science inventory of
farmer perceptions of prcblems that need solutions. This
is an important aspect of system improvement, but does not
provide the technical knowledge needed to collect addi-
tional information to understand problems not obvious to
farmers. Farmers may also identify symptoms of probhlems
or not understand the specific causes of a particular
problem or the magnitude.

Comparison of the learning process approach to the
development model is provided in Figure 1.5. Similarities
between these sequences are obvious, and closer examina-
tion of the concepts suggests a close relationship. Each
of the processes would benefit from incorporation of the
respective strengths.

ACTION RESEARCH

Bottrall (1981) has suggested that large irrigation
schemes should be improved through an action research
process. He suggests the process is a social science
research process proposed nearly 40 years ago, as outlined
by Susman and Evered (1978), who also suggested affinities
with the planning process. Bottrall (1981) compares the
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action research process outlined to the process suggested
by Korten (1982), as well as tuv work reported by Early
(1980, 1981). The phases of the process are given in
Figure 1.6.

“Action research" is a synonymous term used to de-
scribe the development model (Clyma et al., 1977) and
commonly referring to the steps in developing solutions or
assessing solutions. Bottrall (1981) lists a number of
important emphases that have been problem areas in irri-
gation action reseairch. Phase I of the development model
(Clyma et al., 1977) was changed from problem identifica-
tion to diagnostic analysis. Action research is defined
by Bottrall (1981) as including diagnosis.

Comparison of the phases of action research with the
development model are given in Figure 1.7. Again, much
overlap exists. The action research emphasis is rot clear
about interdisciplinary systems perspectives and, by
implication, is mostly a social science emphasis. An
improved emphasis on defining how solutions will be devel-
oped and tested in the "live" system is outlined. Speci-
fying what is learned is the end of the process. In the
discussion, implementation is not an explicit phase but is
a condition reached when the action research is not on-
going. Thus, the implementation program may not be as-
sessed for implementation; instead, only what becomes a
part of the standard program would be, by default, that
which is implemented. The similarities, improved empha-
ses, and suggested applicaticnc are important contribu-
tions to the suggested process for improving irrigation
water management.

FARMING SYSTEMS RESEARCH

Farming systems research and development is a rela-
tively recent strategy with most relevant literature cited
by Shaner, Philipr, and Schmehl (1982) published in 1979
or later. The phases are illustrated in Figure 1.8. The
similarity of farming systems to the development model is
great. The structure of the on-farm research in farming
systems is much more substantive and definitive. The
design and implementation of the research is thorough.
These phases, problem identification and the phases be-
fore, are essentially the same as the development model,
including an overlap in terminology and concepts (Figure
1.9). "Problem identification" was the same term used for
this important phase during the earlier versions of the
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development model. Reconnaissance again is used in both
approaches, and the concept is the same.

A major difference between water management systems
concepts in the development model and farming systems con-
cepts is that farming systems attempts to deal with exten-
sion of results as a process of extending and *ntensifying
the resesrch activities. This is similar in concept to
the assessment process of the development model (Figure
1.9). Implementation is the process of organizing and
applying farming systems theory, from target and research
area selection through the phase of extension of results.
Thus, development, or implementation, is not a phase in
farming systems research and development (Figure 1.9).

Social science concepts related to sociology and
anthropology are mostly for farmer interviews and house-
hold data in farming systems. The importance of farmer
knowledge, information, and custom on farmer decision-
making is not clearly stated. The role of organizations
and their performance also is not emphasized.

Water management systems and farming systems are re-
lated, like two sides of the same coin. Fach can gain
from the other. That they are described as two different
paths is the most regrettable aspect of both.

The International Research Center's concepts (Rhoades
and Booth, 1981, 1983) for fa.ming systems research and
development are illustrated in Figure 1.10. They follow
closely the concepts of Shaner, Philipp, and Schmehl
(1982), or vice versa. Somewhat casual observations of
their operational procedures suggest that a balanced set.
of disciplines is not used in the problem identification
phase. Instead, the focus 1is agronomic, some economic,
and usually with a social emphasis. Engineers are fre-
quently not members of the farming systems team for eijther
rainfed or irrigation water management. Further, the cata
on farm problems is based more on the farmer's perceptions
of his problems than on a complementary use of farmer
knowledge and scienvific measurements of the farming
system. Again, extension of the results is an expansion
of the research system. Implementation is a process of
the application of the phases (Figure 1.11).

THE SCIENTIFIC METHOD

Numerous 1individuals have reacted to a presentation
of the concepts and procedures of the development model by
responding that the formalized process is used by most
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scientists as it represents the "scientific method." A
formalization of the scientific method is given in Figure
1.12, as described by Cosen and Nagel (1970). A review of
the process suggests that the scientific method is the
basic concept of diagnostic analysis (Lowdermilk et al.,
1983), with the reconnaissance used to collect data to
form a hypothesis, and the detailed study the emphasis to
collect data that confirm or reject the hypothesis. A
review of the steps outlined for development of solutions
also shows that again the scientific method is used in
formulating the solution to a problem as a hypothesis, and
then tests are conducted to verify or reject the hypoth-
esis. Implementation is again an organizational design
that can be tested as a hypothesis. The conclusion is
that, while the development model is not the scientific
method, the scientific method is an essential concept used
in application of the development model.

SYNTHESIS OF IMPROVEMENTS NEEDED

An analysis of a number of approaches to improving
irrigated agriculture suggests that several areas of the
development mode! (Ulyma et al., 1977) can be improved
from study of experiences with other approaches. These
include the structured approaches to research, as outlined
in the farming systems research (Shaner et al., 1982;
Rhoades and Booth, 1981, 1983). This is especially appro-
priate in the development and assessment of solutions.
The Tlearning process approach (Korten, 1982) emphasizes
the organizational improvements needed if a particular
program is to succeed. The experiences (Korten, 1982) in
the Philippines provide important lessons in this regard.
The experiences of Cornell University (Uphoff, 1984)
suggest that farmer participation is important and can be
systematically developed, such as was accomplished in Sri
Lanka and the Philippines. The creation of farmer organi-
zations and their acceptance within the structure of gov-
ernment has not been accomplished. The action research
emphases of Bottrall (1981) are changes needed in assess-
ing improvements for project-wide implementation. System-
atic implementation of the development model in improving
irrigation projects is still urgently needed. A more
comprehensive methodology for planning new or improving
old irrigation projects will now be suggested.
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IMPROVING IRRIGATED AGRICULTURE

The development model (Clyma et al., 1977) is a con-
ceptual approach for systematically improving irrigated
agriculture. Improvements can and should be made, both in
the concepts and the procedures for implementation. These
improvements need definition and articulation. The devel-
opment model concepts (Clyma et al., 1977) have been used
to systematically improve irrigated agriculture, and simi-
lar concepts are believed to be valuable by others in
irrigation and farming systems. A key constraint is the
need for systematic, general, but usable procedures for
improving irrigated agriculture.

Recent research by Sritharan (1984) suggests that
irrigation prejects can be more effectively managed
through a systematic process involving more effective
planning, design for accomplishment of objectives, devel-
opment of operational plans for managament, and management
to achieve design objectives with monitoring. The con-
cepts of this approach have been outlined by Clyma and
Sritharan (1984). The value of the results by Sritharan
is that systematic procedures have been developed using
input from an interdisciplinary team and providing comput-
er models to evalucte alternate planning objectives,
design procedures, and management alternatives. Such a
procedure is implemented through the use of the develop-
ment model concepts.

The improvement of an irrigation project would be
initiated with a diagnostic analysis study. Additional
data would be collected to allow a computer model of the
irrigation project to be developed. The understanding of
how the system operates would be used to define the con-
straints and conditions of the operation of the existing
project. This would allow the definition of priority con-
straints as well as a comparison with how the project was
planned. Solutions would be developed through the devel-
opment and assessment of solutions concepts, but the
modeling process would be used to evaluate both alternate
proposed solutions and the effects of the actual solutions
as defined from field studies. The model of the project
is also used to define implementation strategies, as well
as to test and refine a management plan. The modeling
procedures can be continuously improved through their
application in the management of existing irrigation
projects.

Systematic approaches to improvement of irrigation
water managemnent can be implemented by currently available
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concepts, including a field-based action research program
with computerized planning. New concepts can be incorpo-
rated as they evolve, and increased productivity and im-
proved well-being of farmers should be the result.
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On the Development and Use
of Improved Methodologies
for Irrigation Management

Roberto Lenton

This paper is concerned with the development and use
of general approaches for irrigation management that are
not specific to any given irrigation system and can be
applied in a broad range of situations.! Its three prin-
cipal objectives are (1) to clarify the concept of an
irrigation management methodology: (2) to examine to what
extent methodologies are available and used in practice in
the maragement of irrigation systems around the world; and
(3) to explore research needs and draw lessons which may
be employed in the development of improved methodologies.

The focus of the paper is on large-scale, publicly
administered irrigation systems such as those prevalent in
much of South and Southeast Asia. Following the termi-
nology increasingly used with respect to these systems, i
will use the term "irrigation management" to mean the man-
agement of irrigation systems as a whole, including not
only water, but also management of information and con-
trols, of people, and of other inputs (Consultative Group
on International Agricultural Research, 1982). I will
also use the term "irrigation performance" to mean the ex-
tent to which an irrigation system achieves established
objectives, often defined in terms of meeting equitable
water delivery schedules in time and space, increasing
agricultural productivity, and minimizing adverse effects.
Much of the literature referred to in the paper, and many
of the examples employed, are drawn from South and South-
east Asia.

The paper is divided into three parts. In the first,
I explore the concept of a "methodology"--a term not yet
widely used by irrigation practitioners or well defined in
the 1literature. In the second, 1 discuss five Kkey
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irrigation management activities and the methodologies
needed and available to undertake them. In the third and
final section, 1 draw lessons which may be employed in the
analysis and development of new and improved irrigation
management methodologies and explore further research
needs.

CONCEPTS AND ISSUES

Countless examples of methodologies exist in everyday
life: medical diagnosis, the process and art of identify-
ing a disease in a particular person; or benefit/cost
analysis, the process (by now almost routinized) of evalu-
ating public investment projecis in order to make rational
choices among alternatives. Under a number of different
names, pl}nn1ng and design methodc]og1es are employed rou-
t1ne]y by irrigation agencies and engineering firms around
the world. In the field of irrigation management, how-
ever, the concept which the term "methodology" embodies is
less recognized and understood. Let me propose the fol-
lowing definition:

An irrigation management methodology comprises
the generalizable practices, processes, tech-
niques or approaches--not specific to any given
irrigation system--employed by irrigation and
other agencies and/or farmers to undertake a
given irrigation management activity.

Three features of irrigation management methodologies
may be identified. First, methodologies are required on]y
in relation to specific activities. The design of im-
proved management methodologies therefore must begin with
a proper understanding of the corresponding activities.

Second, users of 1rrlgat10n management methodologies
include farmers lending agenc1es consulting firms, and
pr1mar1]y, lrrlgat1on agencies. A]though undoubtedly ir-
rigation agencies have widely varying staff and resources,
they retain some common characteristics, and the design of
improved irrigation management mPthodolog1es must start
with an understanding of irrigation agencies and their
limitations, both financial and in terms of human
resources.

Third, the term "methodolugy" covers a range of
activities and a given methodology is unlikely to be ap-
plicable in exactly the same way by different agencies in
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different irrigation systems. It resembles a body of
knowledge more than a specific procedure or method used by
a specific agency in a specific irrigation system.

Irrigation researchers have paid relatively Tlittle
attention to irrigation management methodologies as an
appropriate area for research and development. Research
on irrigation management has generally focused on provid-
ing specific answers to specific questions under specific
ecological conditions, or, at a greater level of abstrac-
tion, a more generic understanding of the behavior of
irrigation systems. But there has been comparatively less
specific research on methodologies in an attempt to devel-
op more effective and less costly and time-consuming meth-
odologies for irrigation management.

This situation is now changing. The Study Team on
Water Management Research and Training commissioned by the
Consultative Group on International Agricultural Resedrch
(CGIAR), for example, identified research on practices for
management as a key priority area, noting that "research
is reeded to identify, analyze, and improve practices for
key activities associated with irrigation management"
(CGIAR, 1982). A key outcome of the study was the estab-
lishment of the International Irrigation Management Insti-
tute, an organization with an international mandate to
develop generalizahle methodologies which transcend the
boundaries of specific irrigation systems and can be ap-
plied in different situations (Ford Foundation, 1983).

¥tY IRRIGATION MANAGEMENT ACTIVITIES

The following sections will focus on five key activi-
ties which have particular significance in irrigation man-
agement. For each of these I will briefly review the
activities and the methodologies available and required
for these activities, touching on the fol lowing aspects:
(1) definition of the activity; (2) extent to which these
activities are recognized as legitimate; (3) types of
methodologies available in use, both in terms of process
(how agencies can implement) and output (to what extent
methodologies accomplish desired activity); and (4) fur-
ther research and development work needed. From the de-
tailed consideration of methodological developments in
these and other areas, I will try to draw lessons which
may be employed in the analysis and development of new and
improved irrigation management methodologies.
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The five activities chosen for review are performance
monitoring, diagnostic appraisal, water scheduling and de-
livery, action research, and farmer participation. All
are critical for effective irrigation management: the
first three, in particular, were singled out for attention
in the CGIAR Study Team Report. Other irrigation manage-
ment activities of special significance, but not reviewed
here, include the development and use of communication
systems.  For the purpose of this review, I will distin-
guish between analytical or diagnostic methodologies (per-
formance monitoring, diagnostic appraisal, and action
research) and action methodologies (water scheduling and
farmer participation).

ANALYTICAL METHODOLOGIES

Performance Monitoring

Performance monitoring may be defined as an activity
to estimate the performance of an irrigation system in
order to enable irrigation managers to determine whether
the system is performing at a satisfactory levei or not.
Monitoring of performance requires the establishment of
performance criteria, which may be defined in terms of
water delivery, crop yields, equity, or other variables.
Three features of performance monitoring should be noted:

Widespread Ignorance of Actual Performance. One of
the extraordinary characteristics of irrigation systems
management is that, despite the fact that large irrigation
projects generate revenues far in excess of the largest
business corporations, there is virtually no information
on the extent to which these irrigation systems are
achieving performance objectives--a practice which would
shock most production management specialists (Seckler,
1981). For example, the managers of the Second Bhakra
Main Circle (SBMC) in India--a project with a command area
of 1.9 million acres and some 400,000 farmers, generating
about twice the pre-tax profit of the largest multination-
al operating in India--until recently had no way of ob-
taining specific information on how much water farmers
were actually receiving, and at what times.

Consensus on Appropriate Performance Indicators. Un-
til recently, Tirrigation efficiency” was the most used
indicator of system performance, but of late there has
been increasing consensus that broader concepts focusing
on the use of water are more accurate performance
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indicators. It is now increasingly recognized (see, for
example, Lenton, 1983, and Abernathy, 1984) that the two
principal measures of irrigation system performanre are
productivity (measured by water delivery, yields or poten-
tial yields) and equity (measured by productivity varia-
tions within an irrigation system).

Development of Methodologies. In recent years, there
has been steady progress in some countries in the develop-
ment of methodologies to enable irrigation managers to
monitor the performance of large irrigation systems. An
excellent example (and one which also provides a good
iilustration of how a methodology for any irrigation man-
agement activity may be developed) is that of Malhotra,
Raheja, and Seckler (1984) on the SBMC project in India.
The objective of this study was to develop a prncedure to
enable the SBMC management to determine performance over
the entire SBMC project at a reasonable cost and with
existing staff. Ultimately, it was hoped to develop a
procedure to estimate SBMC's performance as a continuous
and ongoing component of a management information system.
The collaborators in the study included a former manager
of the SBMC, a statistician from the Indian Agricultural
Research Statistics Institute, and an economist from the
Ford Foundation.

The study initially focused on one subsystem of the
SBMC, the Phabra Distributary, which is 55 km Tong and has
a command area of about 52,000 acres. A stratified sample
of 10 of the distributary's 50 water courses, each of
which served about 50 farms, were selected at the head,
middle, and tail of the canal. In each of these, a sample
of farms was chosen for detailed performance estimation.
In order to enable performance to be estimated in each of
the samples with Timited staff and a small budget, a very
simple performance criterion--the relationship between the
sum of the areas of the farm wetted in each irrigation
during the crop season, and the command area of the farm2
=-was chosen as a proxy for water delivered to the sample
farm. By analyzing this relationship across the sample of
farms, a quick and reliable estimate of performance in
terms of the amount of water delivered to farms and the
variability in water delivery among farms was obtained.
The results showed that the performance of the distribu-
tary was probably as high as would be economically feasi-
ble for a system of its size, complexity, and water con-
trol characteristics.

Although the specific results of the study were of
great interest to the SBMC management, from a methodologi-
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cal point of view, the most important contribution of the
study was the development of a procedure which allowed tie
estimation of irrigation performance over a fairly large
area with ease and objectivity, using only moderately
trained people who could he deployed to take measurements
even after an irrigation event had taken place. Four fac-
tors can be said to have contributed to the success of the
study:

0 The methodology was developed through action re-
search on an irrigation system of considerable
size and complexity, rather than in an experi-
mental station or computer laboratory.

0 The study was conducted in direct collaboration
with the State Irrigation Department, and one of
the three principal investigators was the former
engineer-in-chief of the department. Thus, the
study started with an understanding of the re-
sources and staff of the client agency.

] Right from the start, the study had a clear goal
of developing a methodology for monitoring the
performance of the entire project, rather than
of a limited area. Had this not been the case,
there would have been a temptation to develop
more accurate performance indicators which might
have yielded more reliable results over a small
area but which ultirmately would not have been
feasible over hundreds or thousands of farms.

0 Likewise, there was a similar focus on reducing
costs and staff requirements, while maintaining
a reasonable level of accuracy consistent with
the nature of the problem. In studies such as
these, keeping close tabs on the real costs of
implementing the methodology is important (see
Bottrall, 1981).

Diagnostic Appraisal

Diagnostic or performance appraisal, in the sense
used by Chambers (1983), may be defined as the activities
involved in finding out about an irrigation system in
order to identify intervgptions (and their sequences)
which maximize performance.” As Chambers notes, approach-
es should be "opportunity" rather than "problem" oriented;
thus, diagnostic appraisal is not simply tha identifica-
tion of the problems and constraints of a particular
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irrigation system, but rather the identification of oppor-
tunities to improve that system's performance. In many
ways, diagnostic appraisals are to improved management
programs what project appraisals are to new projects.

Diagnostic appraisals, like project appraisals, need
to be systematically organized in order to ensure that the
appropriate interventions to improve performance are iden-
tified. Recognizing this, there has been fairly substan-
tial research on the development of systematic interdis-
ciplinary appraisal methodologies, including those of
Lowdermilk et al. (1980) and Chambers (1981), and the work
of Hildebrand (1981) and Collinson (1981) on the systema-
tization and organization of field visits. However, 1lit-
tle follow-through at the operational level has yet taken
place, other than attempts involving one, or at most two,
disciplines (see, for example, Central Water Commission,
n.d.). At least three factors may be said to contribute
to this:

0 Diagnostic appraisal is not ye! viewed as a
legitimate, explicit activity which falls within
the responsibility of irrigation departments.
Few, if any, job descriptions for irrigation
staff refer, implicitly or explicitly, to diag-
nostic appraisal. Within external Tlending
agencies, too, the concept of a performance ap-
praisal has not yet achieved the status and
credibility of project appraisals, primarily
because Tending for management improvement is
still small relative to project 1.nding.

0 Widespread lack of understanding of, and perhaps
confidence in, available methodologies for diag-
nostic appraisal prevails.

0 Available methodologies foi- diagnostic appraisal
require staff with educational and disciplinary
backgrounds beyond the range of most developing
countries' irrigation agencies.

On the basis of experience to date, both in irriga-
tion and in other fields, research on the design of better
methodologies for diagnostic appraisal should give prior-
ity to:

0 Making staffing requivements more nearly fit
those of irrigation agencies, or, alternatively,
finding operational ways for irrigation agencies
to work with outside organizations on diagnostic
appraisal.
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0 Methodelogical analysis starting with an under-
standing of irrigation agencies and their lim-
itations, both physical and in terms of human
capital.

0 Helping to make diagnostic appraisal a legiti-
mate and professionally recognized activity,
essential to the determination of interventions
to improve irrigation systems performance (in-
cluding not only improved irrigation management
programs, but also irrigation rehabilitation and
modernization projects).

0 Increasing confidence in the results of diagnos-
tic appraisal through a focus on validation and
reliability. (This would require, in part, a
more thorough conceptual understanding of the
behavior of irrigation systems.)

0 Developing of systematic prucedures for analysis
of information and evaluation of alternatives,
along the lines of the techniques used in pro-
Ject appraisals.

It is interesting to note that these points are sup-
ported by the history of medical diagnosis. Perhaps the
greatest advances in medical diagnosis were derived from
an increased understanding of anatomy and physiology as
the conceptual basis for diagnosis. Furthermore, though
the techniques of medical diagnosis evolved considerably
over the last several centuries, for most of this time
diagnosis was considered a professionally legitimate
activity and a prerequisite to prescription, and, in addi-
tion, was within reach of the individual physician. All
this suggests that developing good diagnostic methodolo-
gies will require a far better analytical underpinning for
irrigation systems--an irrigation system "anatomy," if you
will--than 1s now available. Furthermore, effective use
of these methodologies will require that they be simple
and readily available to irrigation managers.

Action Research

Action research may be defined as an activity de-
signed to evaluate the range of alternative interventions
to improve irrigation system performance, in which inter-
ventions based on diagnostic appraisal are made in a rep-
resentative area of a project on an experimental basis and
then carefully monitored and evaluated. Action research
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typically involves six activities (CGIAR, 1982): (1) diag-
nostic appraisal and choice of interventions, (2) bench-
mark surveys, (3) action taking, (4) monitoring and evalu-
ation, (5) identification of issues, and (6) extension of
learning to others and elsewhere.

Several features characterize action research efforts
to date:

o Action research programs--ranging from "demon-
stration" or "pilot projects® carried out by
irrigation agencies with little systematic moni-
toring and evaluation, through field research
projects conducted by research institutions with
little field implementation of interventions, to
comprehensive programs involving both action and
research--are increasingly used by both irriga-
tion researchers and practitioners 4 An excel-
lent example is the IRRI/NIA program referred to
later in the text.

0 There is often little recognition of the meth-
odological difficulties inherent 1in action
research--including the selection of representa-
tion areas, the interpretation of results given
year-to-year variations of inputs, and the prob-
lems of unmonitored special inputs and multiple
causation (see Chambers and Lenton, 1981; CGIAR,
1962; and Tamil Nadu Agricultural University,
1981).

0 Though existing action research nethodologies
are clumsy, expensive, time-consuming, and often
ron-operaticnal, there is a conspicuous absence
of '"research on action research" to develop
better action research methodologies. Clearly,
action research is a difficult process and one
which needs to be better systematized if it is
to be effective as a management tool.

On the latter point, much can be learned from the
development of the physical and analog models extensively
used in hydraulic engineering, which engineers have nearly
perfected over several decades (Lenton, 1983). Here en-
gineers have established procedures to insure that pro-
posed interventions are accurately represented in their
models and that results are accurately interpreted; found
ways to reduce model start-up and operating costs and
duration and to increase the accuracy of the results; and
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developed models into respected and legitimate forms of
ana]ys1s both by validating their use in practice through
experience, and by developing formal rules for analysis so
that modeling studies could be carried out routinely by
technical staff.

A similar approach with action research is needed.
In particular, ways Lo generalize rapidly from action
research through simulation modeling need to be systemati-
cally explored.

ACTION METHODOLOGIES

Water Scheduling and Delivery

Water scheduling and delivery may be defined as the
way in which water is both scheduled and actually deliv-
ered in time and space to farms located in the command
area of an irrigatiun system. Water delivery in most
large irrigation projects is carried out by an irrigation
agency on the basis of an implicitly or explicitly estab-
lished policy or schedule, which may be said to have three
essential components (Replogle 1986): the delivery flow
rate to the field; the frequency of times of delivery to
the field; and the duration of the delivery.

Water scheduling and delivery are activities which
are recognized by most irrigation agencies as necessary
and legitimate. In many cases, schedules have been in
place for several decades; furthermore, water scheduling
and delivery are likely to be present in the job descrip-
tions of most agency personnel responsible for irrigation
management. However, ir many irrigation schemes, existing
practices result in inequitablie water distribution, with
substantial differences between head and tail enders (see,
for example, CGIAR, 1982, or Lenton, 1983)--either because
existing practices do not follow established policies (and
are subject to "local pressures") or because the policies
themselves are deficient (having been established by con-
vention or rule of thumb) and inappropriate for the irri-
gation systems to which they are applied. Moreover, in
many countries, water scheduling and delivery (much less
advances in scheduling and delivery practices) are not
even considered subjects worthy of inclusion in basic pro-
fessional irrigation training.

Substaniial attention has been given to providing a
framework for considering water schedu]1ng systems, par-
ticularly for targe-holder irrigation projects such as
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those in the United States ‘see, for example, Replogle,
1986, and Replogle and Merriam, 1980). These frameworks,
though useful in designing schedules for new irrigation
systems, provide limited guidance to irrigation agencies
on how they may change current practices. Ciosing the gap
between the "actual™ and the "design" schedule in an irri-
gation system or changing practices from one scheduling
and delivery system to another may result in losses to
some, as well as gains to others, and therefore require
political commitment, in addition to changes in profes-
sional training, improvement in control infrastructure,
and the Tike.

Several recent programs designed to develop and in-
troduce changes in existing scheduling and delivery prac-
tices in developing countries deserve mention. In the
Philippines, an innovative research project has been con-
ducted by the International Rice Research Institute and
the Philippines National Irrigation Administration on the
2,500 ha Lower Talavera irrigation system (Early, 1981).
In this project, the scheduling and control cof water along
the distributary and minor canal systems have been im-
proved by reallocating excess water in areas of surplus to
areas of deficit, thus achieving a more equitable distri-
bution of water. In India, the government of the state of
Andhra Pradesh issued an order in 1981 for "integrated
water management" above and below the outlet to equitably
distribute water shortages in the state's canal systems
and to make water available to the tail ends of the Sys-
tems (see Hashim Ali, 1983). Two recent workshops in
India on water delivery and scheduling--ocne organized by
the Indian Water Resources Society at the University of
Roorkee (IWRS, 1982) and the other by the Water and Land
Management Institute in Aurangabad (WALMI, 1983)--demon-
strate the lively ongoing enquiry and experimentation in
that country to identify alternatives to current prac-
tices. For example, in the Mula Project in Maharashtra, a
proposal has been made to evolve better water allocation
practices to ensure a more equitable distribution of irri-
gation benefits, recognizing that the present system "is
not equitable from head-reach to tail-reach of canal"
(Dhamdhere and Padhye, 1983).

Of significance, too, are recent efforts to document
those scheduling and delivery systems which are generally
recognized as leading to high systems performance levels.
Perhaps the best example is S. P. Malhotra's thorough doc-
umentation of the approach used in the warabandi system of
Northwest India (1982). Similar detailed documentation of
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scheduling and delivery systems employed in other success-
ful projects is much needed, since procedures for schedul-
ing and water delivery in 1rr1gat1on even when rigorously
applied, are often not well documented. Thus, to a large
extent, methodologies for scheduling and water de]1very
remain unknown to those outside the concerned agencies.
In sum, there appears to be increased information and
research on alternative water scheduling and delivery sys-
tems for small-holder irrigation systems, along the lines
of that available for large-holder systems. Fowever, few
quantitative evaluations and comparisons of alternative
approaches (i.e., which methods are better, under what
circumstances, and why) exist. Furthermore, there is lit-
tle 1nformat1on and research on the po]1t1cal fea51b111ty
of chang1ng water distribution practices, on the ways in
which irrigation agencies might design new irrigation
scheduling and delivery practices which would allow all
farmers to gain (Chambers, 1983), or on the ways in which
changes implying losses to head enders might be enforced.

Farmer Participation

For the purpose of this paper, farmer participation
may be defined as an approach (by irrigation agencies) to
increase irrigation performance by providing effective
incentives and conditions that enable farmers, both indi-
vidually and collectively, to accept and fu1f1ll 1rrlga-
tion management responsibilities where and when appropr1—
ate (Chambers 1985). Although irrigation agencies often
recogn1ze the importance of enhanc1ng the participation of
farmers in irrigation management, in many cases these same
agencies are unable to efficiently translate these ideas
into practice because of lack of know-how. Little infor-
mation on the performance consequences of more effective
farmer participation is available to irrigation agencies,
and, as a result, it is often not recogn1zed as a legiti-
mate, efficient approach to improving system performance.
Furthermore many agencies are concerned about the finan-
cial and staff requirements of working in a more partici-
patory way and may also believe the approach will delay
project implementation.

Experience to date with farmer participation in sev-
eral countries suggests the following:

0 In some regions of Southeast and South Asia,
there appears to be developing a remarkable body
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of experience and know-how on ways in which ir-
rigation agencies might work more effectively
with farmers (see Food and Agriculture Organiza-
tion, 1982). In the Philippines, this experi-
ence now goes back eight years, when the Philip-
pines National Irrigation Administration began
fielding community organizers in communal jirri-
gation systems who helped develop irrigator
associations to work with agency staff in plan-
ning, designing, and constructing rehabilitation
programs (Bagadion, 1984; Korten, 1981). Simi-
lar experience has been developed in Sri Lanka
and Pakistan, among other countries, as a result
of successful experimental programs conducted
through the MONA project in Pakistan (Government
of Pakistan, 1978) and the Minipe project in Sri
Lanka (de Silva, n.d.). In most of these pro-
grams, a principal focus of the agency's efforts
was the establishment of formal water user asso-
ciations to perform such tasks as water distri-
bution, maintenance of facilities, and conflict
resolution.

In these programs (particularly in the Philip-
pines), there has been a strong emphasis on
documenting the process by which farmer partici-
pation can be enEancea. In at least five of the
Filipino systems, there has been intensive pro-
cess documentation, with the principal objective
of bringing operational problems to the atten-
tion of program managers so that needed design
changes and/or problem solving measures could be
introduced (Korten, 1984). 'In a broad sense,
this can be described as work to develop and
document & methodology of effective farmer par-
ticipation, which may be applied to other sys=
tems elsewhere. Indeed, the Philippines’
"methodology" is now beginning to be applied in
Indonesia and Thailand (Korten, 1984).

There have been few attempts to evaluate the ex-
tent to which participatory approaches improve
system performance in productivity and equity
terms. An exception is a study now under way at
the Institute of Philippine Culture of the Ate-
neo de Manila University to assess the perfor-
mance oi “participatory” and "nonparticipatory"
irrigation systems in terms of cropping inten-
sity, yields, water distribution, and "function-
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ality" of rehabilitated facilities (Korten,
1984).

) Although much of the literature on farmer par-
ticipation is dominated by current efforts ir
south and southeast Asia to change from nonpar-
ticipatory to participatory methods, in some
countries, such as Argentina and Chile, there
are long-established practices whereby farmers
participate actively and effectively in the
organization and management of large-scale irri-
gation projects (Grassi, 1977). In addition,
there are numerous examples all over the world
of small-scale indigenous systems which have
developed effective forms of local self-
management.

In sum, there appears to be a clear need to further
develop and document improved methodologies for more ef-
fective participaticn of farmers, taking into account
agency staff and financial limitations, their objectives
of improving performance, and their need to meet project
deadlines.  In particular, methodological developments
must give attention to the performance consequences of
more effective participation, in order to gain legitimacy
and credibility.

NEEDED RESEARCH ON DEVELOPMENT OF METHODOLOGIES

The foregoing sections have demonstrated that, al-
though some pioneering methodological work has been under-
taken in relation to several key irrigation management
activities, there is need for further work on developing
more effective, and less costly and time-consuming, meth-
odologies for irrigation management. The problem, how-
ever, is that there is not yet a clear "methodology for
developing methodologies." Furthermore, the lack of an
analytical underpinning for irrigation systems hampers
work in this area.

One characteristic of much of ‘he methodological
research projects described in the previous saction was
that they started out as field research to obtain answers
to specific questions and did not necessarily, at the out-
set, have a clearly established methodological goal. In
seme cases, only once the project was completed was it
recognized that an important output of the research was an
approach that could be used elsevhere to address similar
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research must start (and then build on) field or action
research on a specific irrigation system. Methodologies
cannot be developed in the abstract, through conceptual
analysis or model building. They must be developed in the
context of a live problem; otherwise, the research and the
research output will lack credibility.

It can thus be argued that good methodological re-
search must be initially structured along the lines of
field or action research, and must, at a minimum, possess
the features (interdisciplinarity, effective collaboration
between researchers and agency staff, rigorous process
documentation, and performance monitoring) that such re-
search requires in order to be effective. Methodological
research demands something more of the researchers, how-
ever: the ability to step back from the research to focus
on the methodology, on those generic aspects of the ap-
proach which are not specific to the irrigation system
under study. And, if there is a clear methodological goal
for the research at the outset, then some aspects of the
research might well be structured differently. In the
SBMC performance monitoring study described earlier, for
example, the approach was deliberately kept simple and
inexpensive, in order to ensure its viability when applied
on a much larger scale.

Another problem which may arise in considering re-
search on methodology is the lack of a clear sense of the
goals of such research. What, for example, is meant by an
“improved methodology" for irrigation management?  Al-
though this question needs further careful thought, rea-
sonable goals for such research include the following:

Increasing Effectiveness:  Researchers can help in
the further deveTopment of methodologies by finding
ways to reduce costs, staff requirements, and imple-
mentation time, and thereby increase the reliability
of the results.

Increasing Professional Status and Recognition:  Re-
searchers need to work with national irrigation agen-
cies to demonstrate that activities such as diagnos-
tic appraisal and farmer participation are key to
improving performance, and that methodologies to
assist agencies to undertake these activities more
effectively can and should be developed and applied.
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Increasing Client Confidence: Researchers can help
increase confidence in the use of analytical or diag-
nostic methodologies through a focus on validation
and reliability of results, and in action methodolo-
gies by demonstrating their performance impact
through research and documentation.

Increasing Compatibility with Agency “onstraints:
Researchers can help develop methodologies based on
an understanding of irrigatirn agencies and their
financial and human resource constraints, and whose
staffing and other requirements fit those of irriga-
tion agencies.

In closing, and despite the arguments in favor of
methodological research, it may be useful to reflect on
some of the dangers associated with such research. One is
that a focus on methodologies might bring with it an ex-
cessive preoccupation with process instead of output; with
the way of carrying out a specific activity rather than
with what that activity achieves. Thus, goals and outputs
must not get lost in such research. A second is that an
excessive reliance on methodologies might inhibit our
capacity to think creatively--much as the revolution in
the development of mathematical modeling techniques led to
a dependency cn procedures that sometimes have come in the
way of iogical thinking. A third is {hat a focus on de-
velopment of methodologies might make researchers lose
sight of the need for work to ensure effective dissemina-
tion and use by client agencies. There may well be les-
sons to be learned in this regard from the pioneering
methodologies for the planning and design of water re-
source systems developed over 25 years ago by the Harvard
Water Pregram (Maass et al., 1962); their use by water
resource agencies has been disappointing.

NOTES

1. In this paper, the word "methodology" is used to
convey this sense of a general approach, following Web-
ster's definition of a methodology as "the processes,
techniques, or approaches employed in the solution of a
problem or in doing something.”" An alternative term is
simply "practices."
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2. This criterion assumes fairly homogeneous water
application rates, an assumption that may not always be
true.

3. Some authors (see, for example, Lowdermilk et
al., 1980) use the term "diagnostic analysis" in roughly
the same sense,

4.  See CGIAR, for an extensive listing.

5. [ would Tlike to acknowledge the many conversa-
tions held with Robert Chambers on the subject of metho-
dologies, which provided the basis for much of this paper.
The discussions on the subject at the IIMI/WMS-I1I work-
shop, "Research Priorities for Irrigation Management in
Asia" held in Sri Lanka in January, 1985, together with
Robert Chambers' comments on ar earlier draft of this
paper and those of an 1incnymous reviewer, were also very
helpful in structuring the paper and in clarifying several
of the concepts and issues discussed therein. All errors
and omissions are entirely iny responsibility, and the
views expressed do not necessarily reflect those of the
Ford Foundation.
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From Diagnostic Analysis

to Decigning and Conducting
On-Farm Research

Willard R. Schmehl

INTRODUCTION

In an earlier seminar, Clyma (1Y85) presented a com-
parative analysis of develcpment concepts, with special
reference to their use in improving irrigated agriculture.
Later,* Lattimore (1985) followed with a general presenta-
tion of several current technology transfer methods, with
advantages and disadvantages of each. He noted that tech-
nology transfer models are often examples of the top-down
approach.  Lattimore then proposed the client-oriented
"problem-solver" model. Clyma and Lattimore both empha-
sized the need for researcher interaction with the farmer
to understand the production environment to attain success
in developing improved technologies that fit into the cli-
ent's management system. Similar themes were presented by
Lenton (1986) and Coward (198€) in their seminars. In
each of these seminars, however, considerable emphasis was
placed on the diagnosis of the farming system, with appro-
priate farmer inputs to identify constraints or problems
and opportunities for improvement. This type of activity
is commonly ralled a "diagnostic analysis" (DA). The term
"descriptive stage" has also been used. Historically,
similar types of farm analyses were used in the U.S. as
much as 50 years ago, under the term "farm management,"
although probably lacking the intensive interdisciplinary
technical input of current procedures.

*Editors' note: The sequence of the papers presented at

the ISARD Invited Seminar Series was different than the
sequence in which the papers are arranged in this book.

&7
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The diagnostic analysis of farming systems has been
conducted in many developing countries, but relatively few
have led to successful research pirograms that have re-
sulted in developing farmer-accepted technologies. For
example, in a recent survey of projects in east Africa,
Collinson (1982) reported that although many diagnostic
analyses of farming systems have been conducted, follow-up
research programs have been slow to develop. The competi-
tion among institutes and lack of institutional support
are primary reasons why on-farm research has progressed so
slowly. Also, many station or institute researchers be-
lieve on-farm research is net necessary, that demonstra-
tions of station results are quite adequate. Another
difficulty is that on-farm research methodologies are nct
well developed, as are the traditional station research
methods. There may also be the assumption that the diag-
nostic analysis provides solutions to the farmers' prob-
lems rather than giving direction to the research. The
purpose of this seminar is to emphasize that the diagnos-
tic analysis is only the first step in the development
process, .0 present some general methodologies that are
used in the research phase, and then to review the status
of on-farm research in irrigated farming systems.

Before proceeding, we need definitions of a few terms
that will be used frequently.

System: Any "sct of elements or components that are
interreTated and interact among themselves. Specification
of a system implies a boundary delimiting the system from
its environment. Two systems may share a common component
or environment, and one system may be a subsystem of
another" (Technical Advisory Committee, 1978).

Farming system: "A unique and reasonably stable ar-
rangement of farming enterprises that a household manages
according to well-defined practices, in response to the
physical, biological, and socioeconomic environments and
in accordance with the household's goals, preferences, and
resources. These factors combine to influence output and
production methods" (Shaner et al., 1982).

Irrigated farming system: A farming system in which
the primary source of water for plant growth is surface
water or groundwater. A higher level of technology is
generally required to manage an irrigated system than a
rainfed system.

Technology transfer: A process in which an innova-
ticen originating in one institution is adopted elsewhere.
It is a planned and rational movement of information and
techniques on how to perform some tasks, and includes the
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act of transmitting ideas and information from one person
to another (Lattimore, 1986).

Before proceeding further, I would like to review the
essential attributes of a successful "technology transfer
model," "development model," and “farming systems model."
These models all involve the client-oriented approach to
development. I would like toc emphasize commonality among
models.

Briefly, the client-oriented approach is directed t{o
the development of improved technologies that have a high
probability of acceptance by farmers with limited ie-
sources. Emphasis is placed on the use of an interdisci-
plinary team to describe the production environment from
the farmer's point of view. This is followed by an analy-
sis of the production system and the identification and
ranking of constraints. Research (on-farm trials and
studies) is then conducted to evaluate alternative solu-
tions proposed to resolve the identified constrainis. The
solutions should be feasible within the farmer's available
resources, support services and government poiicy. The
research results are evalusted in terr: of the biological,
physical resource, economic, and sociocultural feasibility
for the forming system under investigation. Methods of
extending tio new or improved technologies are then out-
lined for the specific farmer groups. The client-oriented
approach is proposed as being econcxically more effective
than tne top-down approach often use:.

Why is the client-oriented approach needed? General-
ly, the top-down approach, often used to present improved
technologies to small farmers, has not been successful.
In the top-down approach, technologies are developed in a
research institute or on a research station and then,
through some diffusion mechanism, are given to the farm-
ers. Many of the propnsed changes are rejected by the
farmer because the proposed improvements are not profit-
able, are too risky, or the farmer lacks the resources
required to use the improvements. In effect, many pro-
posed technologies have not been suitable because the
researchers did not know or fully understand the farmer's
production environment.

A numbe~ of development specialists have analyzed the
various causes for the inability to develop technologies
that are acceptable to the farmer. For example, Lowder-
milk (1980) gives the following reasons for lack of
success:
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0 inability of the research team to see the farm
as a system

] the researcher's image of how the system works
is inconsistent with how it actually does work

0 lack of interaction and communication among dis-
ciplines

0 inability to appreciate the contribution of
other disciplines

0 lack of appreciztion of the farmer's culture and
lack of acceptance of the farmer's input when
planning on-farm tests

0 assumption that development problems can be
solved by technology without socioeconemic input

0 lack of understanding and sensitivity to cross-
cultural differences that exist between re-
searchers and farmers.

In order to resolve some of these difficulties, a
number of specialists working in various small farm situa-
tions throughout the world have proposed a client-oriented
development that hcs the following concepts in common:

a system approach (holistic)

an interdisciplinary team is used

client oriented (farmer involvement)

on-farm research to solve site-specific problems
task oriented {as opposed to discipline ori-
ented)

0 iterative and dynamic

O 0O0Oo

When these concepts are followed in developing im-
proved technologies, the technology is more likely to fit
the production environment of the farmer, i.e., the cli-
matic and ecological conditions, input and output markets,
the structure of the farming community, and farm-household
factors.

An Overview of the Client-Oriented
Approach tc Development

The target area for a project is usually designated
by key national or regional decision makers. The target
area is a geographic area selected for a project based on
the needs of the people living there or to research a spe-
cific regional production problem. After the target area
is designated, the approach consists of conducting a
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sequence of activities, beginning with the diagnostic
stage, then on to the design, testing, and extension
stages as described by Shaner et al. (1982) and shown in
Figure 3.1. There is continuous collaboration during each
stage with the research station and with extension. Feed-
back, as new information is obtained, improves the de-
scription of the system and facilitates the design of new
research. Although the figure shows discrete stages, they
overlap considerably, and a field team may have activities
in several stages at any one time, depending upon the
technologies under study.

Output of the client-oriented research process is the
development of technologies that will fit into the farm-
er's production environment in the research area and then
into the target srea. Several adjustments in the proposed
technology may be required before it is ready for the ex-
tension stage. Multilocational testing then is conducted
in the target area to determine what adjustments in the
proposed technologies may be needed before broad diffu-
sion. This is followed by a pilot program to test the
effect of infrastructural and agricultural policy factors
on the adoption of the new technology when introduced into
an area on a large scale, for example, 100 to 500 bha.

The Diagnostic Stage

After the research area has been selected as a unit
representing the conditions typical of the target area,
the interdisciplinary team makes a concentrated study of
the human and technical aspects of the farming systems in
the area  The purpose in this stage is:

0 to gain an understanding of the farmers' produc-
tion environment

0 to gain an understanding of those conditions of
the system that influence farmers' decisions

0 to identify major physical, biological, and
socioeconomic constraints in the system that
limit changes in the farmers' management prac-
tices

0 to set priorities for research that appear to
offer the greatest potential for developing
appropriate interventions (both off-farm and
on-farm),



12

The first activity in the diagnostic stage (Figure
3.2) is to collect avaiiable secondary data pertaining to
the research area. This may include published materials,
lTocal and regional reports, and unpublished local informa-
tion. After a preliminary analysis of the secondary data,
the team obtains primary data by conducting farmer inter-
views and making both technical and socioeconomic observa-
tions of the farming system. The team then analyzes both
primary and secondary data, describes the farming systems
in the research area in terms of the biophysical and soci-
oeconomic settings, and drafts a conceptual model of the
system in the research area. The system is analyzed for
problems or constraints and opportunities. Those problems
or constraints that appear to be wel! defined and are
believed to have potential solutions can be taken up at
the research stage. Poorly defined problems require de-
tailed study in the research stage before deciding how to
proceed. The diagnostic team then categorizes the re-
search needs and sets preliminary priorities based on the
potential for adoption, as well as on societal and nation-
al interests.

The diagnostic stage will generally take four to
eight weeks, depending upon factors such as staffing, com-
plexity of the system, the research area, and time of
year. Typical methodological procedures to carry out the
diagnestic stage have been outlined by Lowdermilk et al.
(1981) for irrigated farming systems ang by Hildebrand
(1981), Ccilinson (1982), and others (Shaner et al., 1982)
for rainfed systems.

The Design Stage

The purnose of the design stage (Figure 3.1) is to
use information from the diagnostic stage to design alter-
native solutions to identified constraints, then plan the
research.  Output from the design stage is primarily a
plan of action for the on-site field team, except where
Tittle component technology is available. Then greater
emphasis may be placed on experiment station research. It
will include a plan of on-farm research, how the research
should be conducted and analyzed, supply and equipment
needs, logistics, and team management. The plan should be
detailed for the immediate cropping season, but general
for subsequent seasons. When appropriate, upstream or
off-farm research may also be recommended. Upstream re-
search refers to research designed to generate general
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solutions to problems identified in the target area and
may be directed to the solution of either technical or
socioeconomic concerns. It is conducted at regional,
national, or international agricultural research centers,
or by regional or national planning groups.

The design stage activity is usually conducted by the
design team during a workshop that may take from two weeks
to a month. To arrive at a plan for research, the team
cenducts the following activities:

0 sets the background for design
0 designs potential solutions

0 plans the on-farm studies

0 recommends upstream research.

The first activity in the design stage is to set the
background for design. Categories of background informa-
tion are summarized in Table 3.1. The team then uses this
information to design the research potential solutions.

In designing research, the team attempts to develop
solutions that will be attractive to the farmer and are
potentially feasible within the farmer's constraints.
Four design criteria that provide a useful guide in making
ex ante cvaluations of potentially viable soiutions are:

biological potential

resource availability

economic and financial feasibility
sociocultural acceptability.

0000

Potential solutions to constraints that, upon analy-
sis, meet these four criteria have a higher probability of
acceptance than those, for example, that do not fit into
the community norms, or for which required inputs are not
available. These criteria also can be used to distinguish
technologies that can probahbly be integrated into the sys-
tem early, using farmer adaptation iesting, from a tech-
nology that may require several yeai = research to develop
(technology development).

Potentially acceptable technoloyies that are proposed
for testing will depend upon:

0 the production environmeit
0 resource rcquirements of the tecnnology
0 management requirements of the technology



76

Table 3.1 Setting the background for design

a.  Information from the diagnostic analysis:

(o}
(o}

0

Description of the farming system
Preliminary analysis for constraints and
opportunities

Preliminary ranking of research needs

b.  Give spucific cognizance te (and possible
expansion from) the diagnostic analysis report:

© 0O O0Oo

(=]

The farm system

The dominant cropping and livestock patterns
Current technology level of the farier
Available farm resnurces and farmers'
capabilities

Farmers' perceptions of their constraints
Constraints in the natural resource environment

c.  New information inputs, e.g.:

0
0

0

0

Expected socioeconomic-cultural environment
Available component technologies (from national
and regional research stations, etc.)
Capabilities and resources of the research
organizations

Potential research collaboration

d. Categorize the constraints:

0

Those that appear to be fixed, at least over
the short term (outside tnhe farmers' management
boundaries)

Those that have the greatest potential for
changing within the short term (less than

5 years)

Those that have the potential for changing

only over the long term
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0 production criteria (yield, labor, monetary
resource conservation, effectiveness in use of
water)

magnitude of effect required for acceptance
perceived farmer acceptance

effects on family goals

perceived societal acceptance.

(=1« o B =]

For example, using the design criteria would predict
tnat a technology that maximizes production but requires
extensive or costly inputs would not fit into a farming
system that has very limited resources. The introduction
of a technology that depends upon new markets will not be
successful until such markets cre evaluated and assured.
Or a technology that is labor intensive at a time when
there are more attractive opportunities for transient
labor, e.g., for harvesting coffee, will have little pos-
sibility of acceptance.

After potentially acceptable solutions to the high
priority problems have been proposed for testing, the team
then develops the on-farm research program. In selecting
hypotheses for testing, the team will probably want to
review, again, types of constraints which should be con-
sidered fixed (Table 3.1), the several possible types or
levels of research activities (Table 3.2), and a research
program that has the potential for producing early-on
benefits for the farmer, as well as benefits to follow
later in the project's life. The early-on benefits are
essential for maintaining farmer cooperation during the
life of the project as, step by step, improved farm man-
agement practices are developed. Generally, this involves
placing emphasis, early in the project, on simple technol-
ogies that are effective but require fewer resources and
develop, over the longer term, progressively more complex
packages of practices that probably will require more in-
puts and increased managemen’. .Kills.

After the hypotheses i - testing are selected, the
design team plans each researi:h activity for the field
(on-site) team during the upcoming season. The plan
should outline clearly how the field team will carry out
each research activity, for example:

the objective of each task or activity
research to be conducted under each task

how the research is to be conducted

type of data to collect and how to collect it

© o0 O0Oo
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Table 3.2 Types of farming systems research activities

a. Farmer adaptation testing (on-farm trials/tests)

0 The technology is judged ready to go; maybe all
that is needed is to get it into farmers' hands;
monitoring of the socioeconomic as well as
biophysical information is required to make a
productive evaluation; desired output to
extension within one to two years.

0 A recommended technology has been unsuccessful;
the team believes that it can be easily adJusted
to the farmers' environment in the traget area;
output to extension may be 3 years as a minimum.

0 Farmer-oriented, site-specific rate, variety,
cultural practices, irrigation and other studies
of the technologies with a high probability of
acceptance; output may be either short or
long term.

b.  Technology adaptation:

Research designed to adapt currently known technoltogy
to the research area; for example, component
technologies that have been developed and tested

only on research stations need adjustment to fit the
farmers' conditions. This research may require
several years of adaptation trials, and tends, at
first, to be more discipline oriented than farmer
adaptat1on testing.

c. Technoicgy development:

These are studies to search for types of technology
not currently deliverable; the technology could be
unique or innovative for the biophysical or socio-
economic environment of the research site; it may
also be used for exploratory technologies using ex
gggi analysis; this research generally will be
arther from development than technology adaptation,
and some of the output may not be suitable for
development in the current target area.



Table 3.2 Types of farming systems research activities

(continued)
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A better description of the farming system:

This is an extension of the "diagnostic analysis"
into the "on-farm research" stage; it may also
complement the on-farm research; may be short term,
e.g., one or two months, or may be continuing
throughout one or more years.

Recommendations for upstream research:

Recommendations are submitted to national planning
organizations and to national or regional research
organizations for research on pricing policies,
infrastructural changes, irrigation project
management, new component technologies, etc.
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] how to summarize and evaluate accomplishments
in preparation for the next design/planning
workshop

) resource requirements of edch activity,
including an estimated budget.

Several resources that provide guidelines for design-
ing and planning the detailed on-farm activities are Pod-
more and Eynon (1983), Lowdermilk et al. (1981), Sparling
et al. (1980), Shaner et al. (1982), Zandstra et al.
(1981), and Byerlee et al. (1980).

The Testing Stage

On-farm research is conducted to test the proposed
technologies, to develop site-specific technologies, and
to continue to develop an understanding of how the farm-
er's system operates (Table 3.2). This is called the
testing stage, and plans for the on-site research were
deveioped in the design workshop.

Research methodologies used in on-farm research are
based on the traditional discipline-oriented procedures
but modified for use in the more heterogeneous farming
systems environment. The on-farm research is designed to
solve problems of the production environment and requires
more extensive interaction among discipiines and farmer,
both in conducting the research and in the analysis.

The on-farm research conducted in an irrigated farm-
ing system is generally classified as biological testing,
economic and sociocultural research, irrigation management
research, and analysis of the physical resource base
(Table 3.3). Although it may first appear that the re-
search shown in the table is quite discipline oriented,
one should recall that the proposed research is the output
of an interdisciplinary activity by the design team. Some
research may be quite discipline oriented, but the deci-
sion to conduct such research was made by the design team
to assist in the support of a project task and was not an
independent decision of a given discipline. Also, even
though biological research by designation may appear dis-
cipline oriented, for example, cropping systems farmer-
managed tests, it is quite interdisciplinary. As noted in
Table 3.4, farmer-managed tests require input from all
disciplines, from planning to data-taking through analy-
sis.  Interdisciplinarity is required for a successful
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Table 3.3 Classification of on-farm research

a. Biological testing

0 Researcher-managed trials
0 Superimposed trials
0 Farmer-managed tests

b. Economic on-farm research

0 Farm records

0 Farm surveys

0 Analysis of biophysical on-farm tests
0 Monitoring farmer activities

0 Enterprise analyses

0 Markets and marketing studies

c. Irrigation management research

0 Monitoring performance of the system

0 Monitoring farmer irrigation practices

0 Testing proposed modifications, e.g., the
delivery system, scheduling, method of
irrigation, leveling

o Evaluation of prior changes in the irrigation
system

0 Conjunctive use of water

d. Socialcultural on-farm tesearch

0 Surveys of the farmers' sociocultural
environment

0 Participant observation studies

0 Monitoring community and farmer relationships

0 Farmer decision-making processes

e. Analysis of the physical resource base

Climatic monitoring

Soil surveys

Land class surveys

Soil erosion evaluations

O O 0O
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Table 3.4 Cropping systems on-farm research methodologies

(Shaner et al., 1982)

Characteristics
of trials and tests*

Researcher-managed
trial

Plot size

Number of treatments

Number of replications
per field

Total replications
across farms, per
land type

Field design

Sensitivity to
treatmenc
differences

Types of data
collected

Generally small--on the
order of 75 square
meters

5-20
1-5%*

4-5*

Ccmpletely randomized,
randomized complete
block, randomized
incomplete block,
split block

Medium to high

Physical and
biological

*These characteristics wi:l vary with experimental cbjec-
tives, type of treatment, farm size, and cooperating

farmers.

**Usually all replications wiil be placed on one farm
field to give the complete experiment. However, if the
field is smali and only one or two replicatiors on a
field are possible, additional replicates will be placed
on other fields of the same land type to give a total of
four or five replications for the experiment.
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Table 3.4 Cropping systems on-farm research methodologies

(continued)

Superimposed
trial

Farmer-managed
test

Both large and small

4-6

4-10

Completely randomized,
randomized complete
block, randomized
incomplete block

Medium to high

Predominantly
physical and
biological, but
some socioeconomic

Generally large--on
the order of 1,000
square meters

2-4

1-2

4-25

Competely randomized,
randomized incomplete
block, paired
treatinents

Low to medium

Physicai, biological,
socioeconomic
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evaluation of how the proposed technology can be inte-
grated into the farmer's management system. Farmer-man-
aged tests are classified as biological research because
the biological discipline takes the lead, yet the effort
is interdisciplinary. There are similar examples for
other types of research.

On-farm research methodologies are still being devel-
oped. Those for biological research (Table 3.3, Part a.)
with field crops are best developed. The methodologies
used for cropping systems research are described in Table
3.4 (Shaner et al., 1982). Ecoromic methods far on-farm
research methods are probably the next best developed.
Much of the difficulty in conducting on-farm research has
risen because researchers in the academic climate are not
inclined to define as "research" the iterative-integrative
process required to solve site-specific agricultural
problems. Consequently, this type of researcher finds it
difficult to conduct research in the highly variable pro-
duction environment of the farmer, and at suboptimum lev-
els of nonexperimental variables. The same philosophy
probably is also a reason for the relatively greater em-
phasis on the diagnostic stage, where methodologies are
better defined, and why output from a diagnostic analysis
is often considered a solution. This philosophy has also
delayed the development of on-site research methodologies
that are appropriate to solving problems at the farmer
level. The 1livestock task group of the Farming Systems
Support Project (FSSP) has recognized the lack of appro-
priate methodologies to conduct on-farm research in mixed
systems involving livestock. An FSSP task group is plan-
ning a series of workshops, with input from those actively
engaged in livestock research in small farmer situations,
to review current methodologies and to recommend how to
develop improved on-farm research methods involving live-
stock in the small farm environment. The workshops will
be interdisciplinary, with input from social, as well as
biological, scientists. I believe a similar approach is
needed to develop the on-farm irrigation research methods
required to identify the appropriate technologies needed
to improve the management of farm irrigation water. Too
often the top-down approach is used by scientists who pro-
pose interventions they believe will improve the irriga-
tion system, but who are not aware that the proposed
interventions may not coincide with other higher-priority
goals of the farmer.

The research listed in Table 3.3 is not intended to
be all inclusive, nor will the team conduct, on a given
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project, all types of research given in the table. Re-
search on a given project will depend upon the priorities
for the system under study, as well as upon resources
available to the team.

When conducting on-farm research, the field team will
want to consider (Shaner et al., 1982, Chapter 7, Part 1):

farmer, field, hydrologic unit selection
incentives and agreements
farmer/researcher relationships

field test design

monitoring seasonal progress

methods to measure and evaluate results.

© O O0O0O0Oo

The team should locate and select farmers and condi-
tions that represent project goals and objectives. In
addition, the farmers should be willing to cooperate in
the tests, and also have the capability to cooperate in
the type of test proposed. As a general rule, incentives
or some form of encouragement should not be provided for
farmer-managed tests, since these tests are conducted to
determine how the farmers will react to the new technolo-
gies. There may be situations, however, where the project
does compensate the farmer; for example, if the technology
inadvertently reduces yields below those normally obtained
by the farmer, or where the team removes large biological
samples for analysis, or possibly in the exploratory
stages of technology development.

Farmer-researcher relationships are very important in
field testing where the researcher wants to observe the
farmer's response to a technology. The researcher may be
so convinced the proposed technology is appropriate that
he may try to induce the farmer to carry out a certain
practice needed to improve production, or the researcher
may do it himself, if the farmer is not so inclined. In
either case, the proposed technology is not properly eval-
uated and would not represent the farmer's true situation.

Progress of on-farm experiments, such as the socio-
cuitural conditions, labor requirements, and costs of in-
puts of the proposed technology, should be monitored for
comparison with the farmer's usual practices. There are
various other considerations discussed in detail by Shaner
et al. (1982).

The results of the on-farm studies are analyzed with
respect to the objectives of each of the activities plan-
ned in the design stage. As noted previously (Table 3.2),
objectives of some of the on-farm studies include activi-
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ties such as technology adaptation, technology develop-~
ment, and further description of the farming system.
Analysis of the farmer adaptation studies will be of cen-
tral interest, because these results are the best guide to
identifying whether a proposed technology will be success-
ful or if more adjustment for the technology is required.
In evaluating the results, the team again considers the
same four criteria used for the ex ante evaluation--bijo-
logical feasibility, resource accessibility, economic/
financial feasibility, and sociccultural acceptability.
The technologies that appear to meet these criteria are
carried to the extension stage (Figure 3.1) for multiloca-
tional testing. Proposed technologies that do not meet
these criteria are returned to the design stage for
reevaluation,

Irrigation Management Research

Early (1983) defined an irrigation system as the en-
tire set of interacting social, economic, bioiogical, and
physical factors, objectives, and entities, from the
source of water through the conveyances to the farm and
the land that is irrigated, including the drainage network
that removes water excesses from the boundary of the irri-
gation service area. One of the subsets of the irrigation
system is the farm irrigation system, which, in turn, is a
subset of the farming system. The fundamental objective
of an irrigation system is to increase agricultural output
through improved management of water. As Fairchild and
Nobe (1986) emphasize, success in management should be
judged by output from the system, rather than by inputs to
the system. They refer to the concept as 'management by
results" (MBR). In the MBR approach, the farmer is the
"transformer” of inputs to outputs. Outputs from the cli-
ents involve crop yields, cropping intensity, net farm
income, social well-being, etc. The authors propose the
structure of an improved managerial organization in which
feedback is used to modify the implementation of inputs by
inserting a performance monitoring/ evaluation link in the
management system (Figure 3.3). The management system
refers to the corganization that (1) transforms general
policy goals into specific objectives defined as desired
project inputs and (2) designs, prioritizes, and schedules
program elements to produce output objectives (Fairchild
and Nobe, 1986).
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Figure 3.3 Structure of the managerial system (Fairchild and Nobe, 1984)
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The intersection of the irrigation system, the farm-
ing system, and the management system can be illustrated
with a Venn diagram (Figure 3.4). The durk area, common
to all three systems, represents the irrigation subset in
each of the systems. The goal of the on-farm research in
an irrigated farming system is to develop technologies
that will increase agricultural output through improved
irrigation management. But as the diagram indicates, pro-
posed changes in the irrigation or management systems must
be appropriate for the farminy system as a whole. For an
irrigation project to be successful, the three systems
must be integrated at the subset level to attain project
objectives. As Fairchild and Nobe point out, the "trans-
former" of inputs to outputs is the farmer. Even though
the irrigation system, and also the management system, may
be in place and ready to function, unless the transformer
is functioning properly, the project will not furction
satisfactorily. The purpose of the on-farm research is to
develop improved technologies that will help the “"trans-
former" perform more effectively. Performance monitoring
was proposed as an essential link in MBR. Fairchild and
Nobe note that performance monitoring of an irrigation
project includes monitoring of all enterprises in the
farming system, and is not limited to water concerns.
Many irrigation projects have, by the MBR concept, been
unsuccessful because emphasis was placed on improving in-
puts, with the supposition that improved outputs would
result, that is, improving some aspect of the irrigation
system input, a common procedure, dces not necessarily
improve the transformer's operational system, i.e., the
ferming system.

What are the goals of irrigation management research
(IMR)? It is apparent that irrigation management is com-
plex and involves an interaction among three systems--the
irrigation, management, and farming systems. Projects to
improve irrigation management are frequently mandated to
improve some physical input by the irrigation system, with
the assumption that production output will also be im-
proved. Often, physical limitations observed in the irri-
gated farm or the delivery system are assumed to have
"obvious" solutions. But when the system is improved by
inserting the '"obvious" solution, the intervention may
have little effect on output of the system. The "obvious"
improvement in the farm irrigation system may have been
suggested by experiment station research or by a diagnos-
tic analysis. Either would be an example of the top-down



Figure 3.4 Intersection of the management (MS),
irrigation (IS), and farming systems (FS)
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approach which has been shown many times to be unsuccess-
ful. The lack of an understanding of farmers' problems is
generally the reason for poor success when proposing in-
terventions. For example, the farmer may have other prob-
lems that so dominate management practices that improving
an irrigation structure or some part of the water delivery
system or land leveling has low priority. If the farmer's
major problem is attacked and solved first, the farmer may
then be interested in improvements in the irrigation sys-
tem. By this concept, the goal of IMR is to develop, by
using appropriate procedures, improved irrigation manage-
ment practices that will fit the farmer's environment.

Another difficulty arising from a mandate to improve
management of the irrigation system is that so much empha-
sis may be placed on identifying limitations and problems
associated with water that other limiting factors in the
production environment are not properly evaluated. The
usual view is that, when conducting research to improve an
irrigation system, other farmer management practices are
assumed to be optimized. This concept requires the pack-
age approach to development. The difficulty when propos-
ing a set of practices for the package approach is that
the small farmer has limited resources, and those re-
sources which are available are allocated to practices
that give the most return, as perceived by the farmer,
with the least risk. The incremental or single-factor
approach is proposed as the more effective, even for irri-
gation improvement research. Using this proacedure, the
more significantly 1limiting factors, as viawed by the
farmer, are researched first. Their solution is used as
the base for building, incrementally, to improvements in
the irrigation system. This is not to imply that irriga-
tion improvements may not come early on, but in many situ-
ations, other less complex improvements may be instituted
first. The singie-factor approach fits better into im-
proving the small farmer's management system and generally
is a more effective procedure for introducing interven-
tions than the package approach often proposed.

Performance monitoring, as proposed by Fairchild and
Nobe, is an excellent research tool for irrigation manage-
ment research. A team should monitor not only agricul-
tural production itself, but also those factors in the
farming system that affect the level of production. Per-
formance monitoring gives a better description of the
system, and with feedback to research design, the technol-
ogies being tested are revised and tuned to the farmer's
production environment.
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One of the limitations in developing improvements in
an irrigation system generally is its high cost, a cost
usually more than a small farmer can afford. This implies
that off-farm resources will be required, and unless the
design team is confident of such resources, research
should emphasize low-input irrigation technologies. Nor.
is it appropriate to provide costly incentives to the
farmers, other than for early-on exploratory research, if
the resources required for implementation are beyond those
available to the small farmer.

As Clyma (1985) states in reviewing the farming sys-
tem approach to development, "The structure of the on-farm
research in farming systems is much more substantiative
and definite," and implies the need to improve on-farm
irrigation research methodologies. In reviewing the lit-
erature for this seminar, this statement appears to be
quite correct for IMR models. Possibly because of the
complexity of the irrigated farming system, most of the
effort in IMR models has been to develop procedures for
conducting the diagnostic analysis, with little effort on
developing methodologies for the research phase. Current
methodologies used in the farming systems approach as de-
scribed by Shaner et al. (1982) were developed primarily
for rainfed systems. The general procedures can, however,
be adapted, after some adjustment to on-farm research in
irrigated systems. New innovative methods for conducting
irrigation on-farm research will probably be required to
test proposed irrigation-oriented technologies coming from
the design stage. The conclusion of this paper is that,
in the future, greater emphasis should be placed on devel-
oping the on-farm irrigation research methodol)gies that
are needed to progress more effectively into the research
phase. This conclusion is not unique. It has been one of
the objectives of the Colorado State University Water Man-
agement Synthesis Project, but progress has been slow
because of limited funding.
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4
Management of Gravity Flow
Irrigation Systems

J. Monan Reddy

INTRODUCTION

The demand for water is increasing because of popula-
tion increase, improvement of living standards, and indus-
trial development. The water supplies are scarce. The
rainfall is erratic. To cope with the increasing demand
for food, conservation and optimum use of the available
water for crop production is of paramount importance. To
this end, several irrigation projects have been, and are
being, constructed to increase irrigated area, with the
potential of providing an assured water supply so farmers
can obtain higher crop yields.

Unfortunately, on several irrigation projects around
the world, the potential for increased areas and yields
has remained just potential, and the projects are plagued
with Tlarge gaps between the potential and actual area
irrigated and between the potential and actual yield
levels obtained. Two explanations are possible. First,
tu. potential levels (area and yield) are so ambitious
that, in reality, they cannot be achieved. Second, the
vital elements that affect system performance have been
inadequately provided. Quite often, it is the latter that
is responsible for the low level of performance achieved
on the irrigation projects.

Gravity flow is the most widely used irrigation
method in the world. Data from several projects around
the world suggest that the common problems facing gravity
flow irrigation projects are excessive water losses, low
crop yields, differing amounts of water received and crop
yields at the head and tail ends of the system, unreliable
water supply, waterlogging, and salinity. However, the
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causes of the above problems may differ from place to
place. Whatever the causes, the effect is felt by the
farmer. The data also suggest that the piuplems can be
traced to either lack of or inadequate water control plan-
ning, design, and operation and management of the irriga-
tion systems. This paper deals with the water control and
management aspects of gravity flow irrigation systems.

TYPES OF GRAVITY FLOW IRRIGATION SYSTEMS

Gravity flow irrigation systems can be classified
into:

0 individually owned irrigation systems

0 community-managed irrigation systems

0 large-scale, governmentally operated
irrigation systems.

Individually Owned Systems

In individually owned irrigation systems, performance
on the farm depends upon the farmer's ability to manipu~
late (or control) the water on the farm. The supply of
water is usually from a well. There is usually no inter-
ference from otner farmers, and the farmer-owner can
irrigate at his convenience.

Community-Managed Systems

In community irrigation systems, performance on the
farm depends upon the farmer's ability to control the
water on his farm and to sharc water with the other farm-
ers in the command. OQverall project performance depends
upon the performance on the individual fields and the per-
formance of the water distribution system. The farmer
depends upan the other farmers in that command area for
his water.

Large-Scale Irrigation Systems

A large-scale gravity flow system is made up of three
different components, as shown in Figure 4.1: main sys-
tem, unit command area (similar to community-managed
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Figure 4.1 Layout of a typical irrigation system
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system), and farm system (individual ownership), each with
distinct properties. They are discussed below.

Main System extends from the dam to the various out-
lets which supply water to a group of farmers. It draws
large fiow rates (50 to 20,000 cfs) from the reservoir and
distributes the water to the outlets. The length of ca-
nals varies from 10-200 miles long, exciuding the distri-
bution network, depending upon the size of the project
area and topography. Hence, the travel times are signifi-
cant.  The irrigation bureaucracy operates the system.

Unit Command Area refers to the picce of land com-
manded by an outTet. Usually, a group of farmers is sup-
posed to share the water available at the outlet among
themselves and apply the water to their fields. The water
supp.y &t the outlet depends upon the operation of the
main system. The group of farmers does rot have any con-
trol of the flow rate, duration, or timing of water re-
ceived at the outlet.

Farm System refers to the individual farm in the com-
mand of an outlet. The farmer operates and manages the
ferm system. System performance is dictated by the flow
rate characteristics at the farm and the farmer's ability
to manage the available water supply at the farm. The
flow rate and its timing and duration at an individual
farm are influenced by the operation of the main system
and the system below the outlet.

The operation of large-scale irrigation systems is
complex because of the diversity in the crops grown and
soil types. The performance depends upon the integrated
effort of the irrigation bureaucracy and the farmers in
the command area, and the rules and tools (structural con-
trol) provided for operation of the irrigation system.
This paper deals with the structural control aspects of
large-scale gravity flow irrigation systems.

MAIN SYSTEM VERSUS ON-FARM EMPHASIS

Yhe overall performance of any irrigation system de-
pends upon the performance of ~individual components
(fields, unit command area, and the main system). The
relative performance of one component may be lower or
higher than the performance of the other components. Wade
and Chambers (1980) state that main system management is
“canal irrigation's blind spot," and large increases in
production may be achieved, with =quity benefits to the
tail enders as well as head enders, by managing the main
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system. In addition, any attempts to improve management
below the turnout, including farmer involvement (Jayara-
man, 1382), will come to naught if no effort is made
elsewhere on the system to provide a reliable water supply
to meet farmer needs. Although this may be true on some
projects, in the author's view, the main system is managed
better than the on-farm system in general.

There is ample evidence to support that the irriga-
tion network bejow the outlet (unit command area) has re-
ceived little attention (Kathpalia, 1982), and performance
nf the systems is much below the expected level. The area
below the turnout has been and still is, largely, a "no
man's land." Only recently have there been any efforts to
improve the system performance below the outlet. Wnile
the government's responsibility and control ends at the
outlet, the farmer thinks that the government should de-
sign, construct, operate, and maintain the distribution
system below the outlet, similarly, the on-farm applica-
tion system. Currently, these systems are not designed
but only constructed and operated by the farmer. And
thus, the performance of these systems has not been satis-
factory. In Pakistan, for example, the average applica-
tion efficiency of traditionally leveled fields was only
about 35 percent (Clyma and Ali, 1977).

From the above, it is clear that the performance of
all three components of the irrigation system has been
unsatisfactory and needs improvement. The relative magni-
tude of performance of the three components varies from
irrigation project to irrigation project, and for in-
creased agricultural production, good water control and
management of all three components of the irrigation sys-
tem is necessary.

WATER CONTROL

The performance of an irrigation project can be mea-
sured in terms of technical efficiency with which the
water is provided to the crop root zones, total agricul-
tural production from the project, and equity. Perform-
ance of an irrigated agricultural production system is
dependent upon technical, economic, and institutional and
organizational support provided to the system, under a
given set of constraints. The relationship between the
agricultural, economic, technical, and organizational
aspects is presented in Figure 4.2.
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Figure 4.2 Relationships between the agricultural, economic, techrical, and institutional and organizational aspects
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Water control refers to the ability of the system to
distribute, apply, or remove water at the right time, in
the right quantity, and at the right place. Levine (1977)
found that increasd control (in this case structural)
would result in reduced system water requirements (Figure
4.3). This means a close match between the demand and
supply. increased water control should also result in in-
creased reliability and equity in water distribution. How-
ever, increased water control, <n general, would also
require increased structural and/or management control,
resulting in additional expenditures. Hence, a balance
must be reached between the cost of improving water con-
trol and the additional benefits that accrue from it.

Water Control Objectives

The main objectives of water control in an irrigation
project (Lowdermilk, 1981) are: reliability (temporal
parameter), adequacy (volume balance, including seepage,
operational, and application losses), and eauity {spatial
parameter).

Reliability. A reliable supply of water is crucial
to successful crop production. Reliability is defined as:

. ti1is., — Actual value of the given parameter
Reliabiltity = Design value of the given parameter

The parameters of interest in irrigation distribution
are the flow rate, the time of arrival, and the duration
of supply. If the design values of the system are modi-
fied, the new values, rather than the original ones, must
be used to estimate the reliability of the system.

Adequacy. Irrigation projects are designed to meet
certain Tevels of irrigation water requirements. For
example, many projects are supplied to meet the peak de-
mand of the crop. The water is usually designed at the
peak rate throughout the season. However, depending upon
operation of the system, the flow rate delivered at any
given point may or may not equal the design value. Ade-
quacy measures the variation of the flow rate/duration
around the design specifications at a given point in the
system. Adequacy is defined as:
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Figure 4.3 The irrigation water requirement for lowland rice as
affected by the level of control inputs (L.evine, 1977)
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Actual value of the given parameter

Adequacy = Required voTume of the given parameter

A value of one for the adequacy parameter is desirable.
If the value is higher than one, it indicates the amount
of water wasted. A value of less than one indicates water
deficiency. However, if the original plan was to provide
only a certain fraction of the requirement, then as long
as the rate is equal to the specified fraction, the system
meets the water control objective as far as adequacy is
concerned. The parameters of interest here are the flow
rate, the duration, and the total volume of water received
(discharged) at (from) a given point in the system.

Equity. Equity refers to the spatial distribution of
the above two parameters--reliability and adequacy. What-
ever the basis for equity--economic, crop variety, area,
soil type, water rights, or a combination of the above--
equity must be incorporated into the system design and
operation. A single value for adequacy throughout the
project indicates that the supply is equitable; otherwise,
it is inequitable. The value of adequacy can be less than
one and still satisfy the equity criterion.

Reliability, adequacy, and equity are the objectives
of water control for the water distribution system. A
similar set of water control objectives, not elaborated
here, can be defined for the water application and the
water removal systems.

Prerequisites for Water Control

To have water control, the irrigation system must be
planned, designed, operated, and maintained properly
(Clyma and Sritharan, 1984). If any one of the above is
lacking, it is difficult to achieve adequate control of
water. The following discussion elaborates these aspects.

Planning. Planning should be the first phase of any
action, for either designing a new project or improving an
existing project. Planning starts by pooling pertinent,
basic information--soils, topography, climatic conditions,
hydrology, and social structure. Decisions are made re-
garding the layout of the main canals and distributaries;
area to be covered; irrigation delivery schedule (continu-
ous, rotational, or on-demand); extensive or intensive
irrigation; equity criteria; and mode of operation (manual
or automatic). Quite often, the basic information is not
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available, and the plan is based upon some assumptions
which may not represent the site conditions. All planning
decisions influence system performance.

Within the unit command area, planning refers to mak-
ing decisions regarding size of the command, irrigaticn
delivery schedule, and layout of the watercourses and
drains. The farmer's concerns must be considered. As
mentioned before, 1ittle planning is done below the
outlet. It is usually left to the farmers to plan the
distribution system.

The crops to be grown, the type of irrigation system
to use (border, furrow, basin), direction of irrigation,
deficit or full irrigation, the frequency of irrigation
(high or low), and the layout of the system are points
that must be decided during the planning stage at the farm
level. But in reality, 1ittle planning takes place at the
farm level except for the type of crops to grow. This is
probably because farmers lack knowledge of the different
types of irrigation systems and their characteristics.

Design. Based upon the decisions made during plan-
ning and the scils, topography, crop-water requirements,
etc., Lhe design of an irrigation system specifies the
values for the appropriate parameters: the required flow
rate; depth of flow and free-board; channel cross section
and slope; location and size of regulating, controlling,
and measuring structures; and size of the turnouts and
outlets on the distribution network both below and above
the outlet structures. In addition, design also specifies
the flow rate, frequency, and duration at each control
point in the distribution system.

Data from several irrigation projects suggest that,
in some cases, the slopes are erosive, the location of the
control structures is inappropriate, and no erosion pro-
tection structures have been provided. This resulted in
systems that could not deliver water according to the re-
quirements of plan.

Design at the field level specifies the appropriate
flow rate, bund height, size of the field (size of a bor-
der, etc.), and time of irrigation. The number of irriga-
tions required per season is also estimated. Based upon
the cost of water and labor, optimal design of irrigation
systems--based upon either minimal cost or maximum profit
--can also be accomplished.

Generally, the concept of design on farms is non-
existent. The irrigation systems are constructed and
operated. The most common method of irrigation is wild
flooding, which is the most inefficient method of surface
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irrigation. Often, the topography is uneven, fields are
irrigated on reverse slope, and flow rates do not match
the field size or the soil type, resulting in nonuniform
distribution (over- and under-irrigation in the same
field) of the applied water (Tyagi and Narayan, 1983).
The application efficiency values assumed in the design of
the main system are very high for the management level
that exists at the farm.

Designs within the distribution system level are gen-
erally better than on the farm. However, a lack of con-
trol structures at appropriate locations, erosive slopes,
and greater seepage than originally assumed have resulted
in reduced system performance.

Operation.  Operation refers to manipulating the
structures that convey, distribute, and apply irrigation
water according to the design specifications. On large
irrigation systems, travel times are significant. There-
fore, changes in flow rate in the system are bound to
cause delays. To deliver the right quantity of water at
the right time, travel times must be included in the oper-
ational plans. Also important is that the delivery sched-
ules or changes in the delivery schedules or flow rates
must be communicated to the farmer and the personnel oper-
ating the irrigation system. Tnn often, communication and
travel times are not considere in the operation of the
irrigation system. The result is an unreliable and inequi-
table water supply.

Automatic control: Automatic open-channel systems
are used extensively in some countries, such as France,
Morocco, and Hungary. There are basically two types of
automatic control: a constant-level control method and a
constant-volume control method. In constant-level con-
trolled systems, system response moves upstream from one
point (gate) to another, all the way to the source.
Hence, the response is slow. In constant-volume control-
led systems, the system behavior (actual performance) is
measured and the system parameters are modified to main-
tain a constant volume in a given reach. This system has
the advantage of reducing the response times by rendering
the flow rate variations in each reach independent of the
stored-volumes. Hence, the system responds more quickly.
However, these time lags cannot be eliminated by the sole
use of the above-mentioned local control systems. Signif-
icant reductions in response times can be achieved, how-
ever, by resorting to centralized control.

In the fields, since there is no design to follow,
the farmers irrigate the fields for as long as the supply
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is available, until the high spots are covered, or until
the water reaches the downstream end of the field. De-
pending upon the field size, flow rate, topography, and
infiltration characteristics at the time of irrigation,
the farmer usually either underirrigates or overirrigates.

Sometimes, irrigation system operation according to
the original plan mav not achieve the design specifica-
tions for flow rate and duration, due to deficiencies in
the design and/or construction of the system. Since it is
difficult to modify the existing system design without
expending additional amounts of money, which might be pro-
hibitive, the original operational plans can be adjusted
to meet the design specifications. However, in some
cases, the original design might be a coenstraint to system
operation in meeting the design specifications.

Maintenance. Regularly maintaining the irrigation
system 15 a prerequisite for sustained performance of an
irrigation project. A system that is not maintained de-
teriorates. Therefore, the canal cross sections, struc-
tures, fields, and drain must be checked and maintained.
However, in many projects around the world, maintenance is
not considered, and sufficient financial resources are not
allocated for routine maintenance. Hence, several irriga-~
tion projects have deteriorated, resulting in a system
performance that 1is <cignificantly different from the
original design performance. One should bear in mind that
as long as the system condition is not close to the origi-
nal condition, the actual performance of the system will
not be the same as the design performance. Therefore,
routine maintenance is a prerequisite for achieving good
water control.

MANACEMENT OF IRRIGATION SYSTEMS

Lowdermilk (1981) defines irrigation water management
as "the process by which water is manipulated (controlied)
and used in the production of food and fiber... (It) is
not water resources, dams, or reservoirs to capture water;
nor codes, laws, or institutions to allocate water; nor
farmers organizations; nor soils or cropping systems. It
is, however, the way these skills and physical, biologi-
cal, chemical, and social resources are utilized to pro-
vide water for improved food and fiber production."

Improved irrigation performance depends ra the man-
agement, not only of water, but of irrigation systems as a
whole, including management of information and controls;
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of people (farmers and those who work in irrigation organ-
izations); and of other inputs besides water (Peterson,
1984). In assence, the management of these elements re-
volves around water and its control.

In addivion to better water control, a set of objec-
tives is necesary for management. There is no management
without water control and objectives. The previous sec-
tion discussed the aspect of water control. Manragement
refers to the operation of the system to meet the objec-
tives. To check whether the objectives are met or not,
the system performance must be monitored and evaluated,
and a feedback control mechanism is devised to meet the
project objectives. The monitoring and feedback aspects
of an irrigation project are discussed next.

Monitoring and Evaluation

Monitoring a system refers to the process of chacking
the parameters that define or indicate the performance of
a given system. The aim of monitering a project is to
discover how well the project tulfills the objectives set
during the planning stage of the project. Monitoring
provides:

0 a data base to facilitate the ongoing evaluation
of project operation and performance

0 a means of ensuring that scheduled tasks are
executed correctly and at the appropriate
frequency

0 a help in postevaluation of projects to improve
the planning of subsequent projects.

Based upon monitored data, performance is evaluated and a
judgment made regarding the performance (or improved per-
formance) of the irrigation system.

Monitoring is a prerequisite for good management and
must be considered during the planning stage (Rydzewski,
1978). Even irrigation projects that are automated need
monitoring. The reasons irrigation systems are not moni-
tored seem to be the following:

] systems--once planned, designed, and operated--
should perform as planned

0 detailed monitoring systems are costly in time
and personnel
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] monitoring exposes the weaknesses of performance
and management.

Effective use of capital and other resources on agricul-
tural projects will be extremely difficult to attain with-
out monitoring the important parameters bearing on project
performance (Clayton, 1981).

Once a decision is made to monitor performance, the
parameters that influence system performance must be
identified, and the right information to measure the per-
formance must be collected. Data collection for the sake
of collection alone is an expensive luxury (Biswas, 1984)
as the cost of data collection increases more quckly than
the value of information (Figure 4.4). Quality of data
collected is at least as important as the quantity of
data. In addition, decisions regarding the following must
also be made:

0 frequency of data collection (hour, day, month,

season)

staffing required

0 means of recording and processing the data
(equipment, manual or automatic)

0 communication of data (frequency, receiver)

0 spatial distribution of the monitoring stations
(head/middle/tail, large/small farmer).

(=}

Biswas (1984) presents a list of parameters that
should be monitored in relation to the operation and main-
tenance of irrigation projects. The important thing is to
monitor the performance parameters and the factors that
influence the performance. UJtherwise, it is difficult to
identify the causes for the low performance. Table 4.1
presents the factcors that influence performance of the
irrigation distribution and application systems. For ex-
ample, in water control, the following parameters should
be monitored:

Factors influencing Performance
the performance parameters
Planning factors

Design factors Retiability
Operation factors Equity yield

Maintenance factors Losses/adequacy
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Table 4.1 Factors influencing irrigation system parfor-

mance in distribution and application of water

Factors Influencing Performance

Distribution System AppTication
(Main & Unit System
Command Ai =a) (Field)

Planning

Design

Operation

Maintenance

Cropping pattern (crop
water requirements)

Equity

Layout of the distribu-
tion network command
area

Earthen or lined canal

Rotation, continuous,
or on-demand

Seepage losses, design
discharge, depth of
flow

Location, type and size
of structures, sec-
tion parameters

(Shape, size, roughness,
slope)

Timing of operation
Skills of the operator

Communication related
to supply and demand

Structures
Canals (weeds, sediment,
erosion)

Crop (rooting
depth sensi-
tivity

Type of irriga-
tion

Direction of
irrigation
Topography

Length & width
of the field

Flow rate
Design depth

Time of inflow
frequency

Timing of
operation
Skills of the
operataor
Communication
related to
supply and

demand

Maintain field
surface,
bunds, furrow
geometry
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Automatic monitoring: Depending upon the volume of
data and the availability and cost of qualified personnel,
it may be economical and timesaving to use automatic re-
cording equipment, such as water level recorders, flow
rate recorders, and flow volume recorders (Dedrick et al.,
1983; Dedrick and Pettit, 1983). The likelihood that
these structures would be vandalized seems high in some
countries. In addition, when deciding about automation
equipment, factors such as its sturdiness, portability,
cost, accuracy, and longevity should be kept in mind.

Some form of monitoring, at least qualitatively, does
take place in almost all irrigation projects. Tail enders
complaining that they don't get any water and low crop
yields are also indicators. If there is a system response
mechanism, system performance might be improved without
any quantitative data. However, the level of improvenent
can be increased more by quantitative data (measurement).
Hence, measurement structures are a necessary, but not a
sufficient, factor for management. Many irrigation pro-
Jects do not have any measurement structurcs. Even if
they are present, the measurements are not taken. And
finally, even if the measurements are taken, the data are
not used for the intended purpose of improving the system
performance.

Feedback and Control (Response)

Monitoring an irrigation project--its performance
parameters and the factors influencing it--will not, in
itself, result in improved system performance, even
though it is a valuable data base for planning future
irrigation systems. The information gathered during moni-
toring must be processed and communicated to the decision-
making authority. As mentioned earlier, very few projects
are monitored, and some are monitored for the sake of
monitoring. The information gathered during monitoring is
not used for the intended purpose of improved management.
Information management (communication) is an important
aspect of irrigation water management (Rao, 1982; Ritchie
et al., 1978).

Next, utilizing the data to improve system perform-
ance by modifying one or more factors is required. Modi-
fying the system parameters to achieve improved system
performance is called the "control" or "response" mech-
anism of the system. If a control mechanism is not
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present, then improved system performance cannot be
attained.

There are two types of feedback control. In the
first type, information gathered during an irrigation
event (or a particular day) is used to improve system per-
formance during the next irrigation event or season. In
this type of feedback control, the reasons for the devia-
tion in system performance might not be the same during
the next season, and modifying one or more of the system
parameters that influence system performance sometimes
might not result in improved system performance. In the
second type of feerbark control, the monitoring informa-
tion gathered during an irrigation event is used simul-
taneously to modify the system performance by adjusting
some of the operational parameters. This type of moni-
toring and feedback control usually calls for automation.

MANAGEMENT PLAN

Management starts by defining objectives, for there
is no management without objectives. Next, it delineates
procedures to achieve the objectives and monitors the per-
formance -parameters to cee whether the objectives are
achieved or not. If the objectives are met, then the sys-
tem is well managed. Otherwise, appropriate changes in
the system parameters must be made in the planning, de-
sign, construction, operation, and maintenance of the sys-
tem. The cycle outlined in Figure 4.5 continues until the
project objectives are met.

If it is a new irrigation project area, one can plan,
design, and operate the system for management. In an
existing irrigation system, however, the management plan
starts with monitoring the system performance and compar-
ing it with the expected (or design) performance. If
there is a difference between the actual and expected sys-
tem performance, we go back to the problem identification
stage and delineate the factors (planning, design, con-
struction, operation, and maintenance) responsible for the
Tow system performance and prescribe solutions for testing
and implementation. The solution may be in the form of
modified planning, design, construction, operation, and/or
maintenance that would result in improved system per-
formance.

In addition to having a good management plan, the
operating staff needs to be committed to management pro-
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cedure. Sundar (1984) presents several examples of a lack
of commitment in management and says:

Management is based on the premise that things
can be done bette:, which in turn means that one
wants better performance. In a socio-political
situation where what is legitimate is what one
can get awey with, can there be any concern for
public system performance? And, if there is no
desire to manage, what can management techniques

do?...'In the land of nudists, what can a wash-
erman do?' --(Panchatantra).
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5
Some Tools and Concepts
for Better Irrigation Water Use

John A. Replogle

INTRODUCTION

The world has always known famines. It has not al-
ways worried about surpluses. So many factors go into the
world food production picture that the opportunities for
well-intended "fixes" to go astray seems to far exceed the
chances for success. The pessimistic view is that empiri-
cal data confirms the distribution of failure opportuni-
ties. The Food and Agriculture Organization (FAO, 1979)
of the United Nations (UN) estimated that irrigated agri-
culture represents 13 percent of the global arable land
but accounts for about 34 percent of the crop produced.
Both percentages appear destined to increase (Jensen,
1980), with the latter likely to increase more as we learn
to positively control more of the food production process.

The massive infrastructure supporting any advanced
society and its advanced food production system can be
quickly visualized by considering the consequences of
destruction by natural disaster -~ by global war. Imagine
the United States with no working electrical power, no
telephones, no highways, no railroads, and no airports.
Agriculture as we know it would cease almost at once.
Food stocks, even if enormous, could not prevent mass
starvation, no matter how benevolent the governmental
structure.

Thus, agriculture (especially irrigated agricultural
development) exists and thrives in an overall development
scheme that considers farm-to-market roads, rail systems,
and communications. Supporting industries, from trucks
and machinery to hardware items and fertilizer chemicals,
are also needed. Space here prevents even attempting a
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really comprehensive list. Therefore, we will concentrate
on some concepts and equipment that encourage better irri-
gation practices.

The ideal irrigation system, or scheme, would somehow
default to correct water delivery methods unless energetic
efforts were made to subvert the operation. ['m not aware
of the existence of such systems, but I point out that
high efficiency ic unlikely until it is as convenient to
irrigate correctly as it is to irrigate incorrectly.

IRRIGATION SYSTEMS

Some Psvchological Aspects of Irrigation
Project Operation

For perspective, 1 will relate an incident in the
United States in the early 1970s, shortly after the steep
rise in world oil prices. A national television talk show
comedian host was lamenting the resulting economic disrup-
tions, saying that the whole world seemed to be on "back-
order" with shortages of everything, "even toilet tissue."
(This was meant to be humorous, since the supply-demand
for this item is, in reality, extremely uniform.) How-
ever, the generail public had recently been conditioned to
some inconveniences in item shortages, and the national
response was an irrational run to the nation's store
shelves and the hoarding of toilet tissue to the point
that, for a time, it could no longer be found for
purchase.

The sudden empty supply chain certainly did not mean
that the national demand pattern had changed at all, only
that the distribution pattern had changed, and storage of
the item was now located in millions of home cupboards
rather than on store shelves. This didn't help other fam-
ilies that had depended on an available supply, however.

The national tissue manufacturers knew that it would
be foolhardy to build new facilities and increase produc-
tion hecause of the temporary shift in storage (not true
demand for their product), and eventually, as reliability
of supply became apparent, the '"shortage" disappeared.

Irrigation projects are also subject to some of the
hoarding psychology which can be aggravated or ameliorated
by the history of the system reliability. If system reli-
ability has been low, then the psychological incentives
are to use all opportunities and all mechanical adjust-
ments, authorized and unauthorized, to "hoard" the water
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as if it were the last irrigation. Thus, an otherwise
adequate project irrigation supply does not meet system
demands. Further complicating the social picture is that
these shortages are not distributed but are usually com-
pletely borne by those farmers farther from the supply
source. This means that the reliability usually becomes
lower and the hoarding pressures become higher as a func-
tion of distance from the supply source. A vicious circle
is created wherein hoarding causes low refiability which
then increases hoarding. Legal remedies and administra-
tive threats are generally ineffective, so that remedies
through physical system changes and system management
techniques are more feasible alternatives.

Some Physical Aspects of Irrigation
Project QOperationc

A recent study of irrigation delivery system manage-
ment in Egypt (Richardson et al., 13984) confirms, not sur-
prisingly, that the operation of the delivery system was
significantly constraining improved farm water management.
The major problem discovered in this instance appeared to
stem from basic operation of the system as a static dis-
tribution entity, when. in reality, the demands varied
between daytime and nighttime. The resulting spills at
night subtracted significantly from total deliveries and
caused wide delivery rate changes that made on-farm hand-
ling difficult.

Constraints caused by these and other operating tech-
niques and policies are associated with on-farm water man-
agement problems throughout the world and indicate the
broad need to improve project delivery systems and methods
in order to allow better farm water management. It is be-
coming apparent that both the physical system canals and
gates (hardware) and the management, social, economic, and
psychological aspects (software) need careful attention.

SCHEDULING POLICIES OF IRRIGATION PROJECTS

Let us first look at some of the "software" aspects
of irrigation projects. The greatest majority of gov-
ernment-sponsored irrigation projects on the world scene
use canals, from the large conveyance canals to the
smaller field canals, in some part or all of the project.
These irrigation projects have the purpose of faciiitating
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water delivery, application, and removal. The water de-
livery policy established and used by project managers is
called the water delivery scheduling system, or simply,
the schedule. Most schedules have been in place for sev-
eral decades and were chosen for reasons usually valid at
that time. It does not necessarily follow that those rea-
sons are still valid, and many projects need to closely
examine their scheduling policies.

Usually, the schedule selected for the canal system
is theoretically capable of delivering adequate water to
match the peak seasonal crop water need. This assumes
that maximum unit-land production and minimum unit-produc-
tion costs coincide with adequate crop water availability
in the root zone. This also assumes certain crop-yield
production functions, particularly the crop-yield effects
of adding another unit of water. In some countries,
schedules are intentionally designed to underdeliver be-
cause of the usual reliability of rainfall and the assump-
tion that reduced production on the larger area totals
more than the improved production in a lesser area. In
many cases, social considerations and labor availability
may be controlling parameters.

Determining and satisfying crop-water needs require
applying knowledge of soil, water, plant, and atmosphere
relationships, as well as various system conveyance and
application efficiencies. The volume of water needed (or
depth on the area) for a specific irrigation then deter-
mines the specific flow rate and the duration combination
(Jensen et al., 1970; oensen, 1980; Merriam, 1956). The
crops and soils knowledge relates closely to the farm
operator problems; at some point, his applicable knowledge
and the physical arrangements of his fields are limited by
the ability of the project delivery system to respond.

As with most system studies, a taxonomic effort is
useful to bring a sense of order to the study, frequently
allowing insights into relationships otherwise overlooked.
For irrigation crop production, the irrigation delivery to
the field crop is a function of three basic components of
an irrigation schedule. These are: (1) the delivery flow
rate onto the field, which may be by surface spreading,
sprinkler, or drip systems; (2) the delivery frequency to
the field, or simply the times of the deliveries; and (3)
the duration of the delivery. Other parameters have been
listed by various authors, such as delivery volume and
delivery elevation. However, the flow rate and duration
result in the volume of water delivered for that irriga-
tion, and, when combined with the frequency of delivery,
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they provide the total seasonal application, information
for estimating efficiencies, and information for such
things as leaching fraction and drainage volumes. Deljv-
ery elevation can be treated like pipeline pressure and
thus is a necessary requirement for achieving the basic
parameter of flow rate. Thus, we can describe the opera-
ting policy, or delivery system schedule, of an irrigation
project in terms of rate, frequency, and duration (Replo-
gle, 1984; American Society of Civil Engineers, 1984).

These three components can be restrained on several
levels by administrative policies or a physical system
that causes a schedule to be considered either flexible or
rigid. The flexible systems are usually more elaborate
and permit farm-operator participation, usually by honor-
ing requests for water delivery on a timely basis but, in
turn, require a good communication system between the
water authority and the farm operator. An exception is
the most flexible case of a "demand" system, which allows
the farm operator to simply open or close a valve or gate
as needed. The rigid schedules include what has been
called the rotation system, wherein a fixed flow rate of
water is delivered at a fixed duration for a predetermined
frequency. Many intermediate combinations exist. The
flexible systems usually enhance farm operation, while the
rigid systems ease delivery system complexities and
problenrs.

These general divisions of rigid and flexible can be
further divided into categories according to the re-
straints placed on the three components (rate, frequency,
and duration). Since many restraints are possible for
each of these three components, many scheduling systems
are also possible.

System Components

Let us first examine the three components and discuss
the range of possible options available to the planner for
project operation.

Flow Rate. For the delivery flow rate, policy may
specify a constant flow at each delivery cycle throughout
the season. One limit is a continuous, unchanging, unin-
terrupted flow. Variations would include continuous but
seasonally modified flow rates. The more common cycled
flow is wusually in some kind of rotation system among
users. The canal delivery equipment associated with con-
stant deliveries is frequently a fixed orifice or fixed
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pipe size. Seasonal changes in flow rate to users can be
implemented within narrow limits by adjusting the canal
flow elevation. Uniform changes are difficult unless the
percent changes in effective head on each delivery orifice
can be controlled accurately.

Often the rate is negotiabie, that is, the farm oper-
ator requests a flow rate, and the water authority usually
accommodates the request. Variations on this may include
a standard flow rate that is delivered if not otherwise
specified; a flow rate which is not to be adjusted during
delivery; a requested flow rate that can be adjusted be-
tween limits, say * 30 percent, during delivery; or the
flexibility to completely shut off the delivery at the
discretion of the farm operator. Many of the latter oper-
ations may cause canal spills or require the delivery
system to be automated. Another variation may be that
delivery volume is specified, nominal ficw rate is re-
quested, and total time delivery adjusted to achieve the
correct volume. This requires volume meters on the out-
lets since tlow rate must be integrated with delivery
time, but canal elevations can fluctuate, which may ease
delivery operations.

In some cases, the canal flow can be accessed on
demand without any special arrangement with the water au-
thority. A physical limit is usually imposed by a speci-
fied size of canal gate opening, or a default limit due
simply to canal capacity restrictions. In most instances,
the canal runs for only a few days at a time. Thus, user
control of the other two components, frequency and dura-
tion, is not necessarily present unless the canal is
operated conlinuously.

It is important to note that fixed flow rates do not
necessarily limit production, even with surface irrigation
systems, except at extreme Timits of very small or very
large flows. On-farm hardware and one-time, field-size
adjustments can usually bring operations to within a work-
able range.

Frequency. Delivery frequency, like flow rate, can
vary widely. Water can be delivered periodically through-
out the season, and this period can be changed seasonally.
For example, the cycle may repeat at two-week intervals in
the hot season and be changed to three- or four-weezk in-
tervals in the cooler seasons.

Water may be passed from user to user as each com-
pletes his irrigation needs, so that the cycle varies as
the use varies. FEach user is in a fixed queue, but use
time is variable, and thus frequency is tied to duration,
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If, indeed, accurate volume delivery is to be achieved,
then frequency will be linked to flow rate as well.

More flexible systems permit farm operators to re-
quest the delivery date. The water authority may strive
to honor the request to within a margin of 24 to 48 hours
of the requested time. Under the most flexible schedule,
no communication or special arrangements need be made with
the water authority, and the valve or delivery gate to the
farm is opened by the farm operator as needed.

Shallow-rooted crops and sandy soils require shorter
periods batween irrigations. Coupled with climatic fac-
tors, these determine the ideal irrigation frequency.
Thus, high yield potential and even the choice of crop are
affected by limits on frequency of irrigation.

Ouration. The length of time that the farm gate or
valve is allowed to operate (the duration) can vary from
continuous flow throughout the season to a few minutes or
hours per irrigation cycle. In some projc-ts, small flows
are taken by all farms on a canal foi the entire period
the canal is operating. The canal may be filled on alter-
nate weeks. Other projects deliver in 24-hour units of
duration or in some other standard but fixed time block.

More flexible schedules permit the farm operator to
specify the duration. If the canal operation can provide
a steady flow rate, the duration time then allows easy and
accurate volume determination. Ouherwise, specified dura-
tion and poorly controlled delivery raies can cause crop
production probiems. Poorly controlled delivery rates can
be partly compensated for with flexible durations where
the farm operator controls the shutoff time. Theoretical-
ly at least, he has the opportunity to obtain the required
flow volume and also to adjust for added inefficiencies
that the flow rate changes may have caused.

Scheduling Terminology

It is not surprising to find that each irrigation
project has a unique schedule, in that some component is
handled differently from other projects. Also, it is ap-
parent that a complete naming system would require up to
three descriptors--possibly three paragraphs--one for each
of the three components of the schedule, and would be cum-
bersome, if not impractical, to use for a naming scheme.
Attempts have been made to standardize scheduling termi-
nology (Replogle, 1984; ASCE, 1984), but this standardiza-
tion is still being modified. Former terminology has



124

included ‘"demand,"” "modified demand," '"rotation," and
"continuous flow." However, these terms have had to
describe too many situations and therefore have not always
conveyed the intended operating concept.

Having outlined some possible variables in each of
the scheduling components, I will select important varia-
tions of each compenent and discuss some of the resulting
combinations for rigid and flexible groupings. At the
same time, I will try to introduce meaningful terminology
into these groupings.

One approach to standard terminology is to assume the
extreme case for each category, rigid or flexible, and
then retax or modify the necessary components. This means
that for the rigid case, all three components are fixed
and unadjustable during use. Conversely, for the flexible
case, all three components are unrestricted and aagjustable
during use. f{he next problem is to indicate rigid or
flexihle without the cumbersome addition of yet another
word to the name. The qoal is a two-, three-, or four-
word system that has some intrinsic definition value that
Tikely will be interpreted correctly with minimum transia-
tion when first encountered.

Yielding somewhat to tradition and to the custom that
most rigid schedules assign water in user rotation, we
will use the term "rotation" to indicate rigid systems.
Yielding again to tradition, we will use the term "demand"
to indicate the more flexible systems, and introduce the
term "arranged” for other flexihle schedules, a term which
implies communication and reply, or negotiated arrangement
between the water authority and the farm operator. These
latter variations have sometimes been called "modified de-
mand. "

We try to avoid long names such as: ‘“fixed-flow-
rate, requested-frequency, adjustable-duration scheduling
system," but even this long name must assume that an ad-
justable flow rate, while not unlimited in size, is large
enough for most practical operations,

Rigid Schedules. Rigid schedules are usually water-
authority oriented and are predetermined by law, policy,
formula, water-right shares ownad, or other means. They
are rigid in that the decisions contain no current farm
operator inputs based on current farm crop needs. Allot-
ments are previously determined by the water authority,
perhaps in tnhe early spring, and delivered by some type of
rotation plan among the various farms. Some probable com-
binations of flow rate, frequency, and duration for rigid
schedules are as follows:
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Fixed Rotation:  This term implies a rigid
schedule with fixed flow rate, fixed freguency,
and fixed duration. The flow rate is the same
from irtigation to irrigation throughout the
season and is delivered at regular intervals.

The word "fixed" under the original assumptions
is redundant but is included to warn users that
it is not necessarily their old definition of
“rotation." This combination meets the word-
length qoal.

Typical flow rates are from 25 to 500 liters per
second; typical frequencies are one to two
weeks; and typical durations are 8, 12, or 24
hours. Limiting cases include durations that
last as long as the flow is in the canal, which
may be one week full and two weeks empty, or for
the whole season if flow is continuous.

This schedule requires the least capital invest-
ment in canals or distribution pipelines and
involves the least water-agency management and
operational 1nput The canal flows at its mexi-
mum rate and is the minimum size for the job.

However, this schedule encourages the farmer to
operate at low efficiency, which wastes water,

energy, and labor and increases drainage prob~
lems. It alco pestricts crops to those adapt-
able to the set frequency. Since all soils in a
project cannot be expected to be similar, only
part of the project area is well suited to the
selected frequency.

Varied-Frequency Rotation: Again, the word "ro-
tation” Tndicates a rigid schedule, with only
the frequency modified. The flow rate and dura-
tion components remain constant. A shortcoming
here is that no information is conveyed on how
the frequency is varied. A two-week interval
during the hot season changed to a one-month
frequency during the cool season could represent
one extreme. More typically, the variable fre-
quency would be in response to seasonal changes
on a more refined increment or even in response
to immediate local weather.
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This schedule has potential for reducing early
season and late season over-irrigations and,
therefore, reduces the delivered water quantity.
However, with the changing irrigation interval,
the management-allowed deficiency of the soil
moisture should be, ideally, the same everywhere
and, ideally, always satisfied. Such a condi-
tion will not be reached on most farms because
it implies that all soils and root-zone depths
of all crops are the same everywhere throughout
the season. This condition may be approached
where a perennial crop, such as a single kind of
tree crop, is grown and soils are similar. For
other conditions, crops are limited and produc-
tion lowered or water wasted. During the early
part of the season, when the frequency is in-
creasing, the first farms to receive water on
the first round may still be quite wet from
rainfall or pre-irrigating. In the late season,
with decreasing frequency, unneeded water will
be applied to the last farms. For the water
authority, this schedule means that the same
size canal is used throughout the season, but it
is empty part of the time. Farm gates or valves
could be of the fixed opening style.

Varied-Rate Rotation: As before, the unnamed
components (in this case, frequency and dura-
tion) are fixed. The flow rate in the canal,
and hence to the farms, on each cycle is varied
by the water authority to approximate seasonal
crop demands. This schedule still allows the
water authority to use a minimum-sized canal,
but in this case the canal is always in opera-
tion. Again, perennial crops with deep root
zones on uniform soils are best suited to this
schedule. With short, constant iJntervals,
annual crops requiring frequent application
early in the season may be grown successfully.
Farm gates or valves would need to be adjustable
to obtain the prescribed discharge against a
changed canal level or to receijve a prescribed
reduced flow against a full canal.

Varijed-Duration Rotation:  This term implies

that the flow rate and frequency are fixed, and
the duration 1is varied, perhaps seasonally,
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again to accommodate the seasonal crop-water
needs. This schedule is particularly suited to
projects that have fixed orifice openings at
various elevations, which operate at the in-
tended rate only at a certain canal elevation.
Otherwise, reducing the canal elevation or flow
may not properly divide the flows to the various
farms.

This combination, assuming the frequency is
otherwise satisfactory, would allow annual crops
to be grown throughout the season and would ac-
commodate a wider range of soil types. Because
the total delivered volume is somewha* matched
to the seasonal crop-water requirements, oppor-
tunities exist to reduce water demand and drain-
age needs. The canal size again is minimum and
is empty for part of each cycle.

Varied-Frequency-and-Rate Rotation: The dura-
tion is fixed, and the other two components are
varied by the water authority to approximate
crop-water needs. Without changing the dura-
tion, and thus the daily schedule of the ditch
attendant, the changing frequency and flow rate
can accommodate a fairly wide spectrum of crops
and soils. Farm outlet gates or valves would
need to be adjustable. Again, the canal would
be minimum-sized and may flow continuously, de-
pending on the combination of frequency and rate
prescribed.

Varied-Duration-and-Rate Rotation: With the
frequency fixed, combinations of rate changes
and duration changes can again follow seasonal
crop needs and be adjusted to local canal capa-
cities. The same restrictions on crop types and
soil types are shared with thcse of the varied-
rate rotation schedule described above. This
schedule is not common but could accommodate the
Tong durations and low flow rates needed with
sprinkler or drip systems, or at the other ex-
treme, could accommodate the high flow rates and
short durations that favor level-basin irriga-
tion systems. It may be difficult to accommo-
date both extremes on the same capal lateral.
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0 Varied-Duration-and-Fregquency Rotation: This
combination 1s also adjusted seasonally by the
water authority to approximate average crop-
water requirements throughout the project. The
seasonally varied frequency, if it is suffi-
ciently frequent, can allow most annual crops to
be raised, and the variable duration allows
fixed delivery orifices, etc., to be operated on
each farm. Another advantage of this schedule
is fewer seasonal delivery cycles and presumably
Tower seasonal labor costs to the water author-
ity than the varied-duration rotation schedule
would require.

Flexible Schedules. Starting with the flexible
schedule having all components unrestricted, we will name
and discuss combinations with various restrictions on one
or more components. The main feature for flexible sched-
ules is user input for selecting one or more of the three
components. Compromises between the needs of the water
delivery authority and the farmer will create restrictions
on each that should result in an optimal solution. How-
ever, increasing water, energy, and labor costs have made
formerly acceptable schedules too restrictive for present
conditions, and present upgrading must consider future
changes that could affect the optimal economic solution.
For example, pressure systems constructed for only sprink-
lTer applications now face high energy costs, with no easy
way to increase fluw rates to facilitate other irrigation
methods that operate best with short-duration, high-rate
deliveries.

The term "demand" has been widely used for the flexi-
ble schedules. To be precise, the term is restricted to
mean that only the user operates the turnout controls,
without restraint on frequency, rate, or duration, and
that no communication with the water authority is re-
quired. Of course, unlimited flow rates are not practi-
cal, but as long as flow rates meet the optimum needs of
the farm and do not restrict the farm operation, then the
demand is met and the name could apply. Where the water
authority, outlet size, or system capacity limits rate,
then the term "limited-rate demand" 1is more precise.

For the condition for which "demand" has sometimes
been used, the term "arranged" will be applied. The lat-
ter term more correctly implies that the farm operator and
the water authority are both involved in the rate and
timing decisions. It further implies that some sort of
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communication system is available, and that the water au-
thority has some control over the delivery, usually by a
ditch attendant or the equivalent.

Again, all variations and ranges of restrictions on
rate, frequency, and duration could produce a long iist of
possible variations in the flexible schedules. The most
common of these can be summarized as:

0

Demand: This implies, as described above, that
no Timits exist on rate, frequency, or duration,
and that there is no external control by the
water authority. This is usually available when
the access is directly to a large lake, river,
pumps, or main canal, and the farm unit is rea-
sonably small. Totalizing flow meters. as
opposed to rate-type meters, are needed for
billing purposes, if billing is to be based on
water wused. (Examples of totalizing meters
include propeller and turbine meters, and weirs
or flumes with integrating devices.)

Limited-Rate Demand: This is a practical sched-
ulfe 1n which the valve used or system capacity
restricts the user flow rate but not to a level
that seriously limits the choice of irrigation
methods or creates problems for efficient labor
use. The limit should be quite large, so that
it does not limit foreseeable future needs. In
practice, pressures often vary as flow rates
vary in small capacity systems, so that set flow
rates may not be constant at a constant outlet
setting unless additional controls (Merriam,
1973) are included. It should be noted that in-
creasing pipeline diameter from 200 to 250 and
from 250 to 300 mm doubles and then triples
capacity, respectively. Thus, irrigation sys-
tems that are not highly sensitive to flow rate
(only to total delivered volumes, such as level-
basin irrigation systems) (Dedrick et al., 1982)
could tap the system Jdirectly. Other systems,
such as sprinklers, may require pressure regula-
tors or booster pumps for optimum operation.
Again, no communication system is needed, but
totalizing flow meters would be necessary.

Arranged-Frequency Demand: In practice, thjs
implies that the flow rate has an upper limit
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established by practical considerations but that
the rate and the duration can be adjusted during
delivery by the farm cperator. However, he must
negotiate with the water authority as to the
date when water will be present in the supply
canal. This implies that the water authority
automates the system or closely estimates the
total volume needed and the demand rate, so that
the user is satisfied, but the canal is not
overtopped. This may produce considerable oper-
ational spillage or the application of accurate
input parameters to a suitable computer model;
otherwise, the use of canal storage, automatic
controls in level reaches of canxl, oversized
canals, and off-line storage are usually needed
in some combination to make the demand or lim-
ited-rate demand and the iimited-rate, arranged-
frequency scheduies workable (Merriam, 1973,
1977; Replogle et al., 1980; Replogle and Merri-
am, 1980). The "arrangement" requirement by the
water authority allows a method of "decoupling"
synchronized demands that would naturally occur
after a general rainstorm over the delivery
area. Again, totalizing meters would be needed.
High on-farm efficiencies are possible with this
schedule as with demand systems.

Restricted/Arranged: This implies that the
three components are negotiated between the
water authority and the farmers but are re-
stricted in that they are not further adjustable
during the delivery by the farm operators. If,
indeed, the rate remains constant, the meter can
be a rate meter only, such as a weir or flume,
with the time duration serving as the totalizing
parametey.

Fixed-Rate/Restricted/4rranged: The duration
and frequency are negotiated between the water
authority and the farm operators. Again, access
to the gate controls are restricted, and no
changes are made during the delivery. As
explained previously, the fixed-rate feature is
usually not a severe restriction and is very
usable with level-basin design. If, indeed, the
fixed rate is accurately maintained and mea-
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sured, flow duration provides the total volume
accounting.

Fixed-Duration/Restricted/Arranged: This sched-
ule has a duration (usually 24 hours) that is
fixed by policy, but the flow rate and the date
of delivery are arranged. As befcre, the gate
controls are restricted, and the flow rate is
not changeable during delivery. Again, if con-
stant flow exists, then rate meters such as
weirs or flumes can be used to verify the de-
livered volume. The 24-hour duration almost
always causes difficulty in the use of farm
labor. It wusually means that water must be
accepted for too long a period, and the arranged
rate, which is then fixed, is selected to be
small, resulting in poor field distribution and
the need to over-irrigate to be sure of an ade-
quate volume. This schedule is not conducive to
efficient on-farm use of water and labor, but
yields are not greatly affected.

Fixed-Frequency Demand: This schedule is common
1n areas with many small ranchettes or lawn
waterings. Typically, the canal is filled one
day every two weeks, and the users may access it
at will during this period. If the delivery
system is small, then it degrades to a rotation
{formal or informal) among neighbors, requiring
the current user to alert the next user.

Fixed~Frequency/Restricted/Arranged: Although
the 1requency may be fixed, the user can arrange
for the total delivered volume and the way it is
delivered by requesting the flow rate and the
delivery duration. As with other arranged
schedules, the water authority operates the
ccal gates to the farm unit. This is one of
the least desirable of the user-input schedules,
having many of the faults of the rigid sched-
ules. The fixed frequency limits the types of
crops that can be grown and the soils that can
be efficiently irrigated. However, it offers
the opportunity to refill the depleted soil pro-
file using a hydraulically efficient flow rate
and thus can allow high water distribution
uniformities.
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Scheduling Policy and Water
Conservation

The demand or arranged schedules may be considered
too ideal to appreoach. Also, without careful, knowledge-
able farm operators, they do not in themselves produce
water conservation, even though (theoretically) extremely
high efficiencies cannot be obtained without it. Thus, it
is a two-edged sword that sometimes must be approached in
evolutionary stages.

Typical case problems for demand systems are found in
some developing countries. They usually stem from the
long-term irrigation construction procedure. Initially,
the water supplies are captured (dams), then canal mains
are started and distributary canals added, etc. Mean-
while, the dams are filling and the water supply is over-
abundant for the small area initially serviced. These
"top-end" farm operators are allowed to take water at ex-
tremely inefficient quantities--the lakes might as well be
used, since otherwise the water must be released. This
process is usually accompanied by a delay in providing ef-
fective on-farm i ‘igation management. Thus, into this
vacuum, the new irrigation farmer learns low efficiency
methods that, in a few seasons, border on dependency.
These early users appear to establish an unintended "water
right" as first beneficial users that continues even
though the remaining canals may have been constructed.
Because of the large number of small-farm operators usu-
ally involved and the slowness of communication and tech-
nology transfer, the farmers do not usually know that
their canal should really have water in it and may assume
that it is empty due to drought. This then becomes a
problem entwined with educational, economic, and socio-
logical aspects, as well as with engineering ramifica-
tions, such as high water tables; and salinity problems
that usually accompany the extremely low irrigation effi-
ciencies.

One way of implementing water conservation in these
cases may require an evolution of processes and some ex-
traordinary water management education on a grand scale.
For example, a rigid irrigation schedule with fixed rates,
frequencies, and durations (the worst possible schedule
from a cropping and water conservation viewpoint), may
have to be announced and imposed, and simultaneously,
those top-end farmers must be convinced and shown by
demonstration that their previously learned practices were
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actually 1leaching nutrients from some fields, causing
waterlogging and saline seeps in others, and, in general,
depressing yields. This process can be used to reduce on-
farm water applications and raise field application effi-
ciencies to approximately 50 percent. Later, in perhaps a
decade, portions of the district can return to a demand or
an arranged-type schedule, provided communications systems
have evolved. This would then allow efficiencies in ex-
cess of 70 percent. Alternate procedures should be devel-
oped to avoid the intermediate step, which is undesirable.

Even in the developed courtries, efficient irrigation
application methods available on the farm do not guarantee
water conservation. But as pointed out, a rigid schedule
encourages or forces early season over-applications, thus
adding to possible salt loadings and drainage problems.

The total impact of over-irrigation depends on wheth-
er the area is in an upper-basin region with the possibil~
ity of downstream reuse, as exists in some areas of the
United States, such as California, Colorado, and Idaho.
In lower-basin areas, such as the Imperial Valley of Cali-
fornia, recovery of over-irrigation flows is difficult.
Thus, water conserved in the latter area is truly saved,
while in the upper-basin case, water quality and energy
conservation may be more tangible benefits (Jensen, 1980,
1982).

A strong case for conservation by improving the first
use of water through increasing efficiency of distribution
systems and field irrigation systems is presented by Hor
ner et al. (1983). In particular, they point out the sav-
ings in capital costs otherwise needed for a recapture
system. As long as energy is limited, it is important to
improve first-use efficiency and avoid spending additional
energy to recapture dispersed water lost from the system
through deep percolation and field runoff.

The arranged-frequency demand schedule is attractive
for many irrigation projects. It may be considered to be
the desirable one in the United States for new or improved
projects. It permits the farm operator to nearly optimize
all his water-related operations. The water authority is
able to provide acceptable service with a peak system
capacity that is smaller than the demand schedule would
require. It is desirable that the delivery system be
automated and totalizing meters used; otherwise, frequent
manual flow changes are needed, and difficult time-dis-
charge records may be required.
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CASE STUDIES

Let's look at three United States irrigation projects
that have different irrigation scheduling policies and
speculate on some of the implications of those schedules,

Table 5.1 Scheduling policies for three projects

Command Approx. Schedule Details
Project Area Field Eff.  Rate Duration  Freq.

A 20,000 ha 65-85 400 L/s Arranged Arranged
B 100,000 ha  55-75 Arranged Arranged Arranged
C 200,000 ha 50-65 Arranged 24 Hrs.  Arranged

Comparing the three different ways that these pro-
jects deliver water, we see that only Project B is flexi-
ble enough to allow all three components of the schedule
to be arranged. The other two projects have one item
restricted to a constant value. As explained in the dis-
cussion on schedules, the restriction to a fixed 24-hour
duration can be severe, except for particular matches with
crop, soils, and field sizes. To irrigate a small field
and make the irrigation last for the required 24 hours,
the operator must accept a small flow rate that does not
allow efficient wuse of Jabor or good distritution
uniformities.

Notice, though, that highest efficiencies are not
acheived in the most flexible system of Project B, but
rather in Project A, where the flow rate is fixed. There
are a number of explanations for this, including project
size, urbanization near Project B, the relative young age
of Project A, the special government programs in Project
A, and other factors, none of which act alone.

Major factors may be that the urbanization mentioned
near Project B delays interest in converting to modern
systems. Besides, with the available flexible system, an
operator can nearly optimize his crop water management at
a sufficiently high efficiency, about 70 to 75 percent, so
that further improvements are not deemed mandatory. Very
few modern laser-controlled level systems (described in
another section) are constructed in the command drea of
Project B.
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Project A, on the other hand, has a relatively large
proportion of innovative farmers, as a result of early ef-
forts to attract highly qualified irrigation farmers to
the area immediately after construction. Also, the large
delivery flow rate could be more easily handled with large
level basins that could be designed to appropriate size
for a variety of crops, once and for all. Thus, the flow
rate and field sizes matched well and caused little or no
restraints on field efficiencies.

Also, Project A has been the recipient of special
government programs and was the first project to be exten-
sively leveled wusing laser-controlled equipment.  One
could reason that the large stream size and the difficulty
of handling it predisposed those farmers to accept level
basins immediately when their advantages were first gen-
erally recognized.

SOME STRUCTURES AND EQUIPMENT ASPECTS

The basic function of an irrigation system is to
place water and nutrients in the crop root zone on a
timely basis. Secondary requirements include the place-
ment, with minimum deep percolation consistent with salin-
ity control and without surface runoff. This requirement
reduces to furnishing a certain volume of water at a
steady flow rate for a fixed time, or at a fluctuating
flow rate for a period that extends until the volume is
appropriately distributed to the required area. Since
there are many ways to distribute this water, it must be a
primary element of irrigation system design.

Considering the field crop, water may be placed in
the root profile zone by a wide variety of sprinkler sys-
tems; subsurface and surface drip irrigation systems; and
surface, or flood, systems.

Contrary to popular concepts, all methods can be man-
aged to similar degrees of high efficiency, or mismanaged
to similar degrees of low efficiency. Granted, the man-
agement effort, the investment level, and the maintenance
inputs may vary widely between systems for similar re-
sults. Likewise, the water requirements of crops do not
materially change for the various systems, but rather, the
apparent differences really represent management losses,
not crop-water use changes.

"he selection of a farm irrigation system includes
cons’.eration of soils, topography, water quality, water
delivery mode, system construction costs, maintenance



136

support availability, tTarm operator knowledge, crop re-
quirements, and other factors.

When soils are of medium texture, deep, uniform, and
on nearly level topography, almost any system can be de-
signed and constructed for almost any crop. On the other
extreme, variable soils, steep topography, and tree crops
strongly favor drip system designs.

When system economics (including energy costs, labor
inputs, water costs and crop yields) are a prime concern,
surface systems prove to be well suited to a large portion
of the irrigated lards of the world, despite an average
field efficiency (water needed by the crop divided by the
water applied) presently on the order to 30 to 50 percent
in most of the United States (Jensen, 1980) as well as the
rest of the world (Bos and Nugteren, 1978). It is these
very numbers that have prejudiced politicians, planners,
and laymen against surface systems because other systems
are quoted as having field efficiencies nigher than 70 to
80 percent, with some diip systems pushing 85 to 90 per-
cent if intense design effort and management attention are
available.

Ideally, we should start with the concept of design-
ing a tood and fiber production system rather than an ir-
rigation system. From tris standpoint, we may notice that
if water is the really limiting resource, then it should
be used on the most suitable land within reasonable range
of energy, transport, and other aspects of economics. Al-
so, it helps to make the choices rcgarding whether to up-
grade present areas of command (vertical) or to increase
the area of command (horizontal). Maximum production
sometimes must he subordinated to social or political re-
quirements and thus a clear decision from the 2ngineering
standpoint is not usable.

MODERN SURFACE SYSTEMS

Considering the engineering aspects, the highest pro-
duction with minimum expenditure of energy and resources,
limited water would be used first on the well-drained,
medium-textured, deep, and level soils, where almost any
irrigation system can be effectively used. Thus, surface
systems would appear to be favored if the matter of gen-
eral low efficiency can be satisfactorily addressed.

Let's examine what is happening to surface systems.
Recently, we have seen large areas, in excess of 100,000
ha in Arizona alone, converted from traditional {(for the
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United States, at least) sloping border strips and sloping
furrows to level border strips or basins, and level furrow
systems presently graded to zero slope with laser-control-
led scrapers. These precision-leveled basins are measured
to have field efficiencies of 35 percent and higher
(Dedrick, et al., 1982), easily exceeding the efficiencies
of most other systems. Granted, topography, soil depth,
and soi! types pose some economic and operational restric-
tions, but the fact remains that a large portion of the
present surface-irrigated land and some of the irrigation
expansion areas are suitable for such surface system
design.

The success of such systems has not been closely
documented in all aspects, and some of the testimony is,
indeed, anecdotal. One large farm operator near Blythe,
California, reported that his irrigation labor e*forts
using spiles (small pipes through earthen berms) to apply
flow to sloping furrows planted to lettuce, a short-season
crop requiring frequent irrigations, were reduced from
$100 per ha to $18 per ha. Near Delta, Utah, trial basins
installed as a part of an irrigaton extension program
(Heneggeler, 1983) were so successful in the first year at
permitting normal to excellent wheat yields where low to
marginal yields had been the rule, that some farm opera-
tors put priority on the use of time and equipment during
the second farming season to construct level basins for
the third year and beyond.

These experiences and the operational reality of high
efficiency and increased crop yields, along with the ever-
present threat of increasing energy costs that become
locked to pressurized systems, can be viewed as coripelling
reasons to expect that surface irrigation systems will
continue to be viable.

IMPROVING EASE OF CONTROL AND MANAGEMENT

One major attraction for the large center pivots and
the drop systems that are independent of the system effi-
ciencies is the built-in control and management ease that
are usually installed as part of the system. Flow meters
are frequently installed with the center pivots equipment
and are almost always part of a drip system. These pro-
vide the farm operator with much of his water management
information. Pressure regulators provide steady flow for
convenient water management and general ease of operation.
Granted, maintenance problems peculiar to each system
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exist, but the water management decisions were frequently
prov1ded by equipment preprogramming by experts or by the
farm operator himself, at his leisure. The feeling of
control has positive se]]ing points and has frequently
been used as a major selling point for some types of pres-
surized systems.

On the other hand, surface systems have often been
constructed with minimum or nonexistent flow metering and
rather haphazard flow control that can place severe re-
quirements on a farm operator. To make surface systems
attractive from the operational standpoint, we need eco-
nomical, simple, but accurate open-channel flow measuring
methods and flow controls. We will now examine some re-
cent developments in canal measuring equipment.

FLOW MEASUREMENT

Most of the major flow metering methods for canals
include variations of sharp-crested weirs, short- and in-
termediate-throated flumes, and long-throated flumes
(Replogle and Bos, 1982).

Sharp-crested weirs have changed little over the past
several decades. Their major advantages are low cost and
extensive documentation. Disadvantages include the need
for high head loss and poor passage of sediments. They
can tolerate no backpressure from the tailwater channel,
that is, their limiting submergence ratio (modular limit)
is zero. Actually, most references suggest a margin of at
Teast 50 mm (2 in).

Flumes of the short and intermediate variety are
those in which majer stream!ine bending occurs in the con-
traction, or throat region, of tne flume. This affects
the hydrostatic pressure distribu-ion and limits the abil-
ity to accurately predict the discharge from theoretically
derived relationships. It also affects the tolerance to
downstream backwater. The sharp-crested weir could be
considered the limiting case of short-throated flumes.

The older and more familiar short-throated flumes are
the Parshall flumes, the Cutthroat flumes, and the H-
flumes. A1l depend on laboratory-derived calib.ations.
A1l should be installed with careful attention to dupli-
cating the calibration situation as ciosely as possible.
These flumes have higher tolerance to downstream water
levels than thin-plated weirs, commonly tolerating 60 to
65 percent of the upstream flow depth in the downstream
tailwater depth before corrections are needed in the
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calibration. These corrections are determined by a second
depth reading made on the downstream water elevation,
With two head readings, submergence ratios sometimes ex~
ceeding 90 percent can still produce a flew measurenment,
although at reduced accuracy compared to the flow range
that needs only a single depth reading.

The Tlong-throated flume types have experienced sev-
eral recent technological advances for measuring open-
channel flows. In these, the throats are proportioned to
be at least as long as the measured head, and preferably
twice as long, so that hydrostatic pressure conditions
prevail at the control section. Application of fundamen-
tal fluid flow characteristics related to fluid friction
and flow velocity distribution in channels permits accur-
ate computations of flow for a wide range of channel
shapes and flume throat shapes. These “computable." are
becoming the standard for most new open-channel installa-
tions and are usually the best candidates for retrofitting
older canal systems because of high accuracy, very low
head-loss requirements, and simplified construction de-
tails (Replogle and Bos, 1982; Bos et al., 1984).

There is virtually no limit on size or variety of
cross-sectional shapes that can be designed to satisfy the
relatively liberal hydraulic and geometrical requirements.
These flumes, in combination with appropriate gates or
valves, are seen as the basic control and measuring de-
vices for open-channel flows for the foreseeable several
decades.

The throat contraction can be made by moving the
sidewalls of the channel inward or by raising the channel
bottom with a sill. 1In all cases, a smooth transition is
required between the upstream channel and the throat.
This is usually made from plane surfaces converging at no
faster than 3:1 with respect to the centerline of flow. A
transition between the throat and downst:eam channel di-
verging at about 6:1 is5 sometimes used on larger sizes te
obtain maximum head recovery and to produce submergence
ratios exceeding 90 percent with a single upstream depth
reading. Smaller sizes are usually truncated, and the
flow simply dumps into the downstream channel or pool.

With side contractions, or a combination of side con-
tractions and bottom sill, the devices are usually called
"flumes" or “critical-flow flumes." Those devices with
only a bottom sill, while theoretically identical, are
usually called broad-crested weirs. Thus, broad-crested
weirs and long-throated flumes are variations of the same
device. A recent advance in the state of the ari is the
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ability to predict flow to within about 2 percent for any
mathematically describable cross-channel shape (Replogle,
1975; Bos et al., 1984).

One of the older flumes, the Palmer-Bowlus flume
(Wells and Gotaas, 1958), has a configuration that allows
its calibration to be computed as a long-throated flume,
at least for the Jlower ranges of discharges when the
throat Tength criteria are met.

Of all known flumes and weirs, the "computables" have
the following major advantages:

0 The weir or flume can be shaped in such a way
that all practical ranges of discharge can be
measured accurately

0 For any weir or flume, a rating table can be
calculated with an error in the Tisted discharge
of less than 2 percent

0 The required head loss over the structure is the
Towest attainable

0 The head loss requirement of each combination of
structure and channel can be calculated

0 Under similar hydraulic and other boundary con-
ditions, these weirs and flumes are usually the
most economical for accurately measured flow.

The largest broad-crested weirs installed to date can
measure 50 m3/s (1800 cfs) each and are installed oun the
Arizona Main Canal and the South Canal of the Salt River
Project. They are 16.5 m and 18.3 m (54 and 60 ft) wide,
respectively, with trapezoidal throat and channel shapes.
The required head loss is only about 0.1 m (4 in). The
smallest in routine use measures 2.5 L/s (40 gal/min) as
its maximum capacity, and 0.125 L/s (2 gal/min) for its
low rate (Replogle and Bos, 1982), with a required head
loss of less than 12 mm (0.5 in).

For the usual canals with concrete linings, precom-
puted ratings are presented by Replogle and Bos (1982) and
Bos et al. (1984). The usual configuration is a trape-
zoidal, broad-crested weir, with an approach flow ramp.
Precomputed ratings are also available for partly full
circular culverts fitted with a similar sill (Clemmens et
al., 1984).
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CANAL CONTROL SCHEMES

Controlling flow in canals usually follows one of two
philosophies: upstream-controlled flow or downstreai-
controlled flow. The first implies that the flow rate is
selected and released. From there it flows to its final
destination, with few opportunities for changes. Lag
times between release and destinations can approach days
on large canal systems. The major advantage is that few
electronic or computer-assisted controls are necessary.
The main control processes are closely related to flood-
routing procedures.

Downstream control allows the outlet user to start
and stop the flow at will, much like that afforded by a
household plumbing faucet. In pipe flow, the faucet sim-
ply increases the backpressure on the pipe, and this back-
pressure is ultimately transmitted to the source tank.
Static pressures in the pipeline can be as high as that of
the source. In open-channel flow, the pressure pulse is
less easily used and would require canal walls to be as
tall as the source reservoir level unless artificial con-
trols are introduced. To be highly effective, the sensed
information at the outlet must be interpreted quickly into
control actions all the way to the supply source. Elec-
tronic transmission and computer controls are usually used
on long systems. Mechanical transmission of a surface
level from station to station is usually suitable for only
small systems or subsysteins where the response time is on
the order of a few minutes. Operating a high-efficiency
surface irrigation system is reasonably convenient with
canal systems that can deliver water in response to the
direct control of a knowledgeable farm operator (demand
system). Downstream control schemes offer this option,
and advances in electronics and computer con.ols almost
assure that these will become the general practice in the
next decades.

On transmission canals, flow depth is impo-tant for
keeping the canal safe and intact. In distribution
canals, both flow rate and depth have important meaning,
while in field deliveries, flow rate is usually of main
concern.  Thus, the control processes in each should be
tailored to the particular need. For example, in trans-
mission canals, storage volume can generally be changed by
about 10 to 20 percent with a 0.3 m (1 ft) change in
depth. Thus, for downstream-control systems, depth sensing
and controls that can detect the captured volume between
gates, called canal reaches, and can keep it to within 10



142

to 20 percent, may be adequate. At the final destination,
the delivered volume and the flow rate should be within 5
percent for highly efficient irrigation. These accuracies
are not inconsistent, since those associated with the
transmission canal represent storage changes in the canal.

Again, two control methods come to mind. One is
based on flow-rate control. The sensed flow-rate demands
are transmitted to all upstream gates, which quickly re-
spond by each supplying that rate to the downstream reach.
If this is done accurately and instantaneously, the water
surface in the reach tilts in the direction of change
(actually, waves progress up and downstream) so that the
total volume in each reach remains unchanged. This re-
quires each structure to be an accurate meter, or a slight
error will eventually deplete one reach and flood another.

An alternate control procedure ignores flow rate, for
the most part, and simply transmits the loss or gain in
depth (volume) being experienced in the canal near a point
of water wuse. This canal depth is then electrically
transmitted to the gate at the upper end of the reach,
which responds enough to achieve a rough makeup volume,
displaced laterally by up to several kilometers. Upstream
from this second gate, a change in volume is noted through
the hydraulic connection, and again a transmission is made
to the next gate which starts a makeup volume into the
reach, and so on, back to the source. The transmitted in-
formation does not arrive instantaneously at the flow
source reservoir but can travel from reach to reach, with
no central control, at an average rate of up to several
hundred kilometers per hour. The delay time then relates
to the neccssary storage changes that must be accommodated
in the system for given operating situations. The con-
trols are simple, in that depth sensings are converted
into mechanical gate movements with feedback, so that the
gates do not need stable discharge ratings for a given
opening. This is ideal to compensate for partly clogged
gate openings due to floating debris or sediment buildup
and lends itself to a series of individual and essentially
independent microprocessor-controlled gates (Burt, 1984).

While depth and volume control measurement are suit-
able in some situations, the farm outlets ideally need a
controllable flow at & measurable rate. For this situa-
tion of canals and surface irrigation, the long-throated
flumes described previously should serve well. Progress
in secondary devices that convert them from rate to total-
izing meters should increase their usefulness to farmers
and to canal operatcrs.



143

UPGRADING SCHEMES

To reiterate, the rigid schedules are water authority
oriented and designed for minimum system investment and
operating expense. The impact on production per unit of
water--water conservation--is severe. Viewed as a total
production system, the delivery system and the farm opera-
tions cannot be readily optimized with these systems.
Therefore, efforts and methods for upgrading schedules
need high priority and are essential to conserve both
water and energy.

There are several possibilities for upgrading less
flexible schedules to more flexible schedules. These con-
cepts include total reconstruction; repair-replacement
with increased capacity; adding regulating reservoirs;
using automated level-top canals (Merriam, 1977) and/or
closed or semiclosed pipelines (Merriam, 1973), both of
which allow a no-flow condition to exist; and automating
systems (Burt, 1984). There are difficulties in accurate-
ly determining limiting capacities for any of these
methods because true operational data or adequate models
of the peak irrigation requirements are usually lacking.
Using values that later prove to be too small is undesir-
akle and probably uneconomical. It is inexpensive to
appreciably increase capacity to obtain increased effi-
ciencies. As mentioned previously, incre.sing pipe diam-
eter from 200 to 250 and from 250 to 300 mm doubles, then
triples, capacity.

Many other possible combinations exist. One of
these, a statistical approach to canal capacity require-
ments, is discussed and illustratea by Clemmens (1979).
This concept envisions using freeboard capacity and canal-
storage volume changes to create regulatory reservoirs.
The changing canal levels would, in turn, require farm de-
livery canal turnouts that could compensate for changing
canal surface levels to maintain stable turnout flows. It
appears that low-cost microprocessors could be developed
to use with available flow metering equipment, or that
automated gates that control water levels downstream could
evfectively accomplish this (Zimbelman, 1981; Burt, 1984).

Institutional changes, computer-assisted scheduling,
and accurate system response modeling are "software" items
that require no construction project in order to upgrade a
schedule.  Most water authorities already incorporate
weather and crop projections into their canal operations.
If the upgraded schedule increases irrigation efficien-
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cies, thus reducing water volumes delivered, excess canal
rapacity is generated to assist further upgrading.

A moderate encroachment on, or raising of, freeboard
can be used to facilitate level-top canal operation. The
channel bottom can be on any gradient, but the top must be
level. Level-top candls can permit a zero-flow situation.

Incorporating on-channel reservoirs will reduce the
magnitude of the needed increased capacities. They can
reduce the need for canal automation in tie upper canal
reaches. The small level-top canals, only a few kilo-
meters long, can be automatically maintained at a constant
downstream level, even when the outflow rate is varying
(Merriam, 1977). A 100-ha pilot project has been estab-
lished in Sri Lanka by the Mahawili Development Board that
has successfully aemonstrated tiie feasibility of these
practices to permit a limited-rate delivery schedule (Mer-
riam, 1980). A number of other techniques could be added,
including pumpbac systems (Strongham and Hamid, 1975) on
the farm, and even by the canzl delivery system to recover
operational spitls (Jensen 6 1980).

Multiple Scheduling Policies

Among institutional changes that could be considered
by a water authority is to abandon project-wide uniform
scheduling policies. Instead, the most flexible schedule
that can be supported on each submain or lateral would be
allowed. It is relatively easy to find farms that are
adjacent to large supply mains. Because of the residual
storage and bypass flow capacity of the large canal, these
adjacent farms could bhe assigned limited-rate demand
schedules, while other areas may be served by an arranged
schedule, and yet more difficult areas not yet properly
reconstructed, may be assignad one of the rigid schedules.

Usuaily in the name of fairness, multiple scheduling
techniques have not been widely considered. This may be
shortsighted, since the area that is served by a demand
schedule releases management attention that can be concen-
trated on effective application and upgrading of the areas
with less desirable schedules.

Some districts already practice a type of multiple
scheduling. However, the different schedules are distrib-
uted seasonally, rather than geographically, to areas of a
project. In off-peak seasons, the more flexible schedules
are used, reverting to the rigid schedules during peak
seasons.
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COORDINATION

We should reiterate that cooperative efforts by farm
unit operators and water delivery organizations to improve
schedules and conserve water and energy do not create new
water supplies, but water so conserved remains at the ele-
vation of the supply reservoir (Interagency Task Force,
1979; Jensen, 1980, 1982). These improved schedules make
it possible for the farmer to use water more efficiently
only if he makes the effort. Some areas presently pro-
viding limited-rate demand schedules still have farm
operations diverting up to three times that needed for
crop water requirements. Most of this axcess passes
through the farm as surface runoff to be recovered lower
down, or passes through the soil to be recovered by pump-
ing. Granted, some of these savings are subject to
evaporation and, perhaps, losses to saline sinks.

Utilization of the potential value of the flexible
schedules requires that the farmer determine when he needs
to irrigate. It is up to him to understand the soil-
water-plant-atmosphere conditions so that he nay optimize
the irrigation frequency (Idso et al., 1977; Jensen, 1970,
1980). Techniques available to him have been improved so
that the need for improved schedules is now more apparent.
Irrigation management services offered by some private
companies, irrigation districts, and government agencies
have been effective in making the irrigator aware that he
really can improve his conditions in regard to labor, pro-
duction, and costs, if he can properly schedule his water
(Jensen, 1980). For eximple, the use of deficit irriga-
tion requires careful control of frequency and duration to
make it operational. There is a growing awareness of the
necessity for bringing about the attitudes, conservation
consciousness, and institutional changes, as well as the
agronomic and engineering applications needed for sus-
tained food production. It ncw appears that with improved
irrigation scheduling and water delivery on demand, with
its control and measurement, that we now have the tools
and concepts to bring well-managed crop praduction systems
to within practical reach for a large proportion of irri-
gated agriculture,
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Economic Aspects



6
On the Allocation, Pricing,
and Valuation of Irrigation Water

Robert A. Young

INTRODUCTION

The purpose of this paper is to review some economic
concepts and evidence regarding the allocation, pricing,
and valuation of irrigation water. The research program
from which it derives arose from concerns with how irriga-
tion water might best be allocated and financed in Third
World countries.

The paper first discusses some general economic con-
siderations regarding the allocation of water, touching on
the role of government. Beneficiary charges in theory and
practice are discussed next, with reference to the role of
valuation and to the potential effects of various types of
charging mechanisms. Next, alternative approaches for de-
termining marginal value are listed and evaluated. The
paper concludes with a review of research on irrigation
water pricing and some suggestions for appropriate direc-
tions for research.

ECONOMIC CONCEPTS AND WATER
ALLOCATION: AN OVERVIEW

Kenneth Boulding (1980) has noted that mankind em-
ploys three major mechanisms to reflect human values in
the process of organizing human utilization of the earth's
natural rescurce endowment. He labels these the "three
P's"--Prices, Policemen, and Preachments. "Prices" repre-
sent the market system, operating through free exchange
and a relative price structure. "Policemen"--the legiti-
mated threat system or the political order--establish and
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enforce property rights and administer public regulations.
"Preachments" represent the morai order, the process by
which human values are learned, conveyed, modified, and
employed in making choices.

Water, as with other resources, has been governed by
a combination of these mechanisms. In contrast to many
other natural resources, the political and moral modes
have had, up to the present time, the dominant role. As
Boulding puts it, water "has been the subject of sacred
observance from very early times in human history...[it]
becomes the object of a very complex structure of evalua-
tions, rituals, superstitions and atlitudes." Thus, water
has been viewed as too important to be left to the market-
place, so that its administration falls largely in the
political realm.

The Market System's Role as an Allocator
of Resources and an Fvaluation Mechanism

The term "market system" is used by economists in two
senses. It may refer, in one sense, to an actual func-
tioning system: the set of institutional and cultural
arrangements that serves to allocate resources through the
price mechanism. The term may also refer to an intellec-
tual idealization of the system and how it performs. This
idealization, or "model," has been studied to determine
how apparently unrelated sets of activities achieve eco-
nomic order, such that goods and services are provided to
consumers at the pilace, time, and form desired, and capi-
tal, labor, and natural resources are organized through
the prodictive system to provide these requirements.

The ldealized Market System. Any economic system
must answer these questions: (a) What goods and services
are to be produced? (b) What technologies are used in
producing them? (c) Who is to enjoy the use of products?
The adoption of the market system to answer these ques~
tions is based on the premise that the personal wants of
individuals should decide the employment of resources in
production, distribution, and exchange, and the individ-
uals themselves are the best judges of their own wants
(consumer sovereignty).

An idealized competitive market system (one that has
many producers and consumers who are well informed, moti-
vated by individual self-interest, and individually own
and control resources) can be shown to have certain desir-
able properties. One such desirable attribute is that the
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system will produce the maximum-velued bundles of geods
and services to consumers, given the endowment of re-
sources, the available technology level, the preferences
of consumers, and the distributijon of purchasing power,
Individual producers and consumers, acting within their
own self-interest will, in accordance with Adam Smith's
"invisible hand," arrive at an allocation of resources
which cannot be improved upon. Producers, encouraged by
prospective profit, buy inputs as cheaply as possible,
combine them in the most efficient form, and produce those
things which have the highest value relative to cost.
Consumers' tastes and preferences influence their expen-
diture patterns, thereby encouraging firms to produce the
commodities people want. Prices are bid up for the com-
modities most desired, and producers allocate resources in
the direction of greatest profits. The firms mosc suc-
cessful in the process (producing desired goods most effi-
ciently) are rewarded by profit, and the unsuccessful are
eliminated, so production occurs at least cost.

A second desirable property of the idealized market
system is its ability to accommodate change in conditions
of production and patterns of consumption. New knowledge
and technology are rapidly reflected in the prices which
producers are willing to accept for their products. On
the consumer side, changes in income and preferences soon
show up in expenditure patterns. Hence, a market system
yields maximum satisfaction in not only a static but a
dynamic context.

The actual market system may not always meet the pre-
cise preconditions of the idealized construct. The prin-
cipal problems arise with public or collective goods
(those which are nonrival in consumption), external or
spiliover costs (uncompensated side effects, such as pol-
Tution), and economies of large size (a precondition for
monopoly). Mixed capitalistic systems are based on the
presumption that for most goods and services, the alloca-
tion resulting from market processes sufficiently approxi-
mates the idealized system. Where this is not the case,
regulatory processes or public production are provided to
allocate resources.

Obstacles to Market Allocation of Water. Markets in
water, however desirable from a conceptual point of view,
are not yet common anywhere in the world as a means to a
more productive use of resources. Several reasons might
explain the relative lack of water markets. These are (a)
physical (due to the nature of water and how it is used in
production and consumption activities), (b) economic
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(which stems from the fact that, until recently, water has
been in relatively plentiful supply), and (c) conflicting
social values (in that material well-being is not the only
yardstick used by society to measure success in water
allocation).

The physical barriers to more extensive markets in
water stem from its mobile, flowing nature, the fact that
it is seldom fully "used" by the consumer, and the further
fact of its potential for absorbing and carrying poliu-
tants. As water changes frum solid to liquid to gas
throughout the season and the hydrologic cycle, it is
relatively difficult to identify specific units of water.
Hence, water presents unique preblems in the establishment
and enforcement of property rights, which are the essen-
tial foundation of any market allocation system. Second,
most users of water only consume a part of it, even withir
one phase of the hydrologic cycle, the remeinder being
available to subsequent producers or households. The im-
pediments to measuring paortions consumed are 4 constraint
on defining water rights and facilitating exchanges. Fi-
nally, the po:ential for water quality degradation is
another problem difficult to deal with in market exchanges
or water rights.

What may be labeled "economic" reasons for the here-
tofore limited development of markets stem from both the
varied nature of water "use" and the relative plentitude
of water (compared to demands). water consumption is most
often thought of 1in terms of the consumptive and diver-
sionary uses, su n as irrigation, and household and indus-
trial uses. An important set of growing demands for water
is in the class of instream, nondiversionary, and noncon-
sumptive uses. Recreational demands for flows (including
wildlife habitat and noncontact streamside uses) consti-
tute an important growth area. Hydroelectric power gen-
eration and waste load dilution are also increasingly in
demand. A number of these instream uses represent collec-
tive consumption demands, which are partially nonrival in
consumption., It is well known that such commodities are
likely to be undersupplied in a market economy (Haveman,
1976; Randall, 1983). Most sccieties have therefore cho-
sen nonmarket administrative mechanisms for allocation.
The second economic reason for rudimentary development of
markets lies in the apparently paradoxical assertion that
water has not been particularly scarce, at least in the
specific technical economic sense of the term. Even in
exceedingly arid climates, additional supplies from moun-
tain runoff or extensive groundwater supplies have often
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been relatively inexpensive. New uses did not strongly
conflict with the interests of established water-consuming
groups. The relative plenty implies that formal institu-
tions for managing scarcity are only now becoming
important.

Water is also a very "bulky" commodity, in that the
value per unit weight tends to be relatively low. There-
fore, costs of transportation and storage tend to be high
relative to economic value at the point of use. Hence,
only in limited cases is it economical to transport water,
and the extensive rail, truck, and pipeline network that
the market system has developed to transport more valuable
liquids (e.g., petroleum) is absent for water.

The third major force inhibiting the adoption of mar-
ket institutions for water allocation can be identified as
conflicting social values. This is an example of Bould-
ing's third "P": '"Preachments." FEven though it is likely
that economic improvement would be best served by market
allocations, several important conflicting themes emerge
in opposition to the directions dictated by pure willing-
ness to pay for water. One theme is, in Boulding's terms,
“the sacredness of water as a symbol of ritual purity,
exempts it in some degree from the dirty rationality of
the market" (p. 302). Later in the same essay, Boulding
remarks that water is "so holy and valuable to use as a
symbol that we are apt to carry the production and trans-
portation of it far beyond the point of rational economic
returns” (p. 309). Religious teachings may explicitly or
implicitly prescribe against market allocations of water.

Where markets are absent due to any of the above
causes, government regulations may be established to pro-
vide for regularity nf water use and to protect a given
use against present and future competing demands. This
type of protection may preclude economically efficient
resource allocation, if demands for alternative uses out-
weigh the economic value of protected uses. Conversely,
institutions designed to preserve a given use may provide
an_ inadequate supply in the face of growing demands, but
will be economically inappropriate in that they leave the
impression that the problem is solved.

BENEFICIARY CHARGES FOR IRRIGATION WATER USE

This section focuses on the problems of setting rates
for beneficiary charges for irrigation, a case in which
water with private good characteristics is often publicly
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supplied. The rates or prices set have both resource
allocation and equity impacts and influence the level of
agency revenues. (See Seagraves and Easter, 1983, for a
more general discussion.) Empirical evidence on the
effect of pricing on water consumption suggests that im-
position of a measuring/metering system together with
volumetric charges, results in significant impacts on con-
sumption. (Schramm and Gonzales, 1976, present a case
study or irrigation in Mexico.)

Concepts for Rate Setting and Pricing

Nonspecialists cften experience some confusion with
the concepts and terms used in discussions of pricing.
Figure 6.1 wiil help to sort out some of the ideas in-
volved. The curve MB represents marginal benefits or
demand for water reflecting marginal willingness to pay.
Marginal cost (MC) represents the incrementa® sost of sup-
ply. The Pareto-optimal pricing policy, as 1s well known,
would use MC as the price schedule:

p=HMC (1)

The optimal quantity to supply and consume is found
by equating marginal cost with marginal benefit (or mar-
ginal value).

MC = MB (2)

At that point, {labeled gq* in Figure 6.1) the willingness
to pay for the marginal unit exactly equals the opportun-
ity cost (willingness to pay for foregone opportunities).
Any consumption greater than the optimal level will in-
volve marginal units whose worth to the user is less than
the incremental cost of supply. Conversely, price poli-
cies which constrain use below gq* will create a situation
in which the value of additional units exceeds the cost of
supplying them. A principal theorem of welfare economics
shows that, in a properly functioning competitive market,
price will equal marginal cost.

Returning to the problem of setting water rates,
several points are noted. First, the functions MC and MB
represent empirical relationships. That is, they describe
relationships which exist in the practical problem set-
ting. While these relations may, in some cases, be diffi-
cult to measure, techniques exist (discussed in the
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Figure 6.1 Concepts employed in analyzing water rates
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following section) which provide directions by which the
task may be accomplished. Price, however, is a decision
variable for public water supply planners and must be
established by a policy judgment.

However desirable 1t might be to follow a marginal
cost pricing policy from an economic efficiency point of
view, conflicting revenue and income redistribution objec-
tives often dictate alternative solutions. In Figure 6.1,
the allocative impacts of two broad alternative classes of
rate-setting rules can be analyzed. Consider the line p!,
which represents a volumetric price set (arbitrarily)
below marginal cost. Line p! can be set at any level, the
only constraint being that it cannot exceed the maximum
willingness to pay, represented by the vertical intercept
of MB. Allocative efficiency losses are incurred to the
degree that p! differs from MC.

The box labeled "A" in Figure 6.1 represents a non-
volumetric rate system, which is the most commonly ob-
served method of charging beneficiaries. This approach
charges for access to water supply but does not measure or
collect for incremental consumption units. Consumption of
water by self-interested, fully informed water users under
such a system would be predicted to occur at the hori-
zontal demand intercept. Water use would be rationed only
if the charges exceeded total willingness to pay, measured
as the area under MB.

Rate Setting in a Multi-Objective Framework. Rate
setting represents a choice of policies within a multiple
objective framework, in which the major social objectives
include (a) allocative (Pareto) efficiency, (b) equity of
income distribution, and (c) "fairness" of apportioning
costs (in the sense that persons in like circumstances
should be treated alike). Subsidiary criteria include
simplicity, administrative feasibility, and stability
(Bonbright, 1961, pp. 290-292). A general principle or
rule for setting rates can be associated with each major
criterion. These principles can be thought of as convert-
ing one of the major social goais into a broad practical
guide or formula for setting rates.

The Marginal Cost Pricing Principle is the rate-set-
ting rule appTied where allocative efficiency (maximizing
net social product) is the primary objective. When rates
are set according to the schedule of marginal cost of sup-
plying water, then the user will demand the commodity as
long as marginal willingness to pay exceeds incremental
cost, and the optimal level of ucage will result. A cor-
ollary of this principle is that the common practice of
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"flat rate" pricing of water, in which no marginal charge
is imposed, is likely to encourage consumption beyond the
optimal level.

While economists have generally endorsed the marginal
cost principle, application of it is difficult because of
the variety of definitions of the appropriate marginal
cost concept for pricing policy. An example concerns the
transactions costs associated with measuring, allocating,
and monitoring a water pricing system. For example, in an
irrigation system with plentiful water supplies and numer-
ous small field units, the transactions costs of a volu-
metric pricing system may exceed the value of water saved
(Bowen and Young, 1983). A second example is the long
debate over the "short run marginal cost" principle stem-
ming from the work of welfare economists in the 1930s.
Strong objections have been voiced to the proposal to set
utility prices equal to marginal costs, especially where
marginal cost is below average cost (hence, requiring
public subsidy). Coase (1971) emphasized the absence of a
market test to determine whether users were willing to pay
the total cost of supplying the commodity. He also viewed
with disfavor the potential misallccation of resources
stemming from the additional taxation, the redistribution
of income in favor of users of products of decreasing cost
industries, and the impetus toward centralization of the
economy.

While most of these criticisms can be dealt with by a
multipart pricing system (where marginal price is set
equal to marginal cost, and an assessment is levied on
users to reflect the costs which do not vary with output),
establishment of such multi-part systems which accurately
reflect costs is difficult. Nevertheless, multi-part rate
structures are now frequently found in municipal and in-
dustrial irrigation and hydroelectric power systems. How-
ever, as it has been applied, multi-part pricing systems
often fail to account for the economically correct concept
of opportunity costs, focusing rather on historical or em-
bedded costs. The opportunity costs which are relevant
include both the value of water in alternative uses and
the cost of securing incremental supplies in the presence
of demand growth (Meier, 1983; Milliman, 1972; Davis and
Hanke, 1971; Randall, 1981; Seagraves and Easter, 1983).
In this view, historical costs are sunk and therefore
irrelevant to establishing an efficient rate structure
(Warford, 1977). Moreover, the opportunity costs of water
should be determined by a market mechanism rather than by
administrative procedures (Randall, 1981; Howe, 1984).
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We turn next to a brief discussion of some alterna-
tive rate-setting principles which have beer proposed or
utilized.

The Ability-to-Pay Principle is an alternative prin-
ciple for rate setting and rests heavily on the equity
criterion. The rule provides the most common basis for
setting rates for irrigation in the U.S. {(and elsewhere)
and is also regularly applied to village water supplies in
developing count-~ies. A common practice is to require
only operating costs to be recovered fully, plus a small
fraction of the initial investment.

The U.S. experience with federal irrigation projects
is illustrative. Originally planned early in this century
according to a full cost-recovery concept, three decades
of unsuccessful attempts to fully recover costs ensued.
In implicit recognition that costs overshadowed benefits
(thus yielding zero demand if farmers were required to
fully reimburse costs), an ability-to-pay procedure was
authorized in 1939 (Huffman, 1953). A complex formula has
been developed which limits the farmer repayment require=-
ment to about 10-20 percent of estimated federal costs
(North and Neely, 1976).

The ability-to-pay approach has little to commend it
except in instances where low-income groups are to be ex-
plicitly subsidized. The concept is irherently subjec-
tive, and political pressures arise to set the formula in
ways which redistribute income from taxpayers to water
users. Since charges bear little relation to costs, no
test of whether users would be willing to pay the total
costs of supply exists.

The Net Benefit Principle, sometimes termed the
“rent” principTe, seeks to employ charges to capture part
or all of the economic surplus accruing to the user. (In
Figure 6.1, the net benefit or surplus is represented by
the area under curve MB.) Net productivity of the user
would govern the calculation, but neither past nor oppor-
tunity costs would enter in. The approach has been
proposed for pricing public irrigation water in more cen-
tralized political systems (Ansari, 1968). The net bene-
fit principle is consistent with the view that water and
its fruits are the property of the state. However, set-
ting rates strictly on the basis of net benefits appears
to reflect a relatively deterministic view of the resource
allocation process, one which ignores the incentive ef-
fects of pricing structures. Further, other producing
sectors are not similarly charged for their resource
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inputs; this approach appears to violate the "fairness"
principle.

The Average Cost Principle cails for recovery of all
costs by charging for each unit received arcording to the
average cost. It is simple and easy to understand. It is
fair and equitable, in that beneficiaries pay just the
resource costs incurred in their behalf. The desired sig-
nals to resource users are provided, although not in so
precise a way as could be achieved by multi-part pricing.
As the approach is usually applied, however, historical or
"embedded" costs serve as the basis of the calculation
rather than opportunity costs.

To sum up, in many places water is not yet suffi-
ciently scarce to justify the tangible and “intangible
costs of establishing formal pricing systems. In such
cases, flat rates will satisfactorily ration use and sat-
isfy repayment requirements. However, when signals of
scarcity of water (and of the costs of related construc-
tion capital and labor) are absent, pressures arise for
structural solutions to satisfy incorrectly perceived
water 'needs." The expectation of increasingly scarce
water supplies suggests eventual adoption of multi-part
rate systems which reflect opportunity costs of water.
Such systems are both efficient and fair, and have been
shown to be operable in practice.

Cost Allocation

"Cost allocation" is the process of assigning an ap-
propriate share of joint multipurpose project costs to
each project purpose or user class and is a basic measure-
ment issue in designing appropriate pricing or cost-shar-
ing policies. User classes may be grouped according to
economic sector, political subdivision, or both, and joint
cost allocations among them have both allocative and dis-
tributive implications.

Given the nature of the problem, there is no ideal
allocation procedure, and some degree of arbitrariness
afflicts all of the suggested alternatives. Gittinger
(1982, p. 233) and James and Lee (1971, p. 529) each list
several guidelines for selecting allocation rules, of
which three stand out. First, the method -hould be fair,
in that the user class be charged at least the incremental
cost of receiving project benefits. Second, the joint
cost allocation procedure should not make infeasible any
service class for which incremental benefits exceed
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separable costs. Third, no class of service should be
assessed charges in excess of the benefits to be received.

Numerous cost allocation formulas can be identified,
the most commen of which are the "proportionate use of
capacity" and "separable costs-remaining benefits" (SCRB)
methods (James and Lee, 1971, p. 533). Because the first
method assigns joint costs in proportion to the quantity
utilized, expressed in terms of volumes or flow rates, it
may be difficult to apply in cases where project outputs
cannot be measured in volume terms, as with nonconsumptive
uses, water quality, or flood control. A more significant
objection to this procedure is that it can fail the second
or third guidelines above (Herfindahl and Kneese, 1974, p.
291-292).

The SCRB method allocates to each user class the
identifiable (or separable) costs of including that pur-
pose or service in the project, plus a share of the joint
or common costs. The joint cost share is allocated as a
proportion of the benefits net of separable costs ("re-
maining benefits"). The SCRB method satisties the guide-
lines listed above and is relatively simple to apply.
Accordingly, it has been selected by federal agencies in
the U.S. as the most acceptable approach.

A complication with SCRB concerns the sharing of the
savings resulting from multipurpose developments as com-
pared with single-purpose projects. Loughlin (1977) has
suggested a credit to separable costs to remove the pos-
sible inequity from the SCRB procedure of crediting all
savings to joint costs, an adjustment which results in a
more suitable allocation of savings resulting from multi-
purpose projects. Riley et al., (1978) presented a de-
tailed analysis of the problems with the various approach-
es in a case study of a multipurpose, multicountry
project.

Some recent cost allocation proposals are based on a
game theoretic framework. The theory of cooperative games
prevides approaches to joint cost allocation which take
strategic possibilities into account. Heaney and Dickin-
son (1982) provide an integration of this literature with
the more traditional analyses. See also H. P. Young et
al. (1982) and Loehman et al. (1979) for applications.
These highly formal approaches identify limitations of the
traditional (i.e., SCRB) methods, but their complexity has
inhibited the adoption of alternative solutions at the
applied policy level.
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ADAPTING THE IDEALIZED MARKET CONCEPT TO
EVALUATE NON-MARKETED RESOURCES

The constructs embodied in the idealized market sys-
tem discussed previously have been brought to bear on non-
market resource allocation decisions in the form of the
analytic system commonly known as benefit-cost analysis
(Pearce and Nash, 1781). Water resource planning, in
fact, represents one of the initial subjects and perhaps
still the topic most widely studied with the benefit-cost
evaluation mechanism \Krutilla and Eckstein, 1958).

The benefit-cost framework adopts the same principles
as underlie the idealized market system, i.e., con.umer
sovereignty and acceptance of the existing distribution of
purchasing power. The main effort in a benefit-cost anal-
ysis is the derivation of surrogate prices (usually called
"shadow prices"). These are those that would emerge in
the presence of a properly functioning market system and
can be used in guiding resource allocation decisions. The
use of techniques to shadow price water is the subject of
the remainder of this section.

The process of shadow pricing can properly be under-
stood as an attempt to establish an exchange ratio in
monetary terms which would be exactly that which would
emerge from a properly functioning exchange market. The
basic concept is willingness to pay as an indicator of
economic value. Willingness tuv pay reflects the amount
that a rational, fully informed consumer would be willing
to forego rather than do without the commodity in ques-
tion. In accordance with the principles of diminishing
marginal utility (in consumption) or diminishing marginal
productivity (in production), willingness to pay falls as
quantities increase. The willingness-to-pay relation is
equivalent to the conventional demand function for a com-
modity or input, and exact shadow price estimates are
points on the marginal willingness-to-pay relationship. A
representative demand curve, labeled "D," is5 shown in
Figure 6.2. Also shown in Ffigure 6.2 is a relationship
labeled "MC" (marginal cost), representing the incremental
cost of water supply.

The reader will recognize the correspondence of the
relationships in Figure 6.2 with the textbook supply and
demand curves of microeconomic theory. While the marginal
value of water, depending on supply, may be at any point
on D, the locus of most interest is the intersection of
the two curves, reflecting q* supply units, and identified
on the diagram as p*. Points not at q* are suboptimal.
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MARGINAL BENEFITS AND COSTS

QUANTITY OF WATER

Figure 6.2 Demand (marginal value) and
marginal cost curves for water supply
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To the left of q*, marginal value exceeds marginal cost,
so gains can be achieved by adding q. The converse is
true to the right of q*. Many synthetic estimates aim to
identify p* when specifying a shadow price for water.
(Often, however, the analyst is attempting to find what
the willingness to pay would be for some specific quanti-
ty, usually in order to establish whether or not an added
supply increment is valued in excess of its incremental
cost, which amounts to determining whether the increment
of supply in fact lies to the left or right of the optimal
quantity, g*.)

An important attribute of the demand for water is the
responsiveness or willingness to pay to varying quanti-
ties. This is the inverse of the price elasticity of
demand. Some types of use exhibit value which is highly
responsive to quantity, so that small increases in yuanti-
ty drive willingness to pay rapidly down. Industrial and
household use fall in this category. The value of agri-
cultural uses tend to be somewhat less responsive, but in
all uses, significant increases in supply will negatively
affect value at the margin.

Further Conceptual Distinctions

The hydroiogic system must be considered in terms of
its interactions with climate, land, ecosystems, and the
human social and economic systems. This intricacy is fur-
ther complicated by the highly variable nature of moisture
supplies, the importance of sequential uses as water flows
from the upper watersheds to its eventual destinations in
sea or sump, and the importance of transportation costs in
establishing water value. Concepts of the economic value
of water can be relevant only when explicit recognition is
given to quantity, location, quality, and time of supply.
Put another way, the value of water is highly site speci-
fic, and varies directly with local conditions of supply
and demand for the resource.

There are a number of methods and conceptual bases
for generating shadow prices for water. Space limits pre=
clude a detailed discussion here; the interested reader is
referred to Gray and Young (1984) or Young and Gray
(1972). Sevaral of the more important issues are touched
on briefly below.

The Residual Method of Benefit Estimation: Interme-
diate Goods. Benefit estimation is essentially a problem
of assigning or imputing a shadow price to resources or
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commodities 1in the absence of markets to perform this
function. The "residual method" is the most common of
several approaches to shadow pricing producer's or inter-
mediate goods (Young and Gray, 1972). The shadow pricing
is achieved by allocating the total value of output among
each of the resources used in a given productive process.
The method is relatively straightforward. (See Heady,
1952, pp. 402-411, for a detailed exposition.) If appro-
priate prices can be assigned (presumably by market
forces) to all inputs but one, the remainder of total
value of product is imputed *to the remaining (or "resid-
ual") resource.

Two principal postulates are required in the deriva-
tion. First is the condition that the prices of all re-
sources are equated to returns at the margin (vaiue of
marginal product). (This is a well-known condition for
competitive equilibrium.) Second, the total value of
product can be divided into shares such that each resource
is paid according to its marginal productivity and the
total value of product is completely exhausted.

Consider a production process in which four factors
of production, capital (K), labor (L), natural resources
(R), and water (W), are used to produce a single output Y:

Y+ f(K, L, R, W) (2)
By the second postulate, we may write

TVPY = (VMPK - K) + (VMPL - L) + (VMPR - R)
+ (VMPw < W) (3)

where TYPY represents the total value of output Y, VMPi
represents the marginal value product of the ith resource

or factor of production. Substituting according to the
first postulate (which asserts that VMPi = Pi)’

TVP, = P

y K * K+ P

L *Ppc R+P, W (4)

Then equation (4) may be rearranged:

TVP, - (P

y - W (5)

K"
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The costs represented within the bracket on the left-
hand side of equation (5) (capital, labor, and opportunity
costs of other natural resources) are the "associated
costs" referred to above.

The right side of expression (5) represents the con-
tribution of water to the production process. Assuming
that all variables in the expression are known except PW’

the equation (5) can be solved for that unknown to impute
the shadow price of water, PW‘

The question arises as to whether or not the postu-
lates are satisfied. First, will factors paid according
to their marginal value productivities just exhaust total
product? The answer is provided by a principle ‘nown as
Euler's Theorem, which states that, under certain condi-
tions, resources paid according to marginal productivity
will result in complete exhaustion of total product (Hen-
derson and Quandt, 1978). The postulates cited previously
are satisfied by production functions homogeneous of the
first degree. The Cobb-Douglas function, subject to con-
stant returns to scale, 1is one which satisfied Euler's
Theorem and has been used in empirical estimation of mar-
ginal value products.

However, for only a very specific production function
and where there are no fixed inputs are the conditions of
residual imputation met. Thus, the method is valid so
long as the requirements of the competitive model (includ-
ing the equilibrium condition that marginal cost equals
average cost) are satisfied. There also may be opera-
tional difficulty encountered through the use of prices as
indicators of value marginal products for all resources
but one. If resources are not allocated so that all fac-
tor inputs are employed to the level where prices are
equated with value marginal products, the imputational
process may result in either under- or overestimation of
the value of the resource in question. Residual imputa-
tion can lead to erroneous shadow prices, when improperly
employed. These limitations should be recognized by the
user. One particular case is emphasized here. Even where
the production function exhibits constant returns to scale
and prices do reflect marginal value products (according
to the postulates), one may encounter the problem of omit-
ted variables. Omission of factor costs (including oppor-
tunity costs of unpriced production factors) means that
the returns to such resources are being imputed to the
residual resource, and, thus, the value or benefit esti-
mate is overstated.
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There is an additional technique which is closely re-
lated to the residual imputation approach and warrants
discussion. It is the "change in net income" approach.
This method (hereafter abbreviated CINI) defines the in-
crement in net producer income associated with adding
water to a production process as willingness to pay for
tne incremental water. The approach has been adopted for
vdluing irrigation water benefits by the U.S. Water Re-
sources Courcilt (1979).

Generalizing the notations used in equation (2), let

gre Y ) =0 (6)

f(X 0

X X ;Y

2 Xos Yoy, Y

11

Equation (6) represents the multi-input, multi-product
production function. Further, let the subscripts 0 and 1
attached to the input and output variables refer, respec-
tively, to values without and with an investment or pro-
gram adding to water supplv. The water resource is desig-
nated X;. Assuming that the increase in crop production
following from the added water supplies is not so large as
L0 influence crop prices, the change in net income asso-
ciated with a discrete addition to water supply per unit
of time is:

I
~N

m n
Al =Ly = (2 Y.Po - 5 X .P)

1 Dy, j=2 1j X;

(7)

P.)
g "0JTxy

The second term in (7), in effect, represents the annual
net returns to the fixed land resources in the "without"
project situation.

The unit value of water may be obtained by dividing
the expression in equation (7) by the incremental quantity
of water (i.e., AXy).

The CINl approach requires the same assumptions of
the residual imputation procedure, namely, that rescurces
(including water) be optimally allocated, that there be no
fixed inputs, that factor anc product prices correctly
reflect social values, and that all inputs be properly
represented in the calculations. The CINI technique can
also be interpreted as an approximation to the optimal
allocation conditions expressed in equation (3) preceding
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for the case where the incremental water input is discrete
rather than an infinitesimal amount.

Mathematical programming procedures can be employed
to derive theoretically similar imputations of the value
of water. Burt (1963) pioneered this approach with appli-
cation to irrigation water, deriving a long-run net bene-
fit function from parametric variation of a water supply
constraint in a linear programming (L.P.) model of a Cali-
fornia agricultural region. Depending on the formulation
of the objective function of the L.P. model, long-run and
short-run value estimates can be derived. Bowen and Young
(1985) have applied the method to date from Cgypt's North-
ern Delta region.

Deriving Value Estimates from the Production Function.
The classical approach to estimating values of nonmarketed
commodities is to estimate the demand function 7or the
good in question. In most uses, water is an intermediate
good, in which case the demand function is the marginal
value product function, the first derivative of the pro-
duction function in value terms. This technique has been
most widely employed in valuing water in irrigation use,
where numerous experiments have studied crop response to
water application and other factors (for example, Hexem
and Heady, 1978). The general approach is to derive a
schedule representing the short-run value of the marginal
product under the experimental conditions. While the
technique has appeal as a means of estimating short-run
private values, limitations are encountered in using it
for estimating the long-run social value of water. Public
intervention is often present in the market for particular
irrigated crops, either through direct price control or
price manipulation by supply control. Most studies employ
the prices received by farmers in valuing outputs. In
such cases, private willingress to pay would differ from
the appropriate measure of the social value of the mar-
ginal unit at the point of use. Perhaps more important,
the short-run production function, estimated with all
factors but water fixed, may not provide an appropriate
measure of the long-run marginal product.

Cobb-Douglas-type functions fitted to farm account
data with irrigation water as an explicit variable have
been employed in developing estimates of long run marginal
value productivity. A number of such studies iave been
done in India and Pakistan. (See Khan and Young, 1979,
for an example.)
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SPECTAL PROBLEMS OF ASSIGNING ECONOMIC
VALUE TO IRRIGATION WATER

This section reviews and assesses some specific
issues arising in the process of assigning values (shadow
prices, net benefit measures) to irrigation water. With
few exceptions, the technique must rest on direct observa-
tion of the response of crop yield to alternative levels
and timing of water applications. The difficulties and
complexities involved in measuring this relationship are
touched on first. Then the general approaches which have
been utilized are desc.ibed and assessed.

Measuring rhysical Productivity
of Irrigation Water

A number of difficulties are encountered in making
accurate measurements of the water application-crop yield
relationships. First, crop production, with or without
irrigation, i~ a biological process carried out in uncon-
trolled and highly variable environments. The process,
therefore, is subject to the vagairies of diseases and
pests and variations in climate (temperature, sunlight,
wind, humidity, and rainfall). Output, even within a
field or ar =~xperimental plot, may vary significantly with
soil texture a.d fertility. Furthermore, irrigation deci-
sions are made by a large number of individual farmers,
each representing a small proportion of the total irriga-
tion water utilized, and varying widely in management
capability. In perusing the literature on water-crop re-
sponse experiments, one is struck by the high rate of
failure to achieve statistically reliable measures of re-
sponse or, for that matter, any measure of response at
all, even under conditions where rigorous experimental
control is attempted.

Second, yield response to irrigation water applica-
tion is especially sensitive to the rate at which water is
combined with other inputs. Soil nutrient levels and
seeding rates are of principal significance in this re-
gard. Capital investments in land leveling and water dis-
tribution systems (ditches, pipes, sprinkler systems) are
also important determinants of irrigation water productiv-
ity. Capital can substitute for water (and labor) and
tends to enhance the productivity of water.

Third, in any irrigated crop producing area, there
are a number of possible crops, each of which exhibits a
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unique value productivity with respect to applied irriga-
tion water. Further, for each crop, there are a number of
adapted varieties, and these may also respond somewhat
differently to water application.

Fourth, the question of technological change should
be noted. Improved crop varieties can increase the physi-
cal productivity of irrigation water, which dictates cau-
tion in utilizing productivity measures wirich are not of
recent origin.

Fifth, crop response may bhe inhibited by salinity in
the irrigation water. Salts in the water are concentrated
in the crop root zone by the evapotranspiration process.
Extra water to leach out excess salts is then required in
order to maintain crop productivity levels. Some steps
toward incorporating such consideration into the evalua-
tion of irrigation water have been reported by Moure, et
al., (1974), Oyarzabal and Younc (1978), and Yaron and
Dinar (1982).

Sixth, and finally, some discussion of the proper
conceptualization of production response to irrigation
water is appropriate. Application of the conventional
textbook production function, which simply postulates an-
nual yield to be related to annual water input, greatly
oversimplifies the true input-output relationship facing
the irrigator. A more realistic model will reflect the
fact that the productivity of irrigation water varies
widely over the year, depending particularly upon soil
moisture level and upon stage of growth of the plant.

With respect to soil moisture content, the response
of plants to an application of irrigation water when the
soil in the root zone is already moistened to field capa-
city by rainfall or by a previous irrigation, would be
zero, or in some cases, even negative. Water productivity
tends to increase as the interval of time from the last
moistening lengthens. As soil moisture is depleted, a
point may be reached at which failure to irrigate would
lead to complete loss of the crop. Water applied at this
time is extremely valuable because the value is equivalent
to the net income loss avoided by the application of irri-
gation water. Water productivity may also vary over the
life cycle of the plant. To illustrate, water application
near harvest time may have little impact on yield, or may
even diminish productivity by adversely affecting quality
of the crop. The yield of many crops whose primary
economic value is in a seed or fruit are known to be
highly sensitive to moisture availability during the
period of flowering. Growth processes are, in a sense,
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irreversible, and the productivity of water application
depends upon the time of application and prior history of
watering.

These characteristics of crop response to irrigation
water have prompted a number of analysts to discard the
static economic model and to formulate the irrigation
water allocation problem as a multistage or sequential
decision process, which can be solved within the format of
dynamic programming (F1inn and Musgrave, 1967). However,
attempts to formulate a dynamic programming mode! which
could accommodate both the multistage and the multiproduct
aspects of irrigation water allocation met with difficul-
ties, due to an excessive number of state variables.

Several attempts have been made to circumvent this
difficulty. Anderson and Maass (1971) developed a simula-
tion approach to the problem. Delucia (1969) developed
what he termed a '"sequential linear program" with the de-
sired sequential optimization feature. Young and Brede-
hoeft (1972) utilized a hybrid of the previous two pro-
cedures. (See Vaux and Pruitt, 1983, for a general review
of these issues.)

CONCLUSION

The initial conceptual framework established that an
estimate of the marginal benefit was necessary in estab-
Tishing a pricing policy, no matter what pricing principle
(marginal cost; multi-part; abiiity-to-pay; flat rate) was
to be applied. The next sectiocn discussed problems of
estimating marginal benefit functions. I conclude with &
summary of the procedures ard implications from some eco-
nomic research recently performed at Coloradsc State Uni-
versity (Bowen and Young, 1983).

A linear programming model of farming in the Karr El
Sheikh region in Egypt's Nile Delta was developed and
operated for the purpose of estimating irrigation net
benefit functions. The model incorporated a range of
potential water use levels for each of the typicai crops
and adjustments in water use efficiency in order to pro-
vide measures of the total, average, and marginal net
benefit functions for irrigaticn water in the region. In
the absence of more satisfactory ways of reflecting crop
response to alternative water supplies, generalized re-
sponse functions (from the Food and Agriculture Organiza-
tion) were adapted to Egyptian conditions. The results
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were expressed in both social benefits (international
prices) and private benefits (governmental prices).

Government revenue and pricing policies lower farm-
ers' vaiuations of water. A high tax burden lowers will-
ingness to pay for production inputs. Long-run efficiency
concerns are probably much more important than the short-
run distortions in allocative efficiency produced by
current pricing policy. The transfer of much of the farm-
ers' surplus out of agriculture reduces the ability of
farmers to invest in productivity improvements, including
investments in improving water management technologies.

The marginal social net benefit function can be in-
terpreted as an opportunity cost function, when read from
right (full supply) to left (reduced supply). This func-
tion measures the social opportunity cost of reduced water
supply to the study area, which might occur due to in-
creased ccarcity. Such a function can be useful in deci-
sion-making regarding the reiative desirability of the
alternative policies of developing new water supply or
reallocating existing supply from existing irrigated lands
to lands planned for reclamation.

The results of the study show that irrigation water
in the northern delta study area has a high average social
benefit but a low marginal benefit. Social net benefits
may differ from other areas, due to regional differences
in productivity of the land and cropping patterns. For
instance, returns to water in many of the newly reclaimed
lands are far less than the estimates in this study.

Our research effort on water pricing was aimed at de-
termining which of several cost-recovery instruments would
be appropriate for Egyptian conditions, as evaluated under
the concerns for a2llocative efficiency and equity in in-
come distribution. The full range of instruments that
could be considered is quite large, consisting of differ-
ent combinations of allocative rules, quotas, water
charges, and water markets. W2 have evaluated two broad
types of water charges: area-based taxes and volumetric
prices. Since the analytical results and price policy
implications of the government and market models were
similar, the subsequent discussion reports only the find-
ings derived from the market model.

Two levels of cost recovery were evaluated. One
level recovers all budget operating and capital costs of
providing irrigation water, plus the estimated cost of
administering a water pricing system. The other level
recovers budget operating costs only. These costs are
estimated to be 20 L.E. and 10 L.E. per feddan per crop



174

for area-based charges and 25-37 L.E. and 10-22 L.E. per
feddan per crop for volumetric charges.

Single-charge instruments (area-based taxes and flat
volumetric charges) can usually only guarantee the attain-
ment of one objective. In this analysis, cost recovery is
the presumed objective.

The optimal pricing instrument, judged by the effi-
ciency criterion, is the instrument that maximizes returns
to land and water in the study area, net of social costs
incurred in providing and charging for the irrigation
water.

Unlike the efficiency objective, there is no agreed-
upon basis for defining an "optimal" equity position. The
equity concerns considered here are the distribution of
farm income along the watercourses and the differences in
per capita income among farms of varying size.

At the present time, aggregate irrigation water sup-
ply in Egypt is generally adequate to meet demand in the
agricultural sector. It is not surprising, then, that the
results of this study show pricing systems with a zero
marginal charge to be most efficient under nonscarce
supply.

Because of Jlower administrative custs, area-based
charges are more efficient than volumetric charges, under
current water supply. The flat land tax is the least
expensive instrument and has the advantage of being allo-
catively neutral. Although crop taxes theoretically can
produce allccative distortions, no misallocations were
predicted by the model under the range of conditions
tested. This result follows from the fact that demand for
water in the linear programming model is a step function.
In this case, the demand was perfectly inelastic with
respect to price (or price proxies) within the range of
water charges examined.

There were also no differences among the water charg-
ing instruments, under current water supply, according to
the measure of income equity. Income equality along the
branch canals was achieved by all the instruments. Under
constant returns to scale, distribution of income per unit
of land will be equal when water is not limiting.

In conclusion, the analysis has shown area-based
water charges to be more efficient and just as equitable
as volumetric charges, under the plentiful water supply
conditions that have been the situation since the comple-
tion of the High Aswan Dam. In particular, the flat land
tax appears to be the most satisfactory, using both effi-
ciency and equity criteria. We make this recommendation
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only on the condition that new water charges would not add
to the current agricultural tax burden in Egypt but would
be balanced by reduced taxes on crop price penalties. Ef-
fective taxation on farmers in the northern delta study
area was shown to be high, and further increases would
worsen Jlong-run distortions in agricultural incentives.

Our results show that water supply to Egypt's agri-
cultural sector would need to decline substantially to
warrant volumetric pricing. Small farm size is an impor-
tant factor in the high transactions cost of measuring
water and providing it on a demand basis. Land taxes
would continue to be an apprupriate method of raising
revenue but would need to be supplemented with administra-
tive rules for allocating water when water scarcity
becomes a more important concern.
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Social and Economic Impacts

of Investments in Ground Water:
Lessons from Pakistan

and Bangladesh

Sam H. Johnson 111

INTRODUCTION

Although both Pakistan and Bangladesh are cut by vast
river systems, the relatively flat topography of their
agricultural land limits the potential for large-scale
reservoirs. In spite of this, Pakistan possesses the
world's largest contiguous gravity irrigation system. On
the other hand, Bangladesh has no more than 10 percent of
its cultivated land served by gravity irrigation. How-
ever, in both countries, given their high population
growth rates, there is a continuous need to increase
agricultural production. In order to meet this require-
ment, these countries have been forced to develop their
vast underground water supplies. Pakistan started this
process in the mid-1950s, while Bangladesh, due to the War
of Independence, started in the mid-1970s. Yet by 1983,
Pakistan had installed more than 14,000 public deep tube-
wells (DTWs), while Bangladesh had insialled in excess of
17,000 public DTWs.

As Pakistan and Bangladesh were once divisions of the
same country, and prior to that were part of India under
the British (see Figure 7.1), it is not surprising that
the earlier organizational structures for groundwater de-
velopment and managerent had some similarity. However, it
is of interest to study how groundwater is presently man-
aged in the two countries and, in particular, to notice
how the management structure for groundwater in the two
countries has diverged.

The purpose of this paper is to examine social, tech-
nical, and economic aspects of this massive investment in
groundwater. Although it is necessary to describe many of
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the physical parameters of the system, the paper focuses
on government policy concerning groundwater development
and documents economic and social impacts of this poticy.
In order to accurately present the situation in Pakistan
and Bangladesh, the paper is divided into twc sections:
one that details groundwater development and management in
Pakistan and another that covers the situation in Bangla-
desh. The final two sections discuss the social and eco-
nomic impacts and the long-term implications of current
policies and draws some conclusions that may be used by
the two countries, or other countries, as they expand
groundwater development in the future.!

GROUNDWATER DEVELOPMENT IN PAKISTAN

Between the 1830s and the 1960s, the Indus Plain,
which encompasses more than 207,000 sq km and stretches
1,200 km from the Himalayan foothills to the Arabian Sea,
was covered with the world's largest contiguous block of
irrigated land. Here the Indus and its tributaries were
developed by the British to serve an irrigated area of 13
M ha (Taylor, 1965). Yet, the bounty of the irrigation
system was not perfect. Given the gentle slope of the
Indus Plain, 0.2 w per km, drainage soon became a major
problem in many areas.

Before the development of canal irrigation in the
nineteenth century, the groundwater hydraulic system in
Pakistan was in a state of dynamic equilibrium.  Over
moderately long periods of time, recharge to the ground-
water reservoir balanced discharge, and there were no
long-term changes in groundwater levels. However, irriga-
tion changed the natural hydrologic environment of the
Indus Piain.  The canal system introduced additional
sources of recharye and caused a rise of the water table
in and around the irrigated areas. Seepage losses were
greatest near the bifurcation points in the upper parts of
the areas between the rivers known locally as doabs be-
cause of the greater density of canals. Seepage losses
were less near the rivers because the water table was al-
ready close to the surface (Mundorff et al., 1976).

Figure 7.2 illustrates the change in depth to water
table from preirrigated time to the early 1960s. The
water table in the middle of the doabs rose from 20 to 30
m over this 80- to 100-year time period. This rise ini-
tially was on a linear trend and maintained a constant
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slope antil the water table approached the land surface
(Greenman et al., 1967).

Soon after independence in 1947, Pakistan became in-
creasingly concerned about the growing waterlogging and
soil salinity problems in the Indus Plain. By 1950 over
2.0 M ha of irrigeted land had qone out of production,
with additional land going out of production at the rate
of 29,000 ha each year. The government of Pakistan (GCP)
requestea the Food and Agriculture Organization of the
United Nations (FAO) for help in finding a sonlution to the
waterlogging and salinity oroblems. In response, in 1950,
the FAO sent a number of experts in the fields of drainage
and reclamation to study the problem. In 1952, again at
the request of the government of Pakistan, the United
States Bureau of Reclamation (USBR) sent a drainage engi-
neer, k. R. Maierhofer, to study the camaged area. of the
Punjah and the Hhairpur/Shikarpur area in the soutk.

Arter 1958, drainage and reclamation works weyre
transferred to the Water and Power Develepment Authority
(WAPDA). In 1961, a plan fer eradicating waterlogging and
salinity in the whole of Pakistan was prepared by WAPDA
with the assistance of its consultants, Harza Engineering
Compeny Internaticnal, Tipton and Kalmbach, and Hunting-
MacDonald. However, prinr to the cumpletion of the WAPDA
plan, a project for raclamation of 490,000 ha of 1land,
known as Salinity Control and PReclamation Project T
(5CARP-T), was prepared. Using $15,200,000 made availabls
to the government of Pakistan bv the United States Devel-
opment Loan Fund, worl on SCARP-1 was begun in 1960. The
project area for construction of SCARP-I was in the center
of the interfluvial area betwcen the Ravi and Chenab
rivers, known as the Rechna Deab. One of the major objec-
tives of SCARP-1 was to demonstrate the effectiveness of
vertical tubewell drainage for lowering the water table
over a large area and as a means of providing sufficient
water for intensified irrigation and leaching of salts
from saline-affected soiis (Malmberg, 1975).

While SCnRP-1 was under construction, WAPCA and its
consultants were completing their ambitinus program for
elimination of waterlogaing and salinity throughout Paki-
stan. In tnis plan, the Upper Indus Plain was divided
into 10 reclamation nrojects ranging from 0.4 to 1.6 M ha
each, and the Lower Indus Plain was divided into 16 pro-
Jects ranging from 0.3 to 0.8 M ha each. In ail, the pro-
grams embedied the construction of 31,500 tubewells,
12,500 km of major drainage channels, and 42,000 km of
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supplemental drains serving more than 12 M ha in the
nothern and southern zones (Ahmad, 1974).

A panel of experts (hereafter referred to as the
Fanel), headed by Roger Reveiie, was sent by the American
President to study thc problem of waterlogging and salin-
ity in Pakistan. The Panel prepared a comprehensive
report on agriculture, drainage, and reclamation in
Pakistan, which examined technical, institutional, and
organization solutions. Engineering aspects of the report
(often called the Revelle.Report or the White House Re-
port) were generally along the lines of the WAPDA program,
although the Pane! used sophisticated computer models to
demonstrate that the development of groundwater by public
tubewells c¢culd provide an intermediate solution to water-
logging and salinity problems. These tubewells could also
serve as a meany of providing a much-needed additional
supply of irrigated water (White House - 1J.S. Department
of the Iaterior Panel, 1964).

A major issue that continues to be discussed is the
merits of publizly installed deep tubewells (DTWs) con-
trasted to privately installed shallow tubewells (STWs).
The almosi unanimous recommendacion for public tubewells
in the early 1960s can be partially explained by the fact
that many of the original studies were compieted before
there was any significant degree of private tubewell de-
velopment, in the Indus Plain. However, a small number of
Pakistani and foreign consultants, most notably Nr. Ghulam
Mohammad from the Pakistan Institute of Development Eco-
nomics, argued that public tubewells should be installed
in areas where groundwater was too saline to be applied to
iends without dilution with canal water. In areas of non-
saline, good quality groundwater, development should be
left to private users, with the government facilitating
development by providing the electrical grid and credit
schemes for purchase of pumps and motors (Mohammad, 1965).
More recent studies by groups like the World Bank's Indus
Basin Review Mission, the Punjab Government Special Com-
mittee on the Working of SCARPs, Mundorff and the WAPDA
Master Planning Division (1972). all have the benefit of
hindsight.  Thus, their stronger arqument for private
tubewell development can be explained in light of actual
changes since earlier recommendations.
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SCARP Design

SCARP-1 was completed in 1963, and, after it demon-
strated that the water table could be successfully lowered
by tubewells wuniformly distributed over a large area,
additional public tubewell projects were implemented in
both the northern and southern zones. Over 8,000 public
tubewells, covering more than 2.3 M ha, were built between
1959-1977 (Table 7.1). More than 14,000 tubewells, cover-
ing 3 M ha, had been completed by 1983, and construction
is still under way. Total costs are estimated to have
exceeded U.S.3%1 B.

In SCARP-T and some areas of SCARP-II (e.q., Lalian,
Khadir, and Mona), capacities of the tubewells were fixed
so that the combined water supply from surface and ground-
water at the waiercourse head was one cubic meter per
second for 2,144 ha (one cubic foot per second for 150
acres). In subsequent SCARPs, a cropping intensity for
the area was projected, and the tubewell capacities were
determined to provide the necessary water supply to meet
this requirement, either with or without canal supplies,
depending on the area. Table 7.2 illustrates the pro-
jected changes in cropping intensity expected after the
SCARPs ware in operation. The larger projected increases
in the more recent SCARPs reflect the change in design
criteria discussed above.

In general, the capacities of the tubewells ranged
from 56 to 142 liters per second. The choice of tubewell
capacity was made by considering the tubewell requirements
of one or more than one adjoining watercourse command or
chak.? As chaks vary from 80 to 400 ha, this often re-
sulted in one tubewell serving up to three chaks. Distri-
tution works for each tubewell required structures for
proportional allocation of tubewell supplies to water-
courses to be served. At first it was thought that link
watercourses, which connected the tubewell to the main
watercourse channel for each chak, would be excavated by
the farmers. However, in SCARP-1 and parts of SCARP-[I
farmers were wunable (or unwilling) to dig these 1link
witercourses. (The link watercourses were usually com-
pleted by the contractors in the more recent SCARPs.) No
provisions were made for enlarging the main watercourse
channel and distribution systems, even though they were
expected to carry two to three times their previous flow
quantity.



Table 7.1 Implementation of public tubewell projects

Gross Area Installed
(million Tubewells Capacity a
Project Zone hectares) (number) Period (m/sec) Costs
SCARP-1 N .49 2,069 1959-63b 180 25
SCARP-11 N .67 2,205 1963-73 298 90
SCARP-II1 N .43 1,635 1966-73 203 40
SCARP-1V N .23 935 1967-73 127 20
Khairpur S .18 540 1969-70 48 10
North Rhori S .32 1,192 1973-77 69 50
Karkana Sukkur Shikarpur S .01 87 1973-75 8 --
Total 2.33 8,663 933 235

These figures do not reflect all associated costs (1977 million dollars).
b256 tubewells installed from 1954-58.

Source: Central Monitoring Organization - WAPDA (1971), Review of Completed Salinity Control
and Reclamation Projects. WAPDA Press, Lahore, Pakistan.

981



Table 7.2 Cropping intensities in SCARP projects (percent)

Culturable
Cultivated Area Intensity Projected Intensity

Project (million ha) Pre-Project Intensity 1975-76
SCARP-1 .46 89 150 11C
SCARP-I1 .6- 83 130 102
SCARP-1II1 .37 54 120 97
SCARP-1IV .22 63 150 91
Khairpur .13 1062 135 109°
Rohri North .28 98 150

aQuestionab]e value

Source: Master Planning and Review Division, Water and Power Development Authority
(1979), Revised Action Programme for Irrigated Agriculture Report (3 vol-

umes).

WAPDA Press, Lahore, Pakistan.

(81
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SCARP-II Project Performance

SCARP-IT is in the Upper Chaj Doab, between the
Chenab and Jhelum rivers. Most of the tubewells have fi-
berglass screens, but about 25 percent were initially in-
stalled with mild steel screens. As mentioned earlier,
some schemes within SCARP-I1 were designed with fixed
water duty of about one cubic meter per second for every
2,144 ha, while other schemes were designed to meet a pro-
jected cropping intensity which, in general, meant that
they had a higher water duty. Phalia, Bhusal, and Sohawa
were designed to meet a projected cropping intensity,
rather than an arbitrary fixed water duty. However, due
to decline over time of the pumping capacity of the tube-
wells, submergence of watercourse channel inlets, improp-
erly designed and constructed 1link watercourses, and
under-capacity watercourse channels, actual flows were
often much less than the designed sugplies (Table 7.3).

The measured reduction in flow results partially from
a decline over time of the output capacity of the tube-
wells. The decline of tubewell capacity in a sample of 81
tubewells 1in SCARP-1I/A was 21 percent. WAPDA records
indicate that the overall decline of tubevell capacity in
all SCARP-II/A is over 30 percent (laster Planning and
Review Division, 1979). Other reasons watercourses do not
receive their full design flow are submergence of water-
course channel inlets (either by tubewell flow and/or by
limited capacity of the channel to carry the canal water
combined with the water from the tubewell), low flow in
the distributary, and poor design and condition of link
watercourses. In a sample of 22 tubewells in the Phalia
section that were operating at designed pumping capacity,
actual water flow (tubewell water plus canal water) in the
main watercourse channel was only 67 percent of designed
capacity. The rest of the flow was either lost in the
tubewell 1link watercourses, and/or the proper amount of
canal water entering the watercourse channel was re-
stricted by submergence of the inlet.

Link watercourse channels. Connecting watercourse
channels to the tubewell outlet in SCARP-1I was more dif-
ficult than in SCARP-I because the wells in general had
higher output capacity and usually served two or more
watercourses. The project plan assumed that the farmers
would construct the 1ink connections between the tubewells
and the watercourses. In practice, this has not worked
out. All of the tubewells in SCARP-II are connected to
watercourses, but many of the connections, especially in




Table 7.3 Actual delivery compared to design delivery: SCARP-II
Chaks

Per Average Design Actual Delivered Percent
Section Section (liter/second) (liter/second) Delivered
Mona 11 128 98 77
Lower Hujjan 7 113 92 81
Phalia 10 95 63 67
Bhusal 19 115 89 78
Sohawa 25 99 82 82

Source: Data collected in SCARP-II

by author and researchers during 1977.
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SCARP-II/A, are unsatisfactory. The high-capacity tube-
wells were designed to flow through a sophisticated diver-
sion box which allocated the water to two or more water-
cotrses. In actual practice, many of the diversion boxes
are being bypassed, and the tubewell water is serving only
one watercourse (U.S. Agency for International Develop-
ment, 1970). Measurements taken in 21 link watercourses
in the Phalia section during canal closure, when the only
water entering the watercourse was tubewell water, showed
an average loss of 19.6 percent of the tubewell discharge.

Once the water enters the watercourse channel, it
comes under the control of farmers served by that channel,
who are supposed to maintain the watercourse channel and
distribution system. Often this is not done because of
neglect, ignorance, and village conflicts.

A\ age watercourse channel losses on unimproved
water channels varied from 10 percent to 15.9 percent per
300 m of leagth and averaged 13.5 percent. In terms of
farmers' needs for water, these losses represent a criti-
cal shortage, especially at middle and tail sections of
the chak. With losses of this magnitude, by the time the
water reaches 1,500 m from the head of the watercourse,
the users have lost half of the initial flow entering the
system. Assuming an average delivery of 79 percent of the
design flow entering the system and losses of 13.5 percent
per 300 m, the users 1,500 m down the watercourse channel
are receiving only 40 percent of their design allocation.
A sample of measurements in the Sohawa section indicates
that, at 1,000 m, farmers are only receiving 44 percent of
the design flow. Similarly, a sample from the Bhusal sec-
tion indicates that farmers 1,000 m from the junction of
the main channel and the link watercourse channel are re-
ceiving nly 38 percent of design flow.

Operating Schedules. SCARP tubewells are supposed to
be operated on scheduTes developed by the Irrigation De-
partment. These vary from wells in perennial canal areas,
nonperennial canal areas, and uncommanded areas. Sched-
ules do not allow for rainfall, power failures, or person-
nel problems, and therefore must be considered as no more
than general guidelines. The Irrigation Department has
two guidelines for the interagency scheduling committees,
which meet biannually to schedule tubewell operations in
SCARP-I1:

0 over the year, pumps should run at 40 percent of
annual capacity
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0 on days when pumps are operated, they should run
continuously from 12:01 a.m. until 12:00 noon,
with scheduled rest periods between 12:00 noon
and 4:00 p.m.

Given these guidelines, the main area of choice is
the number of days per month the tubewell should be oper-
ated. These schedules should take into account plant-
water relationships, rainfall, and expected canal water
availability. In fact, the proposed Lalian pumping sched-
ule varies little from month to month. It bears little
relationship to that proposed by the Land Reclamation De-
partment (LRD), a schedule that attempts to match expected
water supplies with expected demand.3 Nor do actual pump-
ing schedules resemble either the proposed LRD schedule or
that followed by private pump operators. More [lexible
groundwater pumping, closer to the schedule proposed by
LRD, could prevent both over- and under-pumping and, po-
tentially, could support a higher cropping intensity.

Maintenance Problems. According to WAPDA data,
SCARP-IT has seen a decTine in the utilization rate during
recent years, from an average of 49.7 percent installed
capacity in 1974-75 to 37 percent in 1976-77. As electri-
city charges have increased at a rate exceeding 12 percent
per year for the last four years and budget allocations
h>ve not kept pace, the utilization rate is expected to
continue to decline. Over the same time period, the allo-
cation of funds for maintenance and repair work has de-
Creased by 14-15 percent, with consequent impairment of
operation.

Public DTW Program Performance

The entire SCARP program has been affected by the
poor operating records of individual SCARP projects. How-
ever, factors such as unforeseen increases in energy
costs, shortened tubewell life, rapid development of pri-
vate tubewells, and failure to achieve desired cropping
intensities have all combined to make SCARPs an economic
and financial burden.

Economics. Depending upon the various consultants'
assumptions and mandates, their estimated costs for re-
lieving waterlogging and salinity problems throughout the
Indus Piain ranged from $1.2 to $2.7 B. Predicted bene-
fit/cost ratios for these plans were as high as 7.5:1 and
as low as 2.25:1. As vertical drainage projects of this
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magnitude had never before been tried, all of these ratios
were very dependent upon the wunderlying assumptions.

One assumption that was clearly incorrect in almost
all of the proposed programs was the significant under-
estimation of the number of private tubewells that would
be developed, even with the implementation of the public
tubewell schemes. Ghulam Mohammad's 1964 survey of 23,000
private tubewells in 16 districts of the northern zone of
West Pakistan established that tubewells were very profit-
able and the number installed would continue to increase
(Mohammad, 1964). His findings were validated--between
1965 and 1975 the number of private tubewells increased by
four times (Table 7.4). VYet, even the Lieftinck Report,
written in 1967, still failed to appreciate the fact that
private tubewells had the potential to replace puhlic
tubewells 1in most of the nonsaline groundwater areas.

Another assumption that was also proven winng con-
cerned the length of Tife of the public tubewells. Most
consultants originally predicted 40- or even 50-year ser-
vice Tlives. ‘When it became apparent that the pumping
capacity was quickly declining in almost all of SCARP-I
and that a number of wells were facing critical problems
with encrustation and corrosion, the consultants first
tried to change from mild steel to stainless steel and
fiberglass strainers. It was soon obvious, however, that
even thece materiale were seriously affected by minerals
in the groundwater. Therefore, the consultants reduced
their estimates of tubewell life to 20 or 25 years. In
1971, the Special Committee on the Working of SCARPs {land
and Water Qevelopment Board, 1971) set 12 years as the
average life of a SCARP tubewell. Depending upon the ac-
Ceptable degree of decline in pumping capacity anu the
amount public agencies are willing to pay for repairs,
“life" is a relative term, but, in general, it seems that
approximately 15 years is going to be the practical life
for most SCARP tubewells.

A third assumption that nas not proven correct was
that concerning increased cropping intensity. Almost all
early studies planned to double cropping intensities from
75 percent to 150 percent. This has clearly not happened;
in a few areas, cropping intensity rose to as high as 135
percent, but even there it was not settled at 125 percent.
In most areas, cropping intensity has stabilized at around
115 percent, with increased crop yields and more area
under higher-valued crops.*

Unfortunately, while changes to higher-valued crops
do increase revenue from water charges, Yigher yields do
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Punjab

and N.W, Baluchistan

Frontier Sind and Annual
Year Provinces Provinces Total Increase
1965 29,007 3,447 32,524
1966 36,663 3,806 40,469 7,945
1967 45,103 4,250 49,353 8,884
1968 54,570 4,751 59,321 9,968
1969 63,000 5,267 68,267 8,96
1970 76,509 59,420 82,451 14,184
1971 83,337 6,665 90,002 7,551
1972 92,298 7,442 99,740 9,738
1973 101,425 8,050 109,475 9,735
1974 112,002 8,415 120,417 10,942
1975 122,702 9,694 132,396 11,979
1976 133,807 10,193 144,000 11,504
1977 143,355 10,675 154,030 10.030
Source: Master Planning and Review Division, Water and

Power Development Authority (1979), Revised Ac-

tion Programme for Irrigated Agricuiture

volumes).

WAPDA Press,

Lahore,

Pakistan.
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not. In SCARP areas, as the water supply has theoretical-
ly been doubled, double water charges are supposed to be
assessed. In fact, many farmers retuse to pay double
charges because they claim that by increasing acreage they
are already, in effect, paying double water charges. How-
ever, water charges have not changed since 1969 and are
not very significant.

Pubtic Compared to Private Tubewells. The rationale
underlying the recommended public sector role in yround-
water development was that private development (1) would
be inequitable and, therefore, not benefit most small
farmers, (2) would be haphazard and prohably not accom-
plish the desired drainage function, (3) could detericrate
the groundwater aquifer through uncontrolled pumpage, and
(4) could not be expected to proceed at the rapid rate
desired. In the early 1960s, this rationale seemed logi-
cal--Pakistan had limited experience with private or pub-
lic development of groundwater. Yet by the mid-1960s,
there were over 30,200 private tubewells, and some experts
(both local ani international) urged that private, rather
than public, development be <tressed in areas overlying
fresh groundwater (Eaton, 1965). While this advice was
noted by the World Bank report, it was not strongly sup-
ported and was, therefore, rejected (in effect). By 1978,
Pakistan had acquired substantial groundwater development
experience in both sectors. Results of private tubewel)
development have been demonstrated to serve the needed
drainage function and also improve cropping intensities.
The public sector program has lagged far behind its orig-
inal and revised goals and has only partially performed
its drainage function. Private tubewell investment nas
continued in SCARP areas, as centralized management has
been unable to meet the flexible needs of the watur users
(Hussain et al., 13976).

While a number of postproject, benefit-cost-type
analyses of SCARP-I have been made, only a few have at-
tempted to compare SCARP-1 to an equivalent private tube-
well area; that 1is, one that has develcoed with private
tubewells supplementing canal supplies. While this type
of study closely resembles "with-and-without" analysis, it
is not exactly the same, tor there are private tubewells
within SCARP-1. As part of the development of the Revised
Action Programme for Irrigated Agriculture by Master Plan-
ning and Revision Division-WAPDA (1979), SCARP-1 was com-
pared with both the perennial commanded area in Upper
Rechna Doab (162,000 ha) which borders SCARP-1, and the
adjacent Lower Rechna Doab (Tandlianwala) area (110,000
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ha). In the Upper Rechna Doab, there was one private
tubewell per 33 ha, and ir the Tandiianwala, one per 55-61
ha in 1975.

Growth in private tubewells and increases in cropping
intensity have been faster in both areas than in SCARP-1I.
From this it can be inferred that the development of pub-
lic tubewells slowed investment in private tubewells in
the SCARP-1 area. Assuming that if SCARP-I had not been
built, private tubewells in that area would have developed
to a density of one tubewell for every 67 ha, Master Plan-
ning calculated a rate of return for SCARP-I of 6 percent.
When Master Planning data are used but tubewell density is
increased to that of Tandlianwala (i.e., one tubewell for
every 50 ha), the rate of return on SCARP-I is less than 3
percent. Even with a density of one tubewell per 67 ha,
the predicted cropping intensity in 1976 would have been
122 percent, compared to an existing intensity of 117 per-
cent, and groundwater withdrawals would have increased by
over 22 percent.

GROUNDWATER DEVELOPMENT IN BANGLADESH

In certain areas of Bangladesh, there is a Tong his-
tory of small-scale irrigation using traditional, manual
methods. Most common of these has been the dhone (pivoted
boat-like devices capable of 1ifting up to three meters
and discharging about 1.13 liters/second) and swing bas-
kets (lifting about one neter and discharging up to 1.7
liters/second). Though ac.urate information is not avail-
able, traditional methods still account for about half the
area irrigated from surface sources and about one-third of
the total irrigated area.

The postpartition era marked the beginning of major
water source investments in Bangladesh.® Like earlier
Indian efforts, planning focused on large-scale, public
undertakings to stabilize water vregimes associated with
rainy season rice production. Investment took two forms:
improvement in flood control and drainage and the develop-
ment of supplementary irrigation during the monsoon sea-
son.  Emphasis was on flood control and drainage, not
irrigation, to increase agricultural productivity (Bot-
trall, 1983).

International observers visiting Bangladesh in the
late 1950s and 1960s tocused attention on the country's
unique flood problems and consistently recommended water
resources investment strategies which relied heavily on
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the construction of embankments and channel improvements
(Planning Commission, 1973). This approach was institu-
tionalized in 1959 with the creation of the East Pakistan
Water and Power Development Authority (now the Bangladesh
Water Development Beard) and the develcpment of the na-
tion's first Water Resources Master Plan in 1964. The
plan recommended implementation of 50 major projects,
which would embrace large areas of the country, provide
flood protection and drainage to 4.9 M ha, and supply
irrigation facilities to another 3.2 M ha in 1985. Irri-
gation services were to be provided by gravity canals,
with secondary pumping only in areas not serviceable by
the gravity system. The plan assumed groundwater develop-
ment to be costly and largely ignored pumps and wells,
except in small areas ir Dinajpur, Mymensingh, and Comilla
districts. A major review of the plan, requested by the
government and implemented by the World Bank in 1966,
questioned the plan's basic assumptions and concluded that
smaller pump-based surface and subsurface systems, if in-
troduced with a high-yielding input package developed at
the International Rice Research Institute (IRR1), could
produce the rice needed to feed the countrv's growing
population by 1985 (Hanratty, 1983).

Although never accepted by the government, highly
criticized by donors, and subsequently modified to include
only 20 "core projects," the plan had a significant impact
on water resource policy decision in Bangladesh. The
Bangladesh Water Development Board (BWDB) adopted it as
its major operating document and organized its staff and
support activities in anticipation of full implementation.
The original project portfolio served as the basis for the
water resources investment strategies outlined in the
1965-70, 1970-75, and 1973-78 national plans. Long after
large-scale projects had proven to be of dubious merit,
the Water Board continued to commit scarce human and fi-
nancial resources to each of these projects annually.
Yet, in Bangladesh, the entire area irrigated by large-
scale, BWDB-managed schemes is less than 85,000 ha, or
only about 5 percent of the total national irrigated area.
These systems are thus relatively unimportant in purely
physical terms, although they do have historical interest
as they are a product of the centralized planning and man-
agement focus of BWDB (Bottrall, 1983).
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Public LLPs and DTWs

Avthough major emphasis fell on flood control pro-
jects, smaller-scale surface and subsurfare systems were
experimented with throughout the 1950s and 60s. For ex-
ample, 56.6 liters/second (two cusec) low 1ift pumps
(LLPs), using surface water, were introduced through the
Mechanized Cultivation and Power Pump Irrigation Prougram
(MCPPI) beginning in 1956. A total of 3,990 LLPs were
fielded, first vnder the auspices of the Water Board and
then the East Pakistan Agricultural Development Corpora-
tion (BADC), a semi-autonomous government agency estab-
lished in 1962 to improve the distribution of agricultural
inputs.

Shortcomings led to the replacement of the MCPPI
scheme 1in 1968 by the Thara Irrigation Program (TIP). The
scheme proved exceptionally successful and by 1963-70,
18,000 pumps irrigating 285,000 ha were in operation.
Although constrained by problems of water losses, poor
maintenance, and timely pump distribution, the major con-
straint facing this program was the availability of sur-
face water. The number of LLPs rose from about 1,300 in
1960-61 to almost 33,000 in 1972-73 and somewhat more than
40,000 during the past five years. This flattening of
growth of LLPs reflects the relative scarcity of surface
water supplies in relation to demand. LLPs currently
serve about one-third of the total irrigated area.

While experiments with minor surface irrigation were
under way, early pilot programs to tap underground water
were also commencing. In 1961, the German government, in
cooperation with the BWDB, installed 380 113 liters/second
(four cusec) electrically powered wells at Thakurgaon in
the northwest part of Bangladesh. From the outset, the
project had problems. Although engineering and installa-
tion work was completed in two years, construction of an
electrical generating plant and transmission system de-
layed operation wuntil 1965. Costs were prohibitive,
averaging $53,000 per well, approximately half of which
was for electrical generation and transmission facilities.
Coverage per tubewell was limited bhecause of high seepage
losses and failure to train and organize farmers. Subse-
quent training of farmers and the formation of coopera-
tives led to some improvements, but, as is illustrated in
Table 7.5, commanded area is still far below potential,
even after extensive efforts by BWDB and IRRI. It can be
seen in this table that, even though the DTWs were de-
signed to discharge 113 liters/ second (4 cusec), present
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Table 7.5 Thakurgaon Tubewell Project, Bangladesh 1981,
1982, and 1983 dry seasons

Area Irrigated

Area Irrigated Per Unit
Rabi Season of Discharge

Tubewel] Discharge

No. Capacity 1982 1983 1982 1983
63 103 8.1 16.2 .079 .157
77 53 1.2 18.2 .023 . 343
89 67 8.1 24.7 .121 .369
a3 99 22.7 26.7 229 .270
117 71 .1 13.8 . 086 .194
118 57 8.5 14.2 . 149 . 249
119 57 8.1 11.7 . 142 .205
120 79 12.9 12.6 113 .159
125 85 2.4 21.0 .28 .258
126 106 6.1 10.9 .058 .103
138 38 6.5 10.1 .074 .115
142 85 4.4 9.3 . 052 .109
Average 80 7.9 15.9 .099 .199

Source: Bangladesh Rice Research Institute, Bangladesh

Water Development Board, and Irnternational Rice
Research Institute (1984), "Anplied Research for

Increasing Ivrigation Effectiveness and Crop
Production," IRRI Water Management Division.

Los Banos, Philippines.
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discharge rates are far below this guantity (Bhuiyan,
1984).

A second pilot project, implemented by the Kotwali
Thana Central Cooperative Association (KTCCA) in east-
central Bangladesh, made extensive use of low-cost, manual
drilling techniques, and installed 211 56.6 liters/second
(two cusec) diesel-powered wells between 1962 and 1970.
Using simple hand-operated drilling machinery, which re-
lied heavily on unskilled local labor, the wells were
relatively inespensive, averaging $6,000 per well. With
command areas managed by established cooperatives, the
DTWs averaged .42 ha per liter, 60 percent more than wells
in Thakurgaon.

The questionable depth and focus of the Master Plan,
early success with surface and subsurface minor irriga-
tion, and the introduction of a new seed technology highly
adapted to dry-season irrigation led to a reevaluation of
the nation's water resource development policy 1in 1970.
Under the auspices of the World Bank, an action program
focusing on food production, not flood protection, was
presented. Implementation, which placed heavy emphasis on
small, quick-yielding schemes, was forced to wait unti]
after the War of Independence in 1972 (World Bank, 1970,
1972).

World Bank studies completed in 1970 and 1972 empha-
sized small, quick-yielding irrigation schemes. The stud-
Tes projected foodgrain self-sufficiency by 1983 (16.8 M
tons) through the impiementation of a multifaceted program
including high-yielding seed production and distribution;
use of input packages comprising seeds, fertilizer, plant
protection, and improved draft animal power; greater
availability of low-1ift pumps and small drainage improve-
ments; completion of minor to medium size drainage works;
and the rapid expansion of tubewell irrigation.

Five-Year Plans

The First Five-Year Plan (1973-78). Cemponents  in
the Bank's study became the basic building blocks of the
First Five Year Plan. In part paralieling the study, the
plan recognized "the tremendous potential that could be
realized with small- and intermediate-scale irrigation and
drainage projects, low-lift pumps and tubewel] develop-
ment" (Planning Commission, 1973). It suggested invest-
ment totaling Tk 598 crores (1971 U.S.$1.26 B) to irrigate
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an additional 1.13 M has by 1975. However, the involve-
ment of the Water Board in drafting the plan assured a
strong continued bias to large-scale projects. Conse-
quently, 54 percent of the total water resources budget
and 46 percent of its foreign exchange requirements were
earmarked for large-scale projects. Secondary emphasis
was placed on deep tubewell development, which consumed an
additional 30 percent of budgeted funds.

Emphasis on the expansion of deep tubewells was well
founded. With fewer than 1,000 wells in 1970, the poten-
tial was obvious. Economic returns, which were presumed
to begin immediately after installation, were favorable,
with installation costs ranging from U.S.$5,300 to $15,800
(1971) and annual net returns averaging $8,000 per well.
Also, the divisibility of the technology allowed for a
number of different technologies to be tested simultane-
ously, and those proving most suitable were subsequently
utilized. Finally, wells could be geographically dis-
persed, thus distributing benefits more equitably than
large-scale projects, making better uses of location-spe-
cific soil and water characteristics, and targeting irri-
gation to those arcas where farmer demand was high. The
latter wac an important factor in improving command area
performance.

The Second Five Year Plan (1980-1985). This  plan
places heavy emphasis on technically simple, divisible,
quick-to-plan and quick-to-implement projects. Stronger
focus on minor irrigation is anticipated, with five-fold
increases in investment over the First Five-Year Plan.
Use of shallow tubewells is to be emphasized, while deep
tubewell installation will be limited to areas where shal-
low tubewells are not cppropriate. Again, the use of low-
lift pumps is constrained, with investments focusing on
the fielding of new pumps to bring the number fielded to
50,000 (close to the estimated limit of surface water sup-
plies) and the purchase of replacement units. For the
first time, improving command area performance became a
major objective, and the private sale of shallow and hand
tubewells, set at 30 and 200 thousand units, respectively,
was officially encouraged. Finally, the plan recommended
a reduction in government subsidies on waler, through the
gradual increase in low-1ift pump and deep tubewell rental
and shallow and hand tubewell sale prices. Sale of low-
1ift pumps and deep tubewells was also to begin.
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Tubewell Expansion

As of early 1984, over 120,000 STWs had been in-
stalled and were irrigating 1.7 M ha. The total number of
DTWs sunk under various schemes is about 18,000, with
around 16,500 corinissioned as of January 1984. By early
1984, approximately 220,000 manual tubewells (MTWs) had
been purchased and 1nsta]1ed and were serving in excess of
33,000 ha. Under the Medium-Term food Production Plan
(MTFPP) which is designed to attain food self-~sufficiency
by 1985, Bangladesh plans to increase land irrigated by
mechanlzed lift devices from a 1979-80 level of 1.0 M to
2.0 M ha by 1984-85 (Planning Commission, 1980). As il-
lustrated in Table 7.6, this plan 1nvo]ves a s1gn1f1cant
increase in the number of tubewells (of all types) in use
in the country,

With a wide variety of physical, economic, and social
conditions, no single 1ifting device is superior in every
way. However, as seen in Table 7.6 in terms of total area
served, LLPs, STWs, and DTWs are by far the most important
11ft1ng dev1ces in Bangladesh with STWs and DTWs being of
immediate concern for groundwater development.

PLANNING AND MANAGEMENT

In both of the two countries, planning and management
for groundwater development has been erratic, at best.
The process has clearly reflected the large-scale surface
water bias of WAPDA (now BWDB in Bangladesh) and has
failed to recognize the unique aspects of separable tube-
wells compared to continuous large-scale surface systems.

Local Level Organization

In Pakistan, selection of DTWs that potentially could
serve over 500 ha and as many as 200 farmers reflects the
fact that planners gave little thought to local-level con-
ditions. Even the most cursory investigation would have
revealed that farmers along a single watercourse had dif-
ficulties organizing for operation and maintenance. The
bulk of court cases originating from rural areas concerned
conflicts over water and associated land. Profusion of
large, publicly owned and operated tubewells that were
designed to serve two or more watercourses immediately



Table 7.6 Present and projected status of mechanical irrigation 1ift devices in Bangladesh

Additional Approximate
Approximate Number Approximate No. Proposed Area Proposed
in Operation Area Irrigated Under MTFFP to be Irrigated
(000) (000 hectares) (000) (000 hectares)
Device 1980-812 1983-84b 1980-812 1983—84b 1984-85 1984-85
LLP 36.0 36.0 567 567 51.0 810
DTW 11.5 16.2 259 389 18.0 437
STW 24.0 120.0 169 648 90.0 437
MTW 100.0 200.0 16 32 180.0 29
Total 951 1636 1713

SWor1d Bank (1982)

bEstimated by ITADS Water Management Office

20e
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created a potential for all sorts of new conflicts. In-
vestigations of farmers' organizational capacities, as
well as their technical anility to deal with larger flows
of water, would have indicated that smaller-capacity, more
localized tubewells were better suited to existing condi-
tions. The argument that larger public wells are more
"economic" than smaller private wells rests on the un-
proven assumption that management under both systems would
be the same. Planners failed to recognize, or ignored,
farmers' limited capacity to cooperate at the watercourse
level, as well as technical difficulties they faced in
trying to redesign watercourse channels to carry higher
flows. This was plainly a gross error of planning and
goes far toward explaining failures of SCARPS to be
properly utilized at the local level.

Similarly, in Bangladesh, the initial DTWs installed
by BWDB were too big (113 liters/second) and, hence, re-
quired an extensive effort to educate farmers. Failure to
properly train farmers in irrigated agriculture techniques
and provide management expertise to operate the DTWs re-
sulted in very low returns to groundwater investment in
schemes such as that at Thakurgaon. In light of this ex-
perience, Bangladesh's decision to invest in smaller 56.6
liters/ second (2 cusec) DTWs and STWs has been correct.
However, even here, area commanded has been far below po-
tential. In one pilot effort, 20 DTWs were celected by
staff from the Integrated Rural Development Program
(IRDP), BADC, and the Department of Extension and Manage-
ment to improve the system performance. At the end of the
year (1979-80), the coverage per DTW increased from an
average of 21.1 ha to 32.2 ha, and grain production per ha
increased by 57 percent (World Bank, 1982). In another
pilot scheme, CARE and the Bangladesh Krishi Bank (BKB)
Joined forces with BADC to form the Deep Tubewell Irriga-
tion and Credit Program (DTICP) to improve the performance
of 10 DTWs. In the first year (1979), thry were able to
increase the irrigation coverage by 55 percent from the
preproject level, and the average farmer's yield increased
by more than 56 percent. Encouraged by this result, the
scheme was expanded significantly, such that by 1983, the
project was working with more than 700 DTWs in six admin-
istrative units (Johnson, 1984). Table 7.7 details data
from DTICP for 101 DO7Ws in three administrative units.

These studies and pilot projects have proven that
investment in human capital and organizational structure
in DTW areas has high potential return. The formation by
the GOB of the Irrigation Management Program (IMP) under



Table 7.7 Participation in DTICP schemes: averages for 1982-83 data

Commanded Area Yield/Ha.
(hectares) Participating Farmers (tons/hectare)
Location Pre-Project DTICP Pre-Project DTICP Pre-Project DTICP
Kaiigoni 5.7 15.8 24 64 3.3 5.4
Parbatipur 23.1 27.5 44 63 4.4 5.4
Dhamrai i5.4 23.5 88 144 4.1 6.5
Weighted Means 16.4 23.8 69 96 4.1 6.1

Source: Johnson (1984)

¥0e
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IRDP is a step in this direction, but it has yet to devel-
op an effective method of working with farmer groups.

Both in Pakistan and Bangladesh, relative to DTWs,
much Tless information is available on the potential and
actual! use of STWs. These smaller tubewells are generally
owned and operated by small farmer groups, extended fami-
lies, or individual varmers with no government subsidy
and, effectively, no government control. There is a gen-
eral impression that the potential of STWs is better uti-
lized than that of DTWs. However, available records from
Bangladesh indicate that STWs are irrigating around 0.25-
0.3 ha/liter/ second, which is no better than present DTW
performance (Biswas et al., 1978). A similar type of
study from the Punjab in Pakistan indicates that private
STWs there irrigate about the same as those in Bang¢ladesh,
i.e., 0.35 ha/liter/second (Ashraf, 1978). VYet, both
countries have seen a pienomenal increase in STWs, which
indicates that even with their relatively small command
areas, they are viewed as being a good invectment. This
is primarily due to the small number of users and, hence,
the effectiveness of the informal users group.®

Economic Costs

In both Bangladesh and Pakistan, public groundwater
development has been heavily subsidized. These subsidies
have led to significant inefficiencies and have also even-
tually grown to be a major financial burden on the govern-
ment treasury.

In Bangladesh, except for manual tubewells, all of
the mechanical 1ifting devices have been sold with a sub-
sidy. These subsidies have been particularly large in the
case of LLPs and DTWs. 1In the late 1970s, BADC accounts
indicated that actual payments by farmers for LLPs amount-
ed to 12 percent of the cost to BANDC, while for DTWs the
figure was less than 10 percent. Current arrangements fo~
selling tubewells (compared to past policies of renting
them) result in prices for STWs that are nominally unsub-
sidized. However, DTWs continue to be heavily subsidized,
with a selling price amounting to only 43 percent of the
cost to BADC (World Bank, 1978). In addition to the nomi-
nal price of tubewells, provisions for the sale of all
tubewells involve subsidized credit arrangements which
further reduce the effective price paid. For example, for
an STW sold for Tk 30,000 (in 1984, 23 Taka = U.5.$1.00) a
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farmer only has to pay Tk 2,000 as a down payment and re-
ceives a 6-year loan for the balance, paying a reduced
rate of interest (12 or 13 percent, depending upon the
source of the loan) per year. Furthermore, repayment of
agricultural credit has generally not been satisfactory,
with repayment rates of less than 70 percent (World Bank,
1983).

The most obvious impact of the subsidies has been the
lack of incentive to increase command area to a national-
level optimum. This is particularly acute in tiwe case of
the DTWs, where, after about 16 ha, there is effectively
no private incentive to expand the command area, as the
rental subsidy has significantly reduced the benefits of
spreading capital costs over a larger number of acres
(Small, 1983). Yet, as documented in Table 7.8, there are
potentially substantial per-ha public returns to be gen-
erated if command area can be increased.

As indicated earlier, Pakistan has also subsidized
their puhlic DTWs. On the average, the subsidy exceeds
$12 per ha for more than 3 M ha. With current water fees
and collecticn rates, total revenue from water charges is
insufficient to cover even operation and maintenance
charges. Addition of SCARP operation and maintenance ex-
penses to the already overburdened Irrigation department
operation and maintenance budget has further increased the
Department's deficit. For example, in 1975-76, the Punjab
Irrigation Department spent approximately $1.3 M on ordi-
nary operation, maintenance, ana staffing on 628,400 ha
served by the tLower Jhelum Canal. An additional $3.2 M
was speat on operations and mainterance, as well as staf-
fing to provide tubewell drainage to 360,000 ha served by
SCARP-IT within the Lower Jhelum Canal Command. The com-
bined operation, maintenance, and staff budget for 1975-76
in the L-wer Jhelum Canal Circle was therefore $4.5 M.
With recovered water charges of approximately $2.9 M, the
deficit was $1.6 M. If emergency capital charges (includ-
ing emergency operation and maintenance costs) are in-
cluded, the deficit increases to about $2.2 M. This defi-
cit does not take into account capital repayment costs for
the public tubewell system and also assumes that all capi-
tal costs for the irrigation system are already sunk
costs. For the entire Punjab, the deficit in the Punjab
Irrigation Department budget was $17.0 M in 1978-79 and is
estimated to be more than $30 M for 1983. For all of
Pakistan, the annual deficit may exceed $60 M, agai. not
taking into account past capital expenditures (Johnson,
1982).



Table 7.8 Effects of increasing command area size on per acre net present economic values

(NPEV) associated with selected irrigation techno]ogiesa

NPEV With
5 Low to Medium Medium to High

Low Medium High
Technology Coverage Coverage Coverage Absolute Percent Absolute  Percent
Deep
Tubewells 2306 3909 4616 1630 71 707 18
Shallow
Tubewells 4389 6049 6916 1660 38 867 14
Low=Lift Pumps
(20 1it/sec) 7954 8870 9273 916 12 403 5
Low-Lift Pumps
(56 Tit/sec) 8141 8960 9335 819 10 375 4

aAverage net present economic value across land types

bLow, medium, and hi
32 Ha.; with STWs

LLP (56 1it./sec.) = 16, 24, and 32 Ha.

Source: Hanratty (1983).

gh coverage (in hectares) varies by technology:
4, 6, and 8 Ha.; with LLP (28 1it./sec.) = 8, 12, and 16 Ha., and; with

with DTWs = 16, 24, and

L0¢
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These deficits are the responsibility of individual
provinces, but the provinces' abilities to raise revenue
have not increased enough to meet them. 1n the short run,
the provinces have subsidized tubewell operation by under-
funding required canal system maintenance, agricultural
extension, and crop and livestock research They have
also gone into debt to WAPDA for SCARP electric charges.
The provinces must either increase their revenue from
water charges or reduce their costs of operating and
maintaining tubewells, or both. They have already re-
stricted funds for SCARP operation and maintenance, but
this forces a reduction i utilization rate and slows the
rate at which tubewells are repaired. The result is a
reduction in total pumpage and an increase in per-unit
water and drainage costs.

STWs, which are nominally unsubsidized, have still
done very well. This is primarily, as 1nd1cated earlier,
a result of the ease of organ1zat1on but it also wef]ects
the fact that S5TWs are easier to maintain and, therefore,
are seen as more dependable. This can be clearly seen in
Table 7.9, which shows private tubewells in Pakistan are
95 percent operational, compared to 57 percent for public
tubewells. Given the lower instal®ation costs and more
flexible operation arrangemants, it is obvious that STWs
will continue to expand rapidly.

LESLONS LEARNED

Massive debts for public tubewell development have
persuaded bhoth Pakistan and Bangladesh that the private
sector has to play a major role i1n the process. For Paki-
stan, this has resulted in a decision to shift toward more
pr1vate management and, eventually, tc private ownership.
Likewise, Bang]adesh has started to encourage private
ownersh1p

Private Ownership

Over 3 M ha of land in Pakistan are served by SCARP
tubewells, with a sunk cost estimated at more than $1.0 B.
After 15 vears of SCARP operations, waterlogging and soil
salinization within the SCARPs appear to have improved
marginally, at least in the less salt-affected areas. Yet
SCARP tubewells are becoming older and less efficient;
they must be pumped more hours each month just to hold



Table 7.9 Operational status of public and private tubewells

Government Tubewells

Private Tubewells

Operational Operational

Total (percent) Total (percent)
Rawalpindi 868 81 2,300 96
Sargodha 1,527 67 10,700 93
Lahore 3,202 66 20,400 97
Multan 1,586 17 26,510 94
Bahwalpur 174 49 4,060 93
Punjab Total 7,357 57 69,030 95

Source: Land and Water Development Board (1971)

602
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their own, while the price of energy is rapidly increas-
ing. WAPDA's Master Planning Division has recommended a
phased replacement of existing public tubewells in fresh-
water zones with private tubewells, as SCARP tubewells are
exhausted. In conjunction with this, they have recom-
mended increased operating funds to permit higher utiliza-
tion factors, use of private workshops to reduce duration
of breakdowns, and distinct efforts to better integrate
operation of surface water and groundwater supplies. They
have also suggested that pilot studies might be nade of
replacement of public tubewell operators by farmer groups
that have a stronger incentive to keep the well operating.

Unless the government can locate and invest vast sums
of money to replace and rehabilitate SCARP systems, the
decline of those systems is inevitable. Private tubewells
will be built where the groundwater is of good quality and
markets are available for increased output. There is not
any Justification for continuing to subsidize SCARP sys-
tems in areas where private tubewells have already c<tarted
to be instaiied and SCARP tubewells are in their final
years. Farmer groups could be given the option of paying
energy costs, establishing their own schedules, and oper-
ating the tubewells until the group decided this was no
Tonger economic. However, SCARP tubewells are located at
the head of the watercourse channels, while private tube-
wells are Tlocated down the channel close to the owners'
fields, making distribution losses considerably higher for
SCARP tubewells. Therefore, only farmers in the head end
of the watercourse command will normally be willing to pay
to continue to operate these large-scale public tubewells.
Farmers located away from the tubewell, given increasing
maintenance costs and excessive energy costs per unit of
water delivered to their fields, will quickly find that
owning their own private tubewell or sharing a tubewell
with close neighbors is more economical.

In areas where tubewells are newer and there has been
less private development, more effort could be made to
form farmers' groups to operate SCARP tubewells until pri-
vate tubewells become a better alternative. Giving farm-
ers the freedom to cperate the public tubewells on demand
or install their own private tubewells should lead to a
significant increase in total pumping frem groundwater in
the freshwater areas. This would accomplish desired
drainage goals of the SCARP program at a mere fraction of
the cost to the government, as has been demonstrated in
non-SCARP areas of the Punjab and across the horder in the
Indian Punjab.
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Poor performance of large DTWs, strong farmer demand
for smaller, simpler equipment, and the growing burden of
irrigation subsidies helped facilitate policy changes 1in
Bangladesh in the Jate 1970s and early 1980s. These
changes resulted from three major factors: (1) the need
to increase the rate of minor irrigation development while
simultaneously increasing the equity and efficiency of
resouice use; (Z) the importance of private-sector owner-
ship of equipment and of its involvement in the supply of
equipment, spares, and repair and maintenance services;
and (3) the encouragement of domestic irrigation equipment
manufacturers (World Bank, 1982).

Recognizing that subsidies have been too high, the
GOB, in consultation with the World Bank, has altered the
sale and rental prices of minor irrigation equipment.
Under the new system, all equipment prices are Lased on a
shallow tubewell equivalent formula. The formdla is de-
signed to equate costs per unit of water discharged with
those of STWs. This requires that DTWs still be sold at
57 percent subsidy (down from 80+ percent). In order to
ensure that DTWs are not installed in areas where STWs
have a comparative advantage and to further reduce the
overall drain of subsidies, it has also been recommended
that DTW development be further curtaijled (Hanratty,
1983). This would result in the further development of an
additional 100,000 ST¥s.

Water User Training

Initially, neither Bangladesh nor Pakistan put any
emphasis on training. This reflects both the fact that
little emphasis on training of water users is provided
within the large-scale irrigation systems, and that there
is no clearly designated organization that has the mandate
and expertise to accomplish this task. However, Bangla-
desh and Pakistan have slowly come to realize that this
type of training is important and offers a very high eco-
nomic payoff. Bangladesh, perhaps, has invested the most
in training and management with its Irrigation Management
Program (IMP) under the IRDP (1980), but Pakistan has also
invested in its On-Farm Water Management Program (World
Bank, 1981) under the Ministry of Agriculture (although
this program dves not focus solely on DTWs, as does IMP).
Bangladesh is far ahead in recognition of the need to
train DTW managers and has organized specialized training
under the Rural Development Academy. These programs have
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helped to increase technical efficiency but, more impor-
tantly, by absorbing some of the "transaction costs," have
facilitated expanded utilization and, hence, increased
social returns.

Technology Selection

A question that is often asked is: What type of
tubewell technology is the most appropriate? This ques-
tion can be answered from a number of viewpoints, but, in
terms of technology, all of the alternatives have a role
to play. For geohydrologicaily suitable areas, STWs are
preferable over DTWs and can even serve as technological
advances for farmers who first start with manual tubewells
or open wells. Per-acre water costs are much less with
STWs than with DTWs, and, as usually happens, they require
far less subsidy as well. Thus, it can logically be ar-
gued that no DTWs should be installed until DTWs are the
only technological option. In both Pakistan and Bangla-
desh, DTWs have been installed in areas where STWs are
more appropriate, which has proven to be extremely expen-
sive. In areas where the aquifer is too deep or not
available for STWs, or the groundwater quality is not fit
for direct agricultural application, it may be necessary
to install DTWs.

However, even with the S$TWs, and particularly with
the DTWs, there is a critical need to expand the utiliza-
tion rate. In order to do this, it is necessary to en-
courage such actions as:

o removal of subsidies, particularly on DTWs, but
also on STWs, as this provides a major incentive
to expand commanded area

o exploration of means of reducing conveyance los-
ses, such as improved conveyance systems or lining

o expansion of programs such as the Deep Tubewell
Irrigation and Credit Program (DTICP) and the
Irrigation Management Program (IMP) which have, by
absorbing some of the "transaction costs," demon-
strated another means of expanding utilization

o ensuring proper siting of tubewells

o development of cohesive water user organizations
to provide proper system management and mainte-
nance.
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Together, these actions will significantly increase re-
turns to irrigation investment and, therefore, facilitate
additional groundwater development.

NOTES

1. An excellent publication covering many of the is-
sues discussed in this chapter is the recent World Bank
publication: Gerald T. 0'Mara. "Issues in the Efficient
Use of Surface and Groundwater in Irrigation," World Bank
%taff Working Pacer No.707, World Bank, Washington, D.C,

984.

2. In rakistan, the canal water 1is distributed
through the minor canals and flows out of the turnout
( mogha) to a village level watercourse command (80-400
ha). ~There are no headgates at the moghas, and if a par-
ticular minor canal has water flowing in it, there is
water in every watercourse command served by that canal.
There are in excess of 88,000 watercourse commands in the
Indus Basin.

3. However, even the LRD schedule ignores equitable
distribution of water throughout the seven-day fixed irri-
ga*tion water rotation schedule that is in operation on al-
most every chak.

4. How much of the increase in crop yields is a
function of the use of new high-yielding varieties {HYVs)
and what percentage is a function of additional ground-
water supplies is unknown.

9. The publications by Bottrall (1983) and Hanratty
(1983) provide an excellent review of this topic; no at-
tempt is made to repeat their work, although the author
acknowledges drawing heavily from their respective docu-
ments.  Another excellent source of reference concerning
the larger set of issues related to irrigation development
and management s: Anthony F. Bottrall. “Comparative
Study of the Management and Organization of Irrigation
Projects," World Bank Staff Working Paper No. 458, World
Bank, Washington, D.C., I98I.

6. Individuals interested in institutional questions
should read the following two publications: (a) Daniel W.
Bromley. "Improving Irrigated Agriculture: Institutional
Reform and the Small Farmer," World Bank Staff Working
Paper No. 531, World Bank, Washington, D.C., 1982 and (b)
George E. Radosevich. "Groundwater Developmert and Man-
agement in Bangladesh: Institutionalizing a Strategy,"
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Bangladesh Agricultural Research Council, Dhaka, Bangla-
desh, 1983,

7. Although not discussed in this paper, the phe-
nomenal increase (more than 300,000 installed) in manually
operated shallow tubewells for irrigation (MOSTIs) in
Bangladesh is a private enterprise that has taken off with
very little public encouragement and almost no assistance.
This is significant in terms of equity, even if the total
hectarage served is not that large.
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Economic Aspects of
Irrigation with Saline Water

Dan Yaron

INTRODUCTION

The paperlreviews the economic dimensions cf irriga-
tion with water of varying salinity levels, with emphasis
on on-farm irrigation problems. The farm-region inter-
actions are dealt with only briefly.

The paper commences with a short review of the under-
lying physical water-soil-crop yields relationships and of
the sources of information regarding them. In the next
section, empirical estimates of farms' income losses under
selected situations are reviewed. The next section dis-
cusses the alternatives open to farms to reduce salinity-
induced losses and the agro-economic models designed to
evaluate them. Several aspects of the farm-region inter-
actions are then reviewed, and the final section points to
some hopeful frontier-changing innovations currently under
study, which, if successfully developed, may drastically
change the frame of reference for salinity problems in
agriculture.

UNDERLYING PHYSICAL RELATIONSHIPS

The number of studies carried out per year on differ-
ent aspects of crop response to salinity in a variety of
countries is enormous. The U.S. Salinity Laboratory in
Riverside, California, alone has published an average of
about 35 scientific publications per year in the years
1979-1981.2 Considerable scientific activity, both theor-
etical and empirical, is being carried out in the USSR,

217



218

Holland, Hungary, India, Pakistan, Tunisia, Egypt, and
Israel.

These studies deal with a diversity of salinity prob-
lems; they provide understanding of the mechanism of crop
response to salinity and guides to water resource and ir-
rigation management under salinity-affected conditions.
However, the number of studies involved in formal modeling
and quantification of the physical relationships relating
soil and weather conditions, water use (timing, water
quantity, and salinity), and crop yields, is surprisingly
small.

In view of the complexity of these relationships, it
is convenient to refer to them within a systems framework,
comprising two subsystems (Yaron, 1974): Subsystem I,
involving the relationship between irrigation decision
variables (timing, quantity, and salinity of water) and
the soil state variabies {coi! sa:inity, soit meisiure,
etc.) and Subsystem TT, in which the soil state variables
are related to the target variables (such as quantity and
quality of yield). Schematically, these two subsystems
can be represented by the following functions:

Subsystem 1

SMI = fl(IDv, GIK) (1)
SSI = fZ(IDV, 6|K) (2)
where:
SMI = soil moisture index
SSI = soil salinity index
IDV = vector of decision variables
6 = rainfall
K = all other factors considered as constant for

a given crop, under given agro-climatic
conditions.

Subsystem 11
Y = g(SMI, SSI|K) (3)

where:

Y = crop yield per land unit area.
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Upon substituting (1) and (2) into (3), the yield can
be expressed as a function of the irrigation decision
variables, rainfall, and the constant variables:

Y = h(IDV, 6[K) (4)

The study of (1), (2), and (3) separately is apt to
provide a better understanding of the system; however, it
is complex and implies the estimation of numerous param-~
eters. The reference to function (4) only is a less am-
bitious black box approach; the benefit is the need to
estimate fewer parameters. Whenever interpolations--and
perhaps extrabolations--from one location to another are
needed, the reference to the fully designed system, (1)-
(3), is appropriate.

Relationships relating soil salinity to the irriga-
tion decision variables (Subsystem [) have been studied
and modeled by Bresler (1967, 1973), Childs and Hanks
(1975}, Hanks (1974), Feddes et al. (1974), Neuman et al.
(1975), and others. For convenience in economic and man-
agement-oriented analyses, a relatively simple model has
been suggested by Bresler (1972) for conditions charac-
terized by: (i) the absence of drainage problems; (ii)
deep or confined aquifers where the effect of return flows
can be ignored; (iii) the adsorption of the relevant ions
being negligible, and (iv) sprinkler irrigation. Such
conditions prevail in most of the regions in Israel, with
respect to which the model has been calibrated, tested,
and successfully used. The model outline is presented ir
Appendix A; more details can be found in Yaron et al.
(1979, Hebrew).

Using this model and a cimulation program3® the pro-
cess of salt accumulation and leaching in soils can be
simulated with reference to a4 variety of conditions for
which the model was calibrated [(i)-(iv) above]. For il-
lustration, Table 8.1 presents results from selected simu-
lation runs.4 It is important to note that, regardless of
the initial soil salinity, continuously using the same
irrigation practices and water quality, soil salinity con-
verges within 3-5 years to a steady-state average level,
with between-year fluctuations depending on the rainfall
in any particular year.

Major sources of compiled information on the rela-
tionships between soil salinity and crop yields (Subsystem
II) are in Bernstein (e.q., 1964, 1965, 1973, 1981), and a
relatively recent compilation of worldwide data published



Table 8.1 Selected results from simulations of salt accumulation and leaching, sprinkler
irrigation, fruit crops, southern Israel

Salinity of Irrigation Water
Applied (ppm/C1)

Ninterb
Irrigation Supple- 200 300 400 450
Soil Annual a Water mentary
Type Rainfall Applied Irrigation Electrical CoEductivity of Soil
Region (5P) (mm) (mm) (mm) Solution~ (mmhos/cm)
South 66 339 615 53 1.47 1.87 2.25 2.46
66 398 800 49 1.50 1.92 2.35 2.55
66 365 1950 56 1.62 2.10 2.58 2.83
Northwestern 52 264 615 84 1.47 1.85 2.24 2.43
Negev 51 254 800 88 1.52 1.94 2.35 2.55
52 264 1050 85 1.59 2.04 2.50 2.73
Negev 33
39 219 800 108 1.46 1.83 2.20 2.37
39 290 1050 72 1.43 1.82 2.20 2.39
Eshkol Region 25 248 615 92 1.36 1.70 2.30 2.20
25 248 800 92 1.42 1.77 2.14 2.32
25 240 1050 99 1.46 1.85 2.24 2.43

aAverage of 10 random simulation runs
bAverage of 20 simulation runs and random rainfall.

irrigation water in winter was 200 ppm/Cl.
Mean spring-fall soil salinity at the end of a series of 10 years; average of 10

simulation runs with random rainfall for each run.

It was assumed that the salinity of

Root zone average - S0 cm.

0¢¢
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by Maas and Hoffman (1977). On the basis of these com-
pilations, Ayers and Westcot (1976) prepared irrigation
menagement-oriented guidelines "that would allow the man-
in-the-field to evaluate the quality of a given water
supply for agricultural use" (Maas and Hoffman, 1977).
Their guidelines present the evaluated yield decrement for
selected crops in response to the salinity of irrigation
water expressed in terms of (ECwY) and soil salinity-

electrical conductivity of soil water extract (ECeY)--when

common surface irrigation methods are used. They also dis-
cuss the possibie effects of other irrigation systems
(sprinkler and trickle) and of other factors which may
affect the assumed relationships (e.g., leaching, in-
Creased frequency of water applications).

The functional specification of the relationship be-
tween crop yields and soil salinity following Maas and
Hoffman (1977) is shown in Appendix A.

It is important to note that the crop response com-
pilations by Bernstein and Maas and Hoffman are dominated
by data from experimental plots and containers with ample
moisture supply, which do not necessarily reflect the sit-
vation(s) prevailing in actual field practice. A notable
example of widely diverging results is the comparison of
experimental data compiled by Shalhevet (1983, Hebrew) on
citrus response to salinity, with the response estimated
on the basis of field survey data (Hausenberg et al.,
1973; Shalhevet et al., 1974). The experiment-based
estimated response is (Shalhevet):

Y =100 - 12.9 (ECe - 1.28) (5)
with
Y = the relative yield (%)
EC, = the electrical conductivity of the saturated soil

solution in the root zone (mmho/cm).

The survey-based estimate (Hausenberg, Shalhevet),
aceptea by Yaron et al. (1979) to the same functional
form, is:

vy =100 - 30 (ECe - 1.3) (6)

The comparison suggests that the loss threshold level
is practically the same in both functions (1.28 versus
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1.3), but the percentage-wise loss per one mmhos/cm above
the threshold is 2.3 higher in (6) than in (5).

The divergence between (5) and (6) is attributable to
the difference in tle background variables, specifically
in the soil moisture regime.

The system-oriented and modeling-based approach still
faces considerable difficulties, which are due to the com-
plexity of the relevant relationships, on the one hand,
and the scarcity of the data needed, on the other. Ac-
cordingly, workers tend to present salinity-induced yield
loss within the framework of equation (4) and with refer-
ence to well-defined localities. A notable example is
Robinson (1978), who tabulated evaluatea yields of major
crops in selected locations in the southwestern u.s.,
under varying conditions with respect to the irrigation
system, number of irrigations per year, and water salin-
ity. It is unfortunate Lhat many similar evaluations are
published in media with restricted circulatior for ad hoc
applications only.

THE MAGNITUDE OF POTENTIAL LOSSES TO FARMS AND
REGIONS DUE TO SALINITY

In this section, we present several empiricel esti-
mates of potential monetary losses to farms and regions
due to increasing salinity of irrigatior water. Note that
the economic losses are, as a rule, more severe than the

value added

gross output vaTue
of 50 percent, which is common in modern farming systems,
a 10 percent loss of physical yields amounts to 20 percent
loss in terms of value added; 20 percent loss of yields
leads to 40 percent (!) loss of value added, which may be
critical to farms' viability. In many cases, a 10 percent
loss of yields is not even observed unless a special study
invelving soil salinity measurements and yield records is
undertaken. Farmers and extension workers feel alarmed
when visible symptoms, such as leaf injuries, are evident,
but these are generally observed when higher percentage-
wise losses have occurred.

In the estimation of salinity-induced income losses
to farms and regions, distinction should be made between
three situations from the point of view of adjustment. to
salinity on behalf of the farm:

ratio of

physical yield losses; with a
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(a) currentiy practiced crep mix and irrigation
technology

(b) crop mix adapted to salinity and currently
practiced irrigation technology

(c) both crep mix and irrigation technology
adapted to salinity.

Hypothetical curves representing farm income losses
induced by salinity of irrigation water under the above
situations are shown in Figure 8.1. Wote that the adapta-
tion of irrigation technology to salinity is a continuous=-
1y progressing process as additional knowledge is being
gained and irrigation management i< improved.

Moore et al. (1974) estimated the income losses to
farms in the Imperial Yalley of California, with reference
to assumed adjustments of crop mix and technology (see
also section on agro-economic efficiency in the use of
saline water). They found that the increase in irrigation
water salinity from EC 1.5 (current) to 2.00 (projected
for the year 2000, if no countermeasures were undertaken)
would cause a reduction of 12-14 percent to the returns to
land and water. Salinity increase up to EC = 3.00 will
result in the reduction of land and water in returns in
the range of 20-29 percent. [t appears that reduction in
the net income would be higher due to the lower base for
computing the percentage-wise loss.

Oyarzabal-Tamargo and Young (1978) estimated the
losses accrued to the Celorado River Irrigation District
in northern Mexico, which includes the Mexicali Valley and
the San Luis Valley. This district obtains water from the
Tower Colorado River. In 1960, the quality of water was
about 800 ppm TDS; after 1961, due to the execution of a
drainage project in Arizona and diversion of its water to
the Colorado River (see also section on farm-region and
interregional interactions, externalities, and cooperative
solutions), the salinity level was in excess of 2000 ppm
TDS and, again, was reduced by countermeasures to 1200 ppm
TDS by 1570. The estimated loss in net returns to the
Mexicali and San Luis Valley farms in terms of 1975 prices
are presented in Table 8.2.

Note that Oyarzabal-Tamargo and Young referred to
situation (c), i.e., they assumed the adaptation of the
crop mix and the irrigation technology to increasing
salinity. Since, in practice, such adaptations are taking
place rather siowly, except for farms with a very respon-
sive management, their estimates of the losses might be
biased downwards. The crops common to the region were
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Table 8.2 Estimated losses to net returns for
alternative water salinity levels in
Mexicali and San Luis valleys, North
Mexico, 1975

Water Salinity Losses

(ppm TDS) (%)
800 0

1000 5
1200 12
1400 19
1600 27
1800 36
2000 %

Source: Adapted from Oyarzabal-Tamargo and
Young, 1978.

cotton, wheat, alfalfa, safflower, barley, ryegrass, and
grain sorghum, either tolerant or moderately sensitive to
salinity.

Yaron et al. (1979) estimated potential Tlosses to
agriculture in the south and the Negev areas of Israel
under conditions of deterioration of water quality. Esti-
mates of potential income losses for kibbutz and moshav
farms,®> with reference to situation (a)--current crop mix
and irrigation practices--are shown in Table 8.3.

As Table €.3 shows, the salinity-induced (percentage-
wise) losses in moshav farms are about double those of
kibbutz farms. This is due to the larger share of salin-
ity-sensitive fruit crops on moshav farms. In a later
study, Yaron et al. (1982) estimated the potential losses
due to increased salinity in fruit crops only on moshav
farms (Table 8.4), using the same approach as that under-
lying Table 8.3.

Yaron et al. (1982) also studied the response of kib-
butz farms and income losses induced by increased salin-
ity. They found that the income loss accrued to kibbutz
farms by the rise of salinity from 220 to 300 ppm C1, and
even up to 400 ppm C1, is not very significant. More sig-
nificant are the structural changes induced by salinity,
namely, the tendency to eradicate fruit crops (sensitive
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Table 8.3 Estimated income losses (%) for al-
ternative salinity levels of irriga-
tion water in the Sgyth and the

Negev regions in Israel

Salinity Level

(ppm C1) Kibbutz Farms Moshav Farms
200 5 10
200 14 30
400 23 45

3ncome defined as gross revenue less variable

and labor cost, spring 1978 price level.

Source: Adapted from Yaron et al., 1979.

Table 8.4 Estimated relative income losses (%) accrued to
fruit crops on moshav farms for alternative

salinity levels of irrigation water in the
South and the Negev regions in Israel
Income loss (%)

Salinity Level 5 B
(ppm C1) Range Average

200 11-26 18

300 21-42 34

400 33-36 51

35ee footnote a, Table 8.3.

bReferring to a sample of 10 moshav villages (out of 76).

Source: Adapted from Yaron and Ratner, 1982.
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to salinity) and the increase of the area of cotton which
is salinity insensitive. This structural change, which is
likely to happen under conditions of increased salinity,
is contrary to the sound management rules in favor of di-
versification which guided the kibbutz farms in the past.

In summary, the extent of salinity damages is highly
dependent on the types of farms and the composition of
their crops. Farms with a high share of sensitive crops,
such as the moshavim in the south and the Negev regions of
Israel, are highly vulnerable. Furthermore, it should be
noted that the loss estimates refer to averages with like-
ly upward (and downward) deviations.

An important question is: To what extent can proper
irrigation technology and management cope with the prob=-
lem? This subject is discussed in the following section.

AGRO-ECONOMIC EFFICIENCY IN
THE USE OF SALINE WATER

The Dimensions of the Problem

In the economic analysis of irrigation with saline
water, a distinction is suggested among groups of problems
according to: (1) the level of activity referred to in
the farm-region-nation hierarchy; (2) the problem of ex-
ternal effects ("externalities," in economic semantics);
and (3) the range of time referred to.

This paper deals primarily with the farm level and
discusses the externalities involved in the farm-region
(water basin) relationships in a partial way only.

From the point of view of time, a distinction is made
between:

1. A short-run approach, which refers to relation-
ships confined to a single irrigation season and
does not take into consideration the long-run
effects of salt accumulation over time. The
short-run approach pertains with respect to in-
dividual crops and/or whole farms.

2. A long-run approach which does take into account
the e%?ect of salt accumulation over time in
soils, river flows, and aquifers. It comprises
a succession of short-run processes, the initial
conditions of which are affected by salt accumu-
lation in previous periods; the decisions over
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any single season take into account the possible
terminal conditions that may result from alter-
native decisions, and their effects on succeed-
ing periods. Similarly, as in the short-run,
the long-run approach is relevant to both indi-

vidual crops and whole farms.

In the following, we review and discuss several stud-
ies addressing economic efficiency in irrigation with
water of varying salinity within the framework of short-

run and long-run approaches.

A Dynamic, Responsive-Type Approach
to Leaching and Trrigation

The USDA Salinity laboratory (1954, p. 37) has de-
fined the concept of leaching requirement (LR) as: The
fraction of the irrigation vater that must be leached
through the root zone to control soil salinity at any
specified level. Under the assumptions of (a) uniform
application of irrigation water per unit area; (b) no
rainfall; (c) no removal of salt by the harvested crop and
no precipitation of soluble constituents in the soil; and
(d) steady-state water flow rates, the leaching require-
ment is:

LR:QQ:% (7)
Q D

where:

QD and Q = the depth of the drainage and irrigation
water, respectively

CD and CW = their salt concentrations.

For a predetermined value of CD, the amount of water re-
quired for leaching (LR) is a linear function of the salt
concentration in the water (CW). The line representing
this function passes through the origin, its slope being
the reciprocal of CD. As explained by Bresler (1967),
Ayers and Westcot (1976), and others, this equation is
most useful when applied to conditions of steady-state
water flow and maintenance of the balance in the soil,
which seldom occur under field conditions. It does not
take into account the dynamic changes in salinity during
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the irrigation season, and does not apply in the case of
leaching by a varying water flow or by rain. (See Ayers
and Westcot, 1976, pp. 34-35, for a discussion of the
above leaching tormula and its modification.)

Bresler (1967) decveloped a more comprehensive model
for tracing salt distribution in the soil profile in
response to various irrigation regimes. This model (and
its modifications, e.g., Appendix A), which specifically
refers to the quantity and quality of water applied in
each irrigation and the evapotranspiration between succes-
sive irrigatioss, was later used for the analysis of jrri-
gation management with saline water.

Eresler and Yarcn (1972), following Wadleigh and
Ayers (1945), assumed that the relationship between crop
yield and the combined water regime-soil salinity vari-
ables may be expressed in a general functional form as:

Y=yl HWeo (8)
where:

Y = the crop yield

S = the index of the total water suction

K = ali other growth factors, assumed to be constant.

They showed that S, the average soil water suction weight-
ed over the main root zone Z throughout the irrigation
season T,® increases with the amount of irrigation water Q
at low values of Q, but decreases with Q at relatively
high values of Q. (As is well known, S increases with
each of the variables: the irrigation intended, water
salinity, and initial soil salinity.) They also showed
that, under the conditions studied, it was more efficient
(from the standpoint of salinity) t¢ use a given amount of
water Q for changing the soil water regime rather than for
Teaching.

An application of the dynamic concept of leaching
combined with thr irrigation of a single crop was pre-
sented by Yaron et al. (1980). They presented a dynamic
model for optimal scheduling of irrigation with water of
varying salinity levels and with soil moisture parameters
explicitly considered. The system underlying their model
was characterized by two discrete state variables, soil
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moisture €, and the salinity level of the scil solvtion c,
updated in the model on a day-to-day basis.

The model provides answers to two questions arising
under conditions of irrigation with saline water: (1)
Given the initial soil salinity, should a preplanting
leaching be applied and, if so, at what quantity? (2)
What is the optimal irrigation and leaching scheduling
during the entire irrigation season?

The growing season is subdivided into J subperiods,
in accordance with the stages of growth of the crop. The
yield of the crop is expressed by a function of the fol-
lowing type:

-
1]

A

F')
j J

A

1
where:

Y = yield, kg/ha

A = maximal yield obtained, when all X; =0

Xx. = number of "critical days" in subperiod j
(a critical day is defined as one during
which the total soil suction s exceeds

a critical level)

F. = coefficient of yield reduction per each
J critical day during subperiod j, 0 < Fj < 1.

The total soil suction in day t is a function of soil

moisture et, and soil salinity Cy)

s(6

sy = s(8g.cy)

The core of the model is the following recursive rela-
tionship:

pr k k pr
A (84,cy) = ?at [f4(Qy.04.c) # (10)

p* l‘*
+ At+1(6t+1 v Ca )] t=0,1,2,...,T-1
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with

k

f(+) <0 (11)
p* p Kk
rX P r K

ct+1 = h(et’ct)Qt 'G) (13)
pr

A(By,cp) = A-Py - FC (14)

for all p and r, where:
p = the price per yield unit (net of harvest cost)

FC = fixed cost per la-1 unit area, with cost of
irrigation and h:.vest excluded. Note that FC
(a constant) can be ignored in the recursive
maximization process

g,h = the transformation functions of soil moisture
and soil salinity from day t to (t+1)

G = all other factors considered as constant

t = the number of days from the beginning of the
growing season with t=0 being the planting day
and t=T the end of the grcwing season. Note that
the direction of change in t is opposite to the
conventional notation in dynamic programming.

The objective is to maximize the cumulative net income

p r
AO(BO,CO) for every p and r, subject to (12) and (13), by

applying a dynamic programming backward induction pro-
cedure to (10) for t=T, T-1, T-2, and so on, with t=0 de-
noting the beginning of the growing season.

The model has been applied to the analysis of optimal
irrigation policy of grain sorghum under several situa-
tions in the Gilat area. The adjustments in the optimal
irrigation policy and the changes in the yield and the
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income per Tand unit area were studied in response to two
variables: the salinity of the irrigation water through-
out the irrigation season and the initial soil salinity at
the beginning of the growing season (t=0). Selected re-
sults of these analyses are presented in Figure 8.2. More
details and analyses of additional situations are given by
Yaron et al. (1980).

The results of Figure 8.2 suggest several policy
rules for irrigation with saline water under different
initial salinity regimes:

o Generally, frequent applications of small quanti-
ties of water are preferable to applications of
large quantities at extended intervals.

0 Under relatively high saline conditions (i.e.,
high values of either initial soil salinity or
water salinity, or both) an extra amount of irri-
gation water for leaching is generally justified
at the beginning of the growing season (for ex-
ample, situations A.5 and B.4 in Figure 8.2) or in
the middle of the irrigation season (C.3 and D.3).
Some combinations of the above are also recom-
mended (B.5 and C.4).

0 Under relatively Jlow-saline conditions, it is
worthwhile to extend the irvigation over a longer
period, as compared to the high salinity-affected
situations (for example, B.1 versus B.2). The ra-
tionale underlying this rule is that when ti.
yield potential is high, it pays to preserve the
yield potantial by extending the application of
irrigation.

0 Under the most saline conditions referred to in
the analysis, it is not worthwhile to irrigate at
aitl.

Note that the first two rules have been recently set
forth in general terms (e.g., Goldberg et al., 1971; Bern-
stein and Francois, 1973; and others). The present model
quantifies these rules for specific situations.

The model might be useful in two major applications.
First, in testing and screening irrigation policies for
detailed examinations by field experiments. Since com-
puter simulation of the water-soil-crop system is con-
siderably cheaper than field experiments, it can be used
as a means for screening irrigation policies to help de-
cide upon more expensive and more reliable field experi-
ments to follow. Second, the model can be used for the
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detailed analyses of optimal irrigation with saline water
under well-defined situations without field experiments.
For such applications, however, refinement and calibration
of the model for specific situations is needed.

Long-run Analyses of Farm Adjustments
and Income [osses Due t¢ Salinity

Analyses of irrigation with water of varying quality
within a farm framework were performed by several workers
e.dg., Parkinson et al. (1970), Hanks and Andersen (1981),
Moore et al. (1972}, Feinerman (1980), Feinerman and Yaron
(1983), and others.

Commonly used analytical framework is one of a linear
programming model, the core of which can be schematically
presented as follows:

Maximize f = CiXy # CoXy + C3Xq (15)
subject to:
SLS| £ by (16)
Ak, b
DyXy * DXy + D3Xy ¢ by
X Xy kg £ 0
with:

51,52 = vectors representing activity levels of
crops irrigated with "good" and "low"
quality (saline) water, respectively

53 = vector of activity levels representing
unirrigated crops

Ql,gz = vectors representing net income coefficients
per activity unit or crops irrigated with
"good" and "low" quality water, respectively

[gp]
it

C3 = vector of income coefficients per activity
unit of crops
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gl,gz = water restrictions of "good" and "low"
quality, respectively

A2 = water input coefficients related to crops
irrigated with "good" and "low" quality
water, respectively

bs = vector of restriction levels other
than water

01,02,03 = technological coefficients related to
restrictions other than water.

Parkinson et al. (1970) designed a linear programming
model aimed at determining the optimal crop mix in refer-
ence to three levels of water salinity and the losses in-
duced to crops. The option to mix water from different
sources was also included.

Hanks and Andersen (1981) presanted an agro-economic
model relating the crop mix and irrigation practices with
the salt content of the return flow. The physical rela-
tionships involved are analyzed very comprehensively, with
almost all relevant functional relationships regarded as
endogenous to the model, including irrigation methods
(sprinkling and flooding), irrigation frequency, uniform-
ity of water distribution, transpiration and evapotran-
spiration, drainage, salt distribution in the soil pro-
file, salt outflow to groundwater, and, finally, predicted
yields of the relevant crops under selected conditions.

Their economic model was designed to maximize the
farm income over a single year (a Vernal, Utah, farm pro-
vided the framework for the economic analysis), with para-
metrically varying restriction Tlevels on salt outflows
resulting from irrigation. The real cost to the farm of
restricting the salt outflows was estimated. The economic
analysis of Hanks and Andersen's paper was static, in that
it referred to a single year; however, it can be adapted
to a long-run analysis. In effect, the analyses of the
physical processes are extended over a series of years.

Thr: results nf Hanks and Andersen's study show the
change in the optimal crop mix in response to initial soil
salinity conditions and the permissible salt outflow per
farm. It amounts to varying the acreage of alfalfa, corn,
and oats; under the most extreme conditions (high initial
soil salinity and low salt outflow), most of the land
should be left idle (Figure 8.3). Another result is the
estimated relationship between the farm's income and the
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salt outflow--a concrete monetary expression of external-
ities.

Moore et al. (1974) presented an economic analysis of
irrigation with saline water in the Imperial Valley of
California, with reference to three sizes of farms with
varying quantities and salinity levcls of water supplied
to them. Utilizing information on the response of crops
to soil moisture and salinity, alternative efficient com-
binations of water quantity and salinity were formulated
and incorporated into farm planning, with the aid of
linear programming. The objective of the analysis for
each size of farm was to maximize its income under the
above conditions. In response to increasing salinity, the
results indicate (1) adjustments in the relative share of
certain crops; (2) the tendency to reduce both the total
irrigated acreage of the crops and the cropping intensity

(total crop average
1rrigabTe acreage

ratio); (3) reduction in the farm's

income in terms of return to water and land; and (4) re-
duction in the average and marginal return to water of
different salinities. In particular, the acreage of alf-
alfa (a medium-sensitive crop) is reduced to zero in re-
sponse to higher water salinities, while the acreage of
lettuce (a salinity-sensitive crop) remains unchanged up
to water salinity of EC = 2.0 mmho/ cm, and drops to zero
at only EC = 3.0. This order of acreage reduction is
apparently due to the higher income of lettuce per acre.
The relative reduction in the annual farm income in terms
of returns to water and land is shown in Table 8&.5.

Feinerman (1980) studied the optimal mixing of water
of varying salinity levels on a farm with three sources of
water (EC = 1.3, 2, and 41 mmho/cm, respectively), simul-
taneously with the crop mix determination and the optimal
allocation of the mixed water to the crops. The point in
Feinerman's results essential to our discussion is that
the priority of crops in the allocation of good quality
water should be assigned according to both income poten-
tial and sensitivity to salinity; the sensitivity to
salinity is not the major criterion. For the farm studied
(in the Negev region of Israel), the priorities were
ranked as shown in Table 8.6.

In summary, the short-run analyses here reviewed in-
dicate (1) what adjustments should be undertaken by the
farms in terms of crops acreage and irrigation/leaching
management in order to reduce salinity losses; (2) the un-
avoidable farm income losses under optimal management in
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Table 8.5 Estimates of the relative return to water and
land on small, medium, and large farms in
response to increasing salinity, lmperial
Valley, California

Water Quality (EC mmho/cm)

Farm Size 0.75 1.50 2.00 3.00
......... (%) - = . e - = eea o=
Small 114 100 86 71
Medium 112 100 87 74
Large 112 100 88 74

Source: Following Moore et al., 1974.

Table 8.6 Priorities in allocation of high-quality water
on a fanp with three sources and varying water
salinity

Priority Income Sensitivityb
Ranking Crop Potential to salinity
1 Potatoes High MS
2 Citrus Moderate S
3 Carrots Low S
4 Cotton fledium High T

3 farm in the Negev ar2a of Israel provided the
empirical framework for the analysis.

bFo]]owing Maas and Hoffman, 1977: S = sensitive,
MS = moderately sensitive, T = tolarant.

Source: Adapted from Feinerman, 1980.
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response to increased salinity. These should be compared
with salinity-induced losses under the current management
practices. As the number of the adaptive response mea-
sures increases, the income losses decrease,

Long-RunAnalyses

Irrigation with saline water is a dynamic stochastic
process. Salt accumulates in the soil during irrigation
and is periodically leached by rainfall and/or irrigation.
The major natural stochastic element is rainfall; other
stochastic phenomena are related to uncertainty (or insuf-
ficient knowledge) regarding the physical relationships
involved. A dynamic approach and stochastic elements have
been introduced into the system by Yaron and 0lian (1973)
and others.

The dynamic process of irrigation with saline water
of a single plot can be characterized by one state vari-
able representing variations of the s0il salinity of the
plot over time (Yaron and 01ian (1973); see Figure 8.4 for
schematic presentation of the process. For several plots,
the process can be characterized by the corresponding num-
ber of state variables, thus leading to a multi-state dy-
namic problem. However, the solutions of multi-state
dynamic problems are technically difficult (curse of di-
mensionality) and sometimes impossible, with far-reaching
simpiifications or a heavy computational burden.

In same situations, the adaptive response approach
(inherent to dynamic programming or optimal control) is
not necessary, and a long-run, steady-state situation can
be justifiably referred to. Such situations prevail when-
ever leaching in response to salt accumuiation in the soil
profile is either not needed (e.g., low salt accumulation
and periodical leaching by precipitation) or not justified
economically because the benefit derived from leaching is
lower than the income derivable from the allocation of
water to other uses. A study by Yaron and Voet (1982) may
provide an illustration.

They refer to a farm in the south of Israel with two
fruit groves and field crops, mainly cotton. The fruit
groves (avocado and tangerine) are sensitive to salinity,
while the field crops are not. The farm has at its
disposal a given quota of water of low quality. In the
case of excessive salt accumulation in the soil of the
fruit groves due to irrigation, leaching irrigation may be
applied. If justified, high quality water for Teaching
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might be allocated to the farm by the regional water au-
thority without changing the farm's annual quota (implying
substitution of some of the farm's poor quality by high
quality water at a 1:1 ratio). The farm's problem is the
allocation of its irrigation water to the two groves and
the field crops, with emphasis on the jusiification of
leaching irrigation. The analysis, performed with the aid
of an integrated dynamic and linear programming model,
suggested that the optimal policy is to apply the conven-
tional quantities of water to the irrigation of the
groves, not to leach the groves over the conventional ir-
rigation quantities, but rather to use all the water re-
maining for the field crops.

To support the above cenclusion, the returns to salt
leaching (over and above tle conventional irrigation
norms) in selected situations were estimated (Table 8.7).
As Table 8.7 shows the returns to leaching under the con-
dition referred to are in the range of 0.6-1/7 IL/m3 at
spring 1978 price levels (1 IL = 6 US cents), while the
return from 1 m® allocated to cotton as the competitive
alternative falls within the range of 3.5-5 JL/m3.

The point of the above example is that in the long as
in the short run, leaching should te evaluated within an
intrafarm competition with alternative uses of water.

The operational conclusion, important to workers
modeling and studying the long-run responses to and the
effects of salinity on farms, is that in certain situa-
tions, adaptive response-type models are not necessary,
Recalling that under constant irrigation policy, soil
salinity converges to a steady state within 3-5 years
(Figure 8.1), it is pcssible to address long-run, steady-
state conditions and search for the long-run, steady-state
optimal irrigation policies. Whenever adaptive-type de-
cisions in response to salt accumulation are needed, the
problem becomes computationally difficult.

Feinerman (1980) designed a long-run model which re-
fers to a farm system over a sequence of several irriga-
tion seasons and incorporates rainfall uncertainty. Con-
ceptually, it is an extension of the two-state linear
programming model under uncertainty (Dantzig and Madansky,
1961). The objective function is to maximize the present
value of the expected net profits from the yields of crops
over the time horizon, subject to total water and land
supplies, acreage quotas for certain crops, and linear
balance equations which describe the evolution of the
soil-related state variables over time.



Table 8.7 Estimated returns to salt leaching under selected situations in Israel?

Water
Quantity
Region Used in Return t
Situation and Soil Type Leaching Leaching
No. Climate (SP, %) Crop (m3/ha) (IL/m3)

1 South 47 Avccadn 1000 1.7
7 South 47 Avocado 1500 1.0
3 Scuth ) 47 Citrus (Valencia) 1000 1.0
4 South 47 Citrus (Valencia) 1500 0.6
5 Negev 30 Avocado 1000 1.6
6 Negev 30 Avocado 1500 1.1
7 Negev 30 Citrus (Valencia) 1000 0.8
8 Negev 30 Citrus (Valencia) 1500 0.6

aat spring 1978 price level. 1 IL =6 U.S. cents, approximately.

bIn all situations, a steady state was simulated; continuous irrigation with water
containing 300 ppm C1, and leaching with we_er containing 220 ppm Cl were assumed.
Program SALIN B (1982) was used.

Source: Adapted from Yaron and Voet, 1983

eve
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Obviously, the optimal solution of each season of the
linear programming mode] depends on all future parameters
of the system representation. As we progress over the
planning horizon, however, additional data and information
become available and can be used to update the model's
parameters. The revised parameters are then employed as a
priori information for the next model's solution (typi-
cally, an agricultural production system is relatively
flexible and can accommodate itself to changing condiiions
at a relatively low cost). The main goal of Feinerman's
linear programming model presented here ic to provide a
framework for decision-making in the short run, taking
into account the future.

The model has been applie. to the analysis of long-
run irrigation on a farm with three water sources of vary-
ing salinity levels. Its results indicate the priorities
in water and land allocation to the farms crops, which, in
some cases, differ from those derived within a short-run
analysis. For more details, the re~der is referred to
Feinerman (1980) and Feinerman and varon (1983).

While Feinerman's model and similar analytical long-
run planning models incorporating uncertainty provide a
much better understanding of the farm's system and its
complex interrelationships, they are computationally too
costly for routine work in planning or extension. Simula-
tion provides a more practical aoproach for such purposes.
An example is provided by Matange and Marino (1979), who
combined stochastic dynamic programming and simulation to
determine irrigation schedules with brackish water for
several crops, and then applied this information to the
allocation of the farm's land and water among the crops.
Simulation of irrigation with saline water on a farm was
applied, too, by Polovin (1974). However, simulation, due
to its amorphic structure, does not clearly point to the
relationships among *iie relevant variables and the other
elements of the system.

In conclusion, a combination of the computationally
difficult anaiytical approaches with simulation is needed,
with the first ones providing an understanding of the sys-
tem, as well as ideas for testing by the more practical
simulations. This judgment may change in the future, with
development of more efficient computational algorithms.

Coming back from the phase of models to the real
world which those models are expected to serve, one cannot
overemphasize the importance of long-run planning of water
resources and irrigation under conditions of water salin-
ity. Water scarcity dictates the efficient use of water,
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which reduces built-in salt leaching. With no natural
leaching by rainfall, the saiinity build-up in the soil
may eventually reach catastrophic levels. Ancient history
abounds with examples of such events.

FARM REGION AND INTERREGIOMAL INTERACTIONS,
EXTERNALITIES, AND COOPERATIVE SOLUTIONS

Within the context of a region or a water basin, a
distinction is useful among three phases of irrigation
projects: the delivery phase, the farm irrigation phase,
and the water removal phase. The farm irrigation phase
has been reviewed in the previous section. Here, some
problems related to the delivery and water removal phases
will be discussed.

Compensation for Increased Water Salinity

Water rights, if firmly practiced under conditions of
increasing water salinity, may lead in some regions to the
question of what is fair compensation for the deteriora-
tion of water quality. A well-known international claim
for compensation relates to the Colorado River, which
crosses the U.S.-Mexico border. The 1944 U.S.-Mexico
Treaty guaranteed Mexicc an annual quantity of 1.5 M acre-
feet (maf) of the water of the Colorado «iver (Oyarzabal-
Tamargo and Young, 1978). Keither the quantity nor the
quality was an issue until 1961. In fact, until 1960,
Mexico received, on the average, over 4 maf per year. In
1961, a drainage system was constructed in southwestern
Arizona, with its highly saline water discharged into the
Colorado River. At about the same time, water deliveries
to Mexico were reduced to 1.5 maf, due to the need for
storage in Lake Powell (the reservoir for the Glen Canyon
Dam). As a result, the salinity level of the water de-
Tivered to Mexico rose to 2000 ppm TDS, as compared with
about 800 ppm TOS in 1960. (See section on magnitude of
potential losses for the evaluation of the income losses
accrued to the Mexican farmers; recall that the estimates
refer to salinity-adaptive irrigation technclogies, whose
actual introduction to farms is, in reality, a slow pro-
cess.) At the same, time the quantities delivered to Mex-
ico were reduced. The Mexican farmers affected by this
change and the Mexican government protested vigorously.



245

A solution was sought and found in countermeasure
efforts undertaken in the U.S., with the result being the
reduction. in salinity to 1200 ppm in 1971. The conflict
was fin~1ly resolved by an agreement signed by the presi-
dents of the two countries in 1973, ctating that the U.S.
should be responsible for delivering to Mexico waters with
an average salinity of not more than 115 ppm above the
salinity at the Imperial Dam, the last U.S. diversion.?
This problem is an example of a situation in which the
burden of maintaining a certain level of water quality at
the delivery phase is levied on the contributing region
(in this case, the U.S.).

Another aspect of this problem is the evaluation of
the fair rate of substitution between quantity and quality
(salinity) of water supplied to farms and/or regions.
This issue was studied by Yaron et al. (1982), with re-
spect to the south of Israel. The wotivation for their
study emerged from the problem confronting the south and
the Negev regions of Israel, in which a rise of salinity
in water supply is expected. Currently (1983), most of
the water supplied to the region contains between 220-250
ppm Cl, equivalent to 550-625 TDS ppm/l. Farm water
quotas are determined by water rights to which the farm-
ers, as well as the water administrators, adhere.

The necessary information for the derivation of the
marginal rate of substitution (MRS) between quantity and
guality of irrigation water are estimates of the produc-
tion function(s) of farms in the region with varying in-
puts of quantity and salinity cf irrigation water:

Y= f(Q, S, F|K) (17)

where:
Y = is the output (value added) of the farm

Q = vector of quantities of irrigation water at
different periods

S = water salinity

| Rnal
]

vector of other production factors

1=
"

vector of all other factors, assumed to
be constant.
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In view of the scarcity of data for the statistical
estimation of (17), a normative planning approach was ap-
plied, also on the assumption that the farms would attempt
to maximize their incomes under varying availability of
quality and salinity.

The study referred to a sample of kibbutz farms with
sprinkler irrigation as the predominating irrigation tech-
nology. The option of adaptation of the crop mix to in-
creased salinity was included in the analysis (situation b
in Figure 8.1).

Irrigation with saline water is a dynamic stochastic
process, with rainfall being the major stochastic element
in the region studied. A system integrating a dynamic
stochastic programming model with a static linear program-
ming mode! has been designed. Its application has led to
the conclusion that, with reference to the data relevant
to the specific empirical analysis, adaptive control-type
decisions were not needed, and the dynamic stochastic
model could be substituted by a static approach, addres-
sing steady-state conditions (see also section on agro-
economic efficiency). Accordingly, linear programming was
applied to the determination of the long-run optimal mix
of crops and the optimal water allocation on the sample
kibbutzim. By parametric runs with reference to various
combinations of water quantity and quality and other para-
meters, vectors of observations indicating the income,
quantity and salinity of water, and other parameters were
generated.

The relationship between income and quantity and
quality of water was estimated for each kibbutz farm by
the least squares technique. For illustration, one of the
specifications of the regressions was:

Y=0b
where:

+ b.GW + b

0 1 2BW +b

3BW-CL (18)

—<
1

income (=value added) of the farm (000 IL,
spring 1978 prices, 1 IL = 6 U.S. cents);

GW = quantity of good quality water (220 ppm C1)

at the farm's disposal (000 m3);

BW = quantity of low quality water at the farm's
disposal (000 m3);
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CL = salinity index of the low quality water, defined
as CL = (450-C) with C being the chloride con-
centration of the low quality water (ppm C1).

C1 represents the divergence from an upper bound
of 450 ppm CI.

Regression (18) was estimated for each kibbutz farm
for three scenarios with respect to fruit crops. These
scenarios assumed alternative policies with respect to the
eradication and replanting of fruit crops in response to
increased water salinity, the policies being:

0 reference to the acreage of fruit groves as fixed

o eradication of fruit groves which are not
profitable

0 substitution of unprofitable fruit groves by
profitable ones.

See Yaron et al. (1982) for the discussion and the justi-
fication of these scenarios.

Marginal productivity values of water with differing
levels of salinity content were derived from the estimated
regressions. These were later used to compute the mar-
ginal rate of substitution of low quality (BW) for good
quality water (GW), with the income kept constant.®

Selected results presenting the marginal productivity
of good quality (GW) and low quality water (BW) and the
marginal rate of substitution between BW and GW under con-
ditions of the last scenario are presented in Table 8.8.

Such MRS values were estimated for all 10 sample
farms in the region for water salinity ranging between
260-400 ppm C1 and three scenarios assumed with respect to
fruit crop policy. The frequency distribution of these
MRS values is shown in Table 8.9.

An attempt to generalize and summarize the results
presented in Table 8.9 is not an easy task. The individ-
ual farms differ one from the other considerably. Fur-
thermore, functions representing the physical relation-
ships involved and the relevant parameter values are
subject to some uncertainty, as are relative prices of
inputs and outputs. Generalizations, however, are needed
for policy decisions and are expected by policymakers. In
view of the complexity of the overall relationships, only
a subjective evaluation of the results and their generali-
zation may be attempted. The authors' (Yaron et al.,
1982) subjective summary for water salinity approaching
300 ppm C1 is an MRS of 1.10 as a conservative measure and



Table 8.8 Marginal productivity and marginal rates of substitution between low and high

quality water, kibbutz farms, South and Negev regions in Israel

MVP (IL/m3)P

Kibbutz No. Gw BY

and Regiona RangeC Averaged Rangec Averaged
1,S 4.76 4.07-4.50 4.32 1.17-1.06 1.10
3,S 4.43 3.69-1.96 3.84 1.20-1.12 1.15
8,SN 3.34 2.87-3.28 3.10 1.16-1.02 1.08
10,SN 7.00 6.18-6.70 6.48 1.13-1.04 1.08

45 = South; SN = South Megev

b

At spring 1978 prices (1 IL = 6 U.S. cents)

“With BW water salinity ranging from 400 to 260 ppm C1

d

With BW water salinity at the mean value

8¢


http:1.13-1.04
http:6.18-6.70
http:1.16-1.02
http:2.87-3.28
http:1.20-1.12
http:3.69-1.96
http:1.17-1.06
http:4.07-4.50

Table 8.9 Frequency distribution and means of the estimated MRS values under selected

situations
Salinity
Content of
Low Quality MRS
Observations Water Total
Set and Source (ppm C1) <1.05 1.06-1.10 1.11-1.20 1.20 F Median
________ (%) v e e e e e e -
A1l observations 260 90 10 -- -- 100 <1.05
"Scenario 1"2 320 30 70 -- -- 100 1.06-1.10
400 10 45 45 -- 100 1.06-1.20
A1l observations 260 50 10 20 20 100 <1.10
"Scenario 3" 320 10 40 30 20 100 1.06-1.20
400 -- -- 70 30 100 1.11-1.20

3The MRS values derived under conditions of "Scenario 2" are very close to those of

Scenario 1. See text for the explanation of the scenarios.

6ve
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an MRS of 1.20 as a liberal one. Obviously, different
readers will formulate their own generalizations: farmers
to be affected by increased water salinity in the future
will obviously be cautious and tend towards higher MRS
values.

A related problem is the determination of the optimal
salinity level of the water supplied to the region, when-
ever it can be controlled at a certain cost. The issue
emerges from the fact that various types of farms grow
different crops with differing levels of sensitivity to
salinity; the salinity-sensitive farms will tend to demand
the supply of higher quality water.

Ratner (Yaron et al., 1982) found that under condi-
tions of farm compensation for deterioration in water
quality by additional water quantities, as described in
the previous paragraphs, the pieferred quantity-quality
cembination varies among different farms in the same re-
gion. Kibbutz A and B prefer a salinity content of 350
and 300 ppm Cl, respectively, while a neighboring moshav
village prefers the current 220 ppm C1/1 salinity level
with no compensation in terms of additional water guanti-
ty. As previously mentioned, this difference in the pref-
erences is easily explained by the difference in crop mix
between kibbutz and moshav farms, inherent to their struc-
tures. The kibbutzim grow large areas of cotton, while
the moshavim grow large areas of salinity-sensitive fruit
crops. The questions posed to the region's farms and
water resources administrators are: (1) What is the op-
timal quantity-salinity combination tor the region? and
(2) What is the proper scheme for cost-benefit allocation
among the region's farms?

The Problem of Externalities

The interrelationship between the farm phase and the
removal phase is a typical case of externalities, defined
as a situation in which one group has indirect effects
(adverse or favorable) on others. The problem deserves a
long discussion; due to space restrictions, it will only
be addressed briefly here.

The essence of the externality problem is that return
flows from irrigated farms drain to rivers or groundwaters
which, in turn, constitute the sources for irrigation
water of other farms. (Drainage water contains consider-
ably higher concentrations of dissolved salts than the
application water.)
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The quantities of salts transferred from one phase to
another (i.e., from the delivery system to the farms and
from the farms to the removal system) are subject to con-
trol. Sometimes, however, there is a conflict of interest
among the various parties of the overall regional system.
Where the source of water supply is a river, upstream
farmers contribute to the pollution of downstream waters
by the return flows from their fields. This tendency is
exacerbated under conditions of availability of low-cost
water, with no incentives for careful irrigation and
avoidance of overirrigation. The tendency is even more
acute when the source supplying the water is saline, and,
from the point of view of the upstream farmers, excess
irrigation, with a certain amount intended for leaching of
salts, is necessary. In such a case, a clear conflict
invelves them in a loss of income, whereas using leaching
exacerbates the salinization of downstream waters and cor-
respondingly causes a loss of income to downstream farm-
trs. The above is also true for large-size canals.

An analogous situation exists when the return flows
are drained to groundwater or aquifers. Here, however,
the process may be slowed down by the mixing that occurs
with large volumes of water stored in the aquifers, and
Lhe salinization may be gradual, extending over decades.
Such a process of gradual salinization of groundwater is
observed in Israel; in such a case, the benefits from jr-
rigation accrue to those currently farming, whereas the
damage and income loss will be borne by future genera-
tions.

Reduction of the quantity of salt drained in return
flows may be achieved by increasing irrigation efficiency
on farms--using optimal irrigation schedules; improving
irrigation systems by such means as lining canals and us-
ing pipes; and improving the interfarm water conveyance
systems, thus decreasing seepage losses.

On the whole, some degree of return flow is neces-
sary. Complete lack of soil leaching and drainage will
result in a gradual build-up of salinity in the soil. In
extreme situations, waterlogging may occur. Thus, if the
groundwater level reaches the soil surface and evaporates,
the contained salts are left on the ground surface (this
process is often exacerbated by capillary action).

If it were possible to drain the return flows and
deposit the salts in the deeper soil layers, below the
root zone of plants but above the groundwater level, an
ideal solution would pertain, but unfortunately, nowadays
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this seems utopian. In some situations, drainage of re-
turn flows to the sea may prove to be a useful solution.
The application of the ASTRAN method, referred to in the
next section, may hopefully lead to such solutions.

Obviously, the gravity cf the salt problem in return
flows depends on the salt content of water at the delivery
phase. Reduction of salinity at this phase can be achiev-
ed by diverting salty sources out of the system and intro-
ducing and mixing high quality and desalinated waters.

The interaction between the contributing and the re-
ceiving regions poses several questions: What measures
should be undertaken by the contributing region to reduce
the losses caused to the receiving region? What measures
should be undartaken by the receiving region to reduce its
losses? What is the fair overall solution, and how should
the costs and benefits be shared?

There are two major difficulties in answering the
above questions. The first is a lack of sufficient in-
formation on the physical parameters needed to quantify
the relationstips between the contributing and receiving
parties; this difficuity can be overcome by further
research.

The second difficulty is considerably harder; it is
related to tie conceptual and moral problems involved in
the externpalities discussed. The questions posed above
are generally dealt with by engineers and economists, who
are used to the rigors of (1) problem definition and (2)
optimization of a given objective function subject to cer-
tain constraints that “merge from the subject matter of
the probiem. Since a conflict of interests is inherent in
the sysiem, a crucial issue arises: From whose point of
view should optimization be sought? I.e., should it be
Group A farms, Group B, etc., or optimization from the
point of view of the society as a whole, at the cost of
certain parts of the society? The reader is referred to
Young and Leathers (1981), Howe and Young (1981), Suzuki
and Nakayama (1976), and Young et al. (1982) for a further
discussion of these issues. Game theory approaches pro-
vide a useful framework for the analysis of such con-
flicts; however, it is still to be seen whether the axiom-
oriented, quasi-automatic solutions derived with the aid
of the various game theory approaches will provide answers
meeting the criteria of common sense judgment. (For a
formal introduction to game theory, the reader is referred
to Owen, 1968.)
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NEW IRRIGATION TECHNOLOGIES - NEW PRIORITIES

AR variety of relatively new irrigation technologies
and cultural practices for reducing salinity losses are
available. They include increased frequency of irriga-
tions, timing of the leaching irrigations (discussed in
the section on agro-economic efficiency), change of the
irrigation system (e.g., drip irrigation), land grading,
profile modification, placement of seed, and artificial
drainage (Ayers and Westcot, 1976, pp. 38-51). While many
of the above technologies are successfully practiced at
various locations, economic evaluations of their cost and
benefit are generally nonexistent, except for specific
situations.

For exampie, it is well known that sprinkler irriga-
tion with short intervals between applications maintains
high soil moisture, which dilutes salts in the soil solu-
tion, on the one hand, but induces higher evapotranspira-
tion and water use, on the other. While modeling ap-
proaches to the problem have been presentad (e.g., Yaron
et al., 1980), no sufficient empirical work has been done
for generalized conclusions.

Another example refers to drip irrigation. It has
been seen as a proper technology for irrigation of numer-
ous vegetable crops under conditions of salinity and is,
indeed, successfully practiced. However, the effect of
drip irrigation under salinity conditions on citrus and
avocado in Israel is debatable. Drip irrigation leads to
a continuous high-moisture regime in a limited portion of
the soil volume, within which salts are diluted. However,
at the edge of the wetted zone, salts are highly concen-
trated. The overall effect of these two soil-salinity
zones is not clear. Other salinity-oriented issues re-
garding drip irrigation, which thus far (to our knowledge)
have not been properly quantified, are concerned with the
process of salt accumulation in the soil over a sequence
of years and the processes of salt leaching by rainfall
and/or by sprinkler irrigation. Additional theoretical
and empirical work is needed in order to be able to quan-
tify these processes, as well as many other new irrigation
technologies.

Speaking of new technologies, mention should be made
of approaches in sight which can be classified as fron-
tier-changing innovations. One 1is the genetic work of
Epstein et al. (1980), who screened a large spectrum of
barley germ for tolerance. "The best selections grown
under irrigation with undiluted seawater supplemented by
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nitrogen and phosphorus, had an average yield of 1082
kg/ha . . . . For comparison, the average annual world
yield of barley is under 2000 kg/ha" (Epstein et al., p.
401). The experiment was performed on dune sand and with
water salinity of EC = 45 mmho/cm!

Another approach to the same problem is based on the
use of tissue culture techniques for the selection and
isolation of salt-resistant plants (e.g., Chen et al.,
1980). Note that these techniques also seem to be useful
tools in the study of the physiological aspects of salin-
ity resistance of plants.

A further example of frontier-changing innovations is
the ASTRAN method (Helweg and Labadie, 1976), wnich, by
clever manipulations and well-planned utilization of water
resources with emphasis on sélinity, may lead to the con-
centration of salts in aguifers selected for that purpose,
and salt reduction in the oihers. The extreme and most
beneficial expression of the application of this method
would be the creation of a sink of salts which m: be
disposed of in the sea.

These examples of scientific efforts intended to cre-
ate far-reaching innovative technologies, and other ef-
forts to achieve breakthrough results, should not obscure
the issues confronted within the present state cf knowl-
edge. A rational allocation of efforts between the
step-by-step, achievement-oriented studies and the break-
through, hopeful studies should be kept in mind.

SUMMARY

The yield and income losses accrued to farms under
conditions of irrigation with saline water depend, to a
considerable extent, on the farms' crop mix and the share
of salinity-sensitive crops. When the share of the latter
ones is high, as on the moshav villages in Israel, in-
creasing salinity of irrigation water becomes a serious
economic problem (see Table 8.3). On modern commercial
value added
gross output
loss of yield of 10-20 percent is equivalent to 20-40 per-
cent loss of income. The problem is exacerbated by the
fact that salinity-induced losses in yields within this
range are not necessarily visible, and the causes for the
reduced yields might be unknown without a specific study
aimed at this subject.

farming systems with a ratio of 50 percent,
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Our ability to estimate salinity-induced yield losses
is subject to two major shortcomings: the first one is
due to the fact that the bulk of information on crop re-
sponse to salinity originates in experiments with ample
soil moisture supply, which do not necessarily represent
field conditions in practice (see the section on underly-
ing physical relationships for the comparison of experi-
ments with survey data). Secondly, proper management of
irrigation and the introduction of new technologies can
reduce the Tlosses, but the adoption and application of
counter-salinity irrigation methods is a slow and often
costly process. Normative estimates of salinity-induced
losses are biased downwards if they refer to technologies
more advanced than those actually practiced. Significant
empirical survey work emphasizing realistic farm practice
is needed in order to improve our knowledge on salinity-
induced losses. On the whole, some losses are unavoid-
able. This fact should be kept in mind, remembering as
well that the general trend of deterioration of the qual-
ity of water resources in the arid regions, due to exces-
sive use, is unavoidable too.

NOTES

1. Originally published in State of the Art: Irri-
gation Drainage and Flood Control,” No. 3, pp. 263-296,
International Commission on Irrigation and Drainage, n.d..-

2. Computed on the basis of the List of Publications
published in June 1982 by the U.S. Salinity Laboratory,
ARS, USDA, Riverside, California (mimeo).

3. SALIN B, Library Program and the Computer Center
of the Hebrew University.

4. Since citrus, a major crop in Israel, is specifi-
cally sensitive to the chloride ion, salinity is often
referred to in terms of chloride concentration. The rele-
vant transformation formulae under the Israeli conditions
are:

Cl (ppm) = 35.5 C1 (meq/1)
TDS (ppm) = 2.5 C1 (ppm)
EC (mmho/cm) = 0.62 + 0.137C1 (meq/1)
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A quick reference conversion table is shown below (rounded
numbers):

C1 (ppm) DS (ppm) EC (mmho/cm)
200 500 1.40
300 750 1.80
400 1000 2.15
500 1250 2.50
1000 2500 4.50

5. Kibbutz--a collective farm; moshav--a village of
50-120 family farms, with a village cooperative providing
production and marketing services.

Z T
_1 s(z,t) dz dt
and
s = (c) + 1(0)
where:

¢ = total salt concentration of the
soil solution

= total water suction

= time

soil depth

= volumetric water content of the soil

A @@ N o+ »n
]

= osmotic component of the total water
suction, a function of ¢

T = metric water suction, a function of 6.

7. Following Qyarzabel-Tamargo and Young (1978).
8. Referring to:

Y = b,GW + b,BW + b,.BW-CL

1 2 3

and taking the total derivative of Y with respect to
GW and BW, we get:

dY = b,dGW + b

1 2dBW +b

3CL-dBW
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Letting Y = constant, dY = 0, we get for a given lev-
el of CL (= CL*) the marginal rate of substitution
between low and good quality water (MRS):

_dw_ by Mg
dGW b,+g,CL* MVPBw

with MVP denoting the marginal value product of water.

REFERENCES

Ayers, R. S., and D. W. Westcot. "Water Quality for Agri-
culture," FAO Irrigation and Drainage Paper No. 29,
Food and Agriculture Organization, Rome, Italy, 1976.

Bernstein, L. “Salt Tolerance of Plants," USDA Agricul-
tural Information Bulletin 283, U.S. Department of
AgricuTture, Government Printing Office, Washington,
D.C., 1964.

Bernstein, L. "Salt Tolerance of Fruit Crops," USDA Agri-
cultural Information Bulletin 292, U.S. Department of
Agriculture, Government Printing Office, Washington,
D.C., 1965.

Bernstein, L., and L. E. Francois. "Comparisons of Drip,
Furrow, and Sprinkler Irrigation," Soil Science, 110,
1973.

Bernstein, L., and L. E. Francois. "Leaching Requirements
Studies: Sensitivity of Alfalfa to Salinity of Irri-
gation and Drainage Waters, S5cil Science Society of
America Proceedings, 37, 1973.

Bernstein, L. "Effects of Salinity and Soil Water Regime
on Crop Yields," Salinity in Irrigation and Water
Resources, D. Yaron, ed. New York: Marcel Dekker,

Bresler, E. "A Model for Tracing Salt Distribution in the
Soil Profile and Estimating the Efficient Combination
of Water Quality under Varying Field Conditions,"
Soil Science, 104, 1967.

Bresler, E. Personal communication, 1972.
Bresler, E. "Simultaneous Transport of Solute and Water

under Transient Unsaturated Flow Conditions," Water
Resources, 9, 1973.

Bresler, E., and D. Yaron. "Soil Water Regime in Economic
Evaluation of Salinity in Irrigation," Water Re-
sources Research, 8, 1972.




258

Chen, Y., E. Zehavi, P. Barch, and N. Umial. "Effects of
Salinity Stresses on Tobacco I, the Growth of Nicoti-
ana Tabucum Callus Cultures under Seawater, NaCl and
Mannitol Stresses," Z. Pflanzenphysiol., 98, 1980.

Childs, S. W., and R. J. Hanks. "Model of Soil Salinity
Effects on Crop Growth," Soil Science Society of
America Proceedings., 39, 1975.

Dantzig, G. B., and A Madansky. "On the Solution of Two-
Stage Linear Progrums under Uncertainty," Proceed-
ings of Fourth Berkeley Symposium on Mathematical
Statistics and Probiems, Vol. 1, University of Cali-
fornia, Berkeley, California, 1961.

Epstein, E., J. D. Norlyn, D. W. Rush, R. W. Kingsbury, D.
B. Kelley, G. A. Cunningham, and A. F. Wrona. "Sa-
line Culture of Crops," Science, 210:339-404, 1980.

Feddes, R. A., E. Bresler, and 5. P. Neuman. "Field Test
of a Modified Numerical Model for Water Uptake by
Root System," Water Resources Research, 1199-1206,
1974,

Feinerman, E. '"Economic Analysis of Irrigation with Sa-
line Water under Conditions of Uncertainty," Ph.D.
thesis, Hebrew University of Jerusalem (in Hebrew,
with English summary), 1980.

Feinerman, E., and D. Yaron. "Fconomics of Irrigation
Water Mixing within a Farm Framework," Water Re-
sources Research, 1983.

Goldberg, D. C., M Rinot, and N. Kary. "Effect of Trick-
le Irrigation Intervals on Distribuiion and Utiliza-
tion of Scil Moisture in a VYineyard," Soil Science
Society of America Proceedings, 35:127-130,  1971.

Hanks, R. J." ™ModeT for Predicting Plant Yield as Influ-
enced by Water Use," Agronomy Journal 66:660-665,
1974.

Hanks, R. J. and J. C. Andersen. "Physical and Economic
Evaluation of Irrigation Return Flow and Salinity on
a Farm," Salinity in Irrigation and Water Resources,
D. Yaron, ed. New York: Marcel Dekker, 1981.

Hausenberg, Y., Y. Pozin, and M. Boaz. Salinity Survey:
A Summary Report, Spring 1963 - Spring 1972. Israel:
Israel Ministry of AgricuTture, Extension Service (in
Hebrew), 1973.

Helweg, 0. J., and J. W. Llahadie. "Accelerated Salt
Transport Method for Managing Groundwater Quality,"
Water Resource Bulletin, 12:681-683, 1976.

Howe, C. H., and T. J. Young. "The Measurement of Re-
gional Economic Effects of Changes in Irrigation
Water Salinity Within a River Basin Framework: The




259

Case of the Colorado River," Salinity in Irrigation
and Water Resources, D. Yaron, ed. New York: WMarcel
Dekker, 198I.

Maas, E. V., and G. J. Hoffman. “Crop S~1t Tolerance:
Current Assessment," American Society of Civil En-
gineers, Journal of the Irrigation and Drainage Divi-
sion IR2, 103:115-134, 1977.

Matanga, G. B., and M. A. Marino. "Irrigation Planning,
2: Water Allocation for Leaching and Irrigation Pur-
poses," Water Resources Research, 15(3):679-683,
1979.

Moore, C. V., J. H. Snyder, and P. Sun. "Effects of Colo-
rado River Water Quality and Supply on Irrigated
Agriculture," Water Resources Research, 10(1):137-
144, 1974.

Neuman, S. P., R. A. Feddes, and E. Bresler. "Finite Ele-
ment Analysis of Two-Dimensional Flow in Soils Con-
sidering Water Uptake by Roots: 1, Theory," Soil
Science Society of America Proceedings, 39(2):22%-

30, 1975,

Owen, G. Game Theory. Fhiladelphia, Perinsylvania: W. B.
Saunders Co., 1968.

Oyarzabal-Tamargo, F., and R. A. Young. "“International

External Diseconomies: The Colorado River Salinity
Problem in Mexico," Natural Resource Journal, 18:77-
89, 1978.

Parkinson, J. K., J. T. Habbi, J. P. Wagner, and M. §S.
Sachs, "Desalting Saline Groundwater for Irrigation:
A Case Study of Buckeye Area, Arizona," Water Re-
sources Research, 6(5):1496-1501, 1970.

Polovin, A, TEconomic Evaluation of Water Quality in the

.~ An Application of Simulation," M.S. thesis (in
Hebrew), Hebrew University of Jerusalem, 1974.

Robinson, F. E. "Agricultural Consequences in Califor-
nia," Salinity Management Options for the Colorado
River, J. C. Andersen and A. P. KTeinman, eds., Utah
Water Research Laboratory Water Resources Planning
Series Report P-78-003, Utah State University, Logan,
Utah, 1978.

SALIN-B. Hebrew University Computing Center Library, Li-
brary Program, 1982.

Shalhevet, J. "Citrus Sensitivity to Salinity," (in He-
brew) Alon Ha'notea, 1983, pp. 41-43.

Suzuki, M., and M. Nakayama. "The Cost Assignment of the
Cooperative Water Resource Development: A Game The-
oretic Approach," Management Science, 22:1081-1086,
1976.




260

USDA Salinity Laboratory Staff. “Diagnosis and Improve
ment of Saline and Alkali Soils," USDA Handbook 60
U. S. Department of Agriculture, Government Printin
Office, Washington, D. C., 1954.

Wadleigh, C. H., and A. D. Ayers. "Growth and Biochemica
Composition of Bean Plants as Conditioned by Soi
Moisture Tension and Soil Concentration," Plant Physi
ology, 20:106-132, 1945. T

Yaron, D., and A. Olian. "Application of Dynamic Program
ming in Markov Chanis to the Evaluation of Wate
Quality in Irrigation," American Agricultural Eco:
nomics, 55:467-471, 1973.

Yaron, D.” "Economic Analysis of Optimal Use of Salini
Water in Irrigation and the Evaluation of Water Qual-
ity," Salinity in Water Resources, J. E. Flack and C
W. Howe, eds. Boulder, Colorado: Merriman Publish-
ing Co., 1974,

Yaron, D., E. Bresler, H. Biolorai, and B. Harpinist. "/
Model for Optimal Irrigation Scheduling with Saling
Water, Water Resources Research, 16:257-262, 1980.

Yaron, D., A. Dinar, H. Voet, and A. Ratner. "Economic
Evaluation of the Rate of Substitution between Quan-
tity and Quality (Salinity) of Water in Irrigation,'
Working Paper #8211, The Center for Agricultural
tconomic Research, P.0. Box 12, Rehovot, Israel,
1982.

Yaron, D., and H. Voet. '"Application of an Integratec
Dynamic and Linear Programming Model to the Analysis
of Optimal Irrigation on a Farm with Dual Quality
(Salinity) Water Supply," Planning and Decisions ir
Agribusiness:  Principles and  Experiences, C. F.
Hanf and G. W.  Schierer, eds., Elsvier, Amsterdam,
Holland, 1982.

Yaron, D., A. Dinar, and S. Shamlah. "“First Empirical
Estimates of Potential Losses of Agricultural Income
in the South of Israel Due to Deterioration of Water
Quality," (in Hebrew) research report, The Center for
Agricultural Economic Research, P.0. Box 12, Rehovot,
Israel, 1979.

Young, R. A., and K. L. Leathers. "Economic Impacts of
Regional Saline Irrigation Return Flow Management
Program,” Salinity in Irrigation and Water Resources,
D. Yaron, ed.” New York: Marcel Dekker, 1981.

Young, H.P., N. Okada, and T. Hashimoto. "Cost Allocation
in Water Resource Development," Water Resources Re-
search, 18:463-475. 1982.




261

APPENDIX 8.A
THE EFFECT OF IRRIGATION-LEACHING DECISIONS ON
SOIL SALINITY AND YIELDS OF CROPS

The underlying relationship is the salt balance equa-
tion (Bresler, 1979):

£-¢
Q-C - B'Q'—z— =g -0 (A.1)
where:
£ = soil salinity before irrigation (meq C1/1)
£ = soil salinity after irrigation (meq C1/1)
Q = depth of irrigation water applied (mm)
C = chloride concentration in the irrigation

water (meq C1/1)

V = depth of water contained in the root
zone (mm)

B = empirical leaching parameter, denoting
percentage of chloride leached below the
root zone during irrigation.

From (A.1), a transformation function is obtained:

_ec+tv-Fo
v+5w

(A.2)

_ Denote _the parameters of decision d by QL’ L’ QI’
C}, where QL’ QI are the water quantltles and Cl, CI are
the water salinities stipulated by d'. Assume that it in-
volves: (a) preplanting leaching (QL); (b) irrigation and
leaching during the irrigation season (QI)'
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From (A.2), we obtain:

ajc] + &v - 3 p-a)

gh=t'(t.d)) = — (A.3)
(v +38:Q)
S_siei iy O - 3 80
g'=elgd) = et (A.4)
(v + 3 B'QI)
where:
£ = soil salinity after preplanting leaching
g‘ = so0il salinity after the irrigation season
= preplanting leaching parameter
B = irrigation season leaching parameter.

A similar relationship was used for the rainy season
with the salinity of rainfall taken as zero and the param-
eter B empirically estimated.

Salinity damage to yield is determined via the elec-
troconductivity of the soil solution, assumed :0 be a
function of two known parameters, A and B (Maas and Hoff-
man, 1977). Soil salinities El, £1 determine the value of
the electroconductivity of the soil solution (ECi).

P2
EC; = 0.62 + 0.137 §-§-§- (A.5)

Referring the base yield of crop j, in the absence of
salinity damage as YJ, the actual yield is defined by:

Yi(d',£) = yg[l - 0.01 - Bj{max(O,Ecg - ah1 (A.6)
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where EC% is the electroconductivity of the soil solution
in the j-th crop plot using strategy d'.

The empirical leaching parameter B was estimated on
the basis of 141 observations from the Citrus Salipity
Survey in Israel (Hausenberg, 1973). The estimates re-
lating to sprinkier citrus irrigation were g =0.73, 0.61,
0.52, and 0.40 for soil with SP = 0-39, 40-59, 40-69, 70-
84%, respectively. The coefficient for rainfall leaching
was estimated to be 0.60 for all soil types.

Note that these are empirically estimated coeffi-
cients, valid for the conditions referred to (sprinkling,
citrus irrigation, south of Israel). For more details,
see Yaron et al. (1979, Hebrew).
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Irrigation, Drainage,
and Food Supplies

Ian Carruthers

GROWING RELIANCE UPON IRRIGATION

irrigation is playing an increasingly important part
in providing the developing world's food supply. The
World Bank estimates that there are now 160 M ha of irri-
gated land in developing countries. This is only 20 per-
cent of all land harvested, but it receives 60 percent of
appiied fertilizer and produces 40 percent of all crop
output. There is $15 B invested in irrigation and it is
still growing at 2 percent per year. It is a favored sec-
tor for aid donors, receiving one-fifth of all aid for
food and agriculture in 1980 (Carruthers, 1983).

There is no sign of irrigation falling from favor
with farmers, governments, or aid donors. Irrigation is
the principal means by which man modifies climates to in-
crease food supplies. New developments in technology,
plus complementary advances in plant breeding, crop pro-
tection, and agronomy "packages" have increased the poten-
tial productivity and profitability of irrigation agricul-
ture.  This increased productivity comes from higher
yields and multiple cropping, often with two or even three
crops a year; therefore, it is argued (mainly by those
with a technical bias) that public and private investment
and aid donor interest are well founded. Without irriga-
tion, the "Green Revolution" would founder.

But irrigation investment also has had loud critics
who note such matters as the huge costs ($2,000 per 10,000
ha) which are often underestimated, the delays in con-
struction, the yields below forecast, the poor financial
performance, and the environmental damage to human health
and to the soils (Hotes, 1983).

265
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THE THREAT OF WATERLOGGING AND SALINITY

This article concentrates upon the growing problem of
soil waterlogging and salinity, which threatens to destroy
the food-producing capacity of the irrigated lands of the
Nile, Euphrates, Indus, Ganges, and many other arid zone
river basins. Drainage is also required in the humid
tropics where rice is the dominant crop, in order to bring
about the sound water control necessary to obtain high
yields. The aid lobby, such as those responsible for the
Brandt Report, specifically mention large-scale irrigation
basins as a major area for agriculturai investment and
production expansion. But in most irrigation areas,
drainage, reclamation, and water control projects are
needed now. The Food and Agriculture Grganization esti-
mates that 50 percent of the world's irrigated land is
salinized to the extent of affecting productivity (cited
by Gilbert White, 1977). In Iran, Iraq, Egypt, and Paki-
stan, more than 70 percent of the farmland is so affected.
India has 5-7 M ha affected. Wherever evaporation exceeds
rainfall, salinity is a risk. Where high sodium content
leads to alkaline soils, with a consequent toxicity, loss
of structure and permeability, then reclamation is tech-
nically extremely difficult and expensive. Where alkaline
conditions occur, there is virtuaily no economic solution
and this problem is reputed to be increasing in parts of
northern India, Pakistan, southern Russia, Afghanistan,
and Iran (Kovda, 1977).

Drainage has not been undertaken because the effect
of waterlogging and salinity is generally slow to become
apparent; remedial measures are expensive; in areas al-
ready irrigated, the loss of land and disruption to exist-
ing farm structures, roads, and canals causes local oppo-
sition; and maintenance of drains is costly and requires
care’ul management.

Drainage has been consciously neglected by irrigation
advocates. In arid India and Pakistan, developers have
long recognized eventual drainage needs, but they deferred
expenditure on grounds of political expediency and fi-
nance. As has been noted, unlike irrigation, drainage is
unpopular with farmers, taking substantial amounts of land
(approaching 15 percent in the case of open drains) and
giving in return a benefit that is not obvious, is delay-
ed, and is indirect, at a relatively large cost. Johnson
(1982) brilliantly reviews the irrigation experience of
Pakistan and argues that now massive investment in drain-
cge is inevitable if the Indus Plains are to sustain at
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targeted living standards the 130 M who will inhabit the
region in the year 2000. He concludes that no alternative
is available and, most depressing of all, that most of the
costs must be borne by the users of irrigation. This is
daunting because the Pakistan government has not managed
to make even the rich, among what are mostly low-income
farmers, pay more than 50 percent of the recurrent costs
of irrigation supplies. We can anticipate that drainage
levies will be politically and administratively more prob-
lematical, even if the present trend to pay farmers higher
prices by reducing indirect taxation of agriculture con-
tinues.

Waterlogging and most forms of salinity are the
direct consequences of poor water management and inade-
quate drainage. Various symptoms of damage from defective
drainage are still regarded, all too often, as unexpected
indirect costs of irrigation development. For example, in
Egypt, with its long experience of iriigation, there was
disappointment verging on surprise at the extent and form
of the deleterious effects of the large additions of irri-
gation water from the Aswan Dam, first on the groundwater
regime, then later on crop yjelds. The damage has forced
the government to adopt a nationwide drainage program that
has absorbed the major part of the Ministry of Irriga-
tion's capital budget in recent years.

The best technical means of drainage and the optimum
operating system are not well tested. There is a need tn
assist poor countries with finance, technical assistance,
and pilot projects. Once this phase is over, there will
be a major role for aid donors who have large resources,
long-term perspective, and environmental consciousness.
The economics of drainage shares some of the problems of
conservation, soil erosion, and tree planting. Primarily
because of delayed benefits, the rates of return are like-
ly to appear low, but the instinct is to proceed in spite
of this. On long-term, irreverz.ole matters, the economic
calculus sometimes appears fragile and deficient.

CAUSES OF DRAINAGE PROBLEMS

Drainage is going to be required whenever the ground-
water equilibrium is disturbed and the water table rises
to the plant root zone. This will happen when the sum of
incoming vertical seepage from precipitation, rivers, ca-
nals, watercourses, and fields, plus lateral seepage ex-
ceeds the sum of evaporation from the capillary fringe of
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the groundwater and evapotranspiration of plants and any
lateral export by underground seepage (see Figure 9.1).
On the large alluvium river basins, before modern
barrage-centrolled irrigation, there was very little proh-
lem from waterlogging, as the water table was generally
below 4 m, and annual inflows and outflows were in bal-
ance. Even the huge nineteerth and early twentieth cen-
tury barrage canal commands of the Indian subcontinent did
not Tead to a general rapid rise in underground water
table Tlevels because the design aimed to spread water
thinly over a large area. Certainly in some areas, there
were local problems when, for example, badly aligned ca-
nals cut across natural drainage lines, increasing the
risk and duration of periudic flooding (Whitcombe, 1972).
For the most part, any rise in groundwater levels was slow
because the main objective was to protect as large an area
as possible from drought, to minimize famine risk, and to
provide the financial benefits of irrigation to as many
landowrers as possible, which was, in turn, expected to
benefit the government exchequer. Typically, these early
irrigation projects led to cropping intensities that were
less than half of what were theoretically achievable.
The effect of protective irrigation was primarily to
encourage farmers to under-irrigate, in an effort to cover
as large a part of their land as possible. This was ra-
tional for them because water was the scarce factor of
production, compared with land and labor, and the highest
average return to water came from light irrigations. With
simple, traditional agricultural technology and poor in-
frastructure, the irrigation water response function for a
given season is low and very flat; hence, the optimum
water application is much less than the potential evapo-
transpiration which is usually advocated by extension
agents. Raticnal farmers, maximizing the return per unit
of scarce water by increasing the area cultivated, helped
prevent water table buildup, as seepage losses from field
were negligible. Unfortunately, under this irrigation
regime, the small quantities of salt present in irrigation
water [for example, 300-40CG parts per million (ppm) total
dissolved solids in Indus water] gradually build up in the
profile, and soil leaching is eventually necessary to pre-
vent saline soils and salt damage to crop growi, .
Researchers who focus at the watercourse or tarm lev-
el have found, under extensive and intensive systems,
losses ranging from 25-30 percent (Punjab National Bank,
1982) to 40 percent (Lowdermilk et al., 1977). Lattimore
(1979) reports team findings that indicated most losses
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occur through the banks and at junctions. They recommend-
ed realignment and consolidation of the banks and concrete
structure at junctions, saving up to half the water while
achieving more than double the crop production.

Leaching of salts by heavy irrigation, plus seepage
from rivers, canals, and watercourses, caused a slow rise
in water table in many irrigation projects. Poor field
application of efficiency and unlevel fields add to the
problem. tor example, 1n Khairpur, Pakistan, the water
table rose oy 10 cm (0.34 ft) per year from the early
1930s, when Sukkur Barrage was opened, up until 1965. By
this time, the position of farmers was serious because the
average water table depth was now less than 2 m. This
leads to evaporation from the water table resulting in a
rapid increase in surface soil salinity (see Figure 9.2).
Furthermore, as water tables rise, there are serious nega-
tive effects, first upon the rootinc patterns of deep-
rooting plants (such as tree crops and cotton), then even-
tually shallow-rooting plants (such as wheat) (see Figure
9.3). (See also Nijland and Guindi, 1984, for Egyptian
data.)

Unfortunately, farm-level data availability on the
relationship between crop yield and waterlogging or salin-
ity is not available in sufficient quantity to service the
large-scale and diverse public investment programs. Drain
designers and economists both are working with limited and
crude information. Furthermore, where field trials exist,
the evidence is obscured by other factors affecting
yields, so a clear relationship to aid detailed design is
seldom found (see Nijland and Guindi, 1984).

RECENT ACCELERATION IN THE PROBLEM

Over the last 25 years, the rate of salt buildup and
the insidious rise in the water table in irrigated lands
has substantially increased. This has arisen because of a
switch from "protective irrigation" to a drive for in-
creased intensity of irrigation. There are technical en-
gineering, agricultural, and economic reasons for a switch
in approach towards intensive irrigation.

Attractive projects to supply more water to agricul-
ture came as a result of advances in the engineering field
in water storage dam design and earth moving and other
construction technology; an increase in the demand for
hydropower and improved ways of creating it; new ap-
proaches to groundwater exploitation; and appreciation of
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opportunities for water saving at the field level. All
these developments contributed to the creation of attrac-
tive projects to supply more water to agriculture. How-
ever, these opportunities were seldom low-cost projects,
and it appeared most economic to put additional water into
the existing network of the under-used irrigation facili-
ties. In Egypt, India, and Pakistan, the best lands were
already irrigated, so intensification began by switching
seasonal canals to perennial operation. The next stage
was to remodel the existing canals and watercourses to
take additional surface water. Subsequently, since the
late 1960s, groundwater development has been undertaken on
a grand scale. At first. this was not efficiently handled
by the farmers, and the seepage increased. This wastage
added to the growing drainage problem.

Whenever there is fallow land laid out for irriga-
tion, the cultivators and landowners will pressure the
engineers (who typically manage schemes) for additional
water. Many water managers have succumbed to those pres-
surce, and many canals have been run bank full, much above
design, with increased seepage and much waste when canal
bank breaches occurred.

At the time that engineering developments gave an in-
centive Lo irrigation investment, there were advances in
agronomy charactevrized as the "Green Revolution" technol-
ogy, which added further impetus. New varieties of crops
emerged from cesearch insiitutes (particularly wheat,
rice, maize, and sugarcane), which responded to fertilizer
and could more than repay the costs of crop protection and
additional attention to soil cultivation techniques. This
shifted the optimum irrigation strategy of the farmer from
extensive cultivation of a largz area to intensive culti-
vation. In economic terminology, Lhere was a complemen-
tary, or more than additive, response to simultaneous
application of the package of modern agricultural inputs,
including irrigation water. This 1mplied an upward shift
in the response curve for water, giving higher yields for
any level of water supply. In short, it paid to apply
more water per hectare, and the drainable surplus was
again increased.

Figure 9.4 shows the effect of these changes in ir-
rigation intensity in part of the Lower Indus in Pakistan.
Before 1923, when perennial irrigation was introduced, the
water tables were below 4 m; 50 years later, 75 percent of
these areas had water tables less than 2.4 m.

There are limits to this process. Water would not
rise to the surface throughout the irrigation project
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areas. Increased salinization of land would reduce irri-
gated demand, and canal discharges would have to be cut.
The high water tables would, in turn, result in greater
rates of evaporation from the subsoil water table. In
time, reduced inflows and increased evaporation would
produce an equilibrium, and the water table would stabil-
ize at perhaps an average of 0.5-1.0 m. To farm this suc-
cessfully requires high standards of farm management and a
regular and reliable irrigation supply. Even with good
management, it is likely that severe problems will arise
if the groundwater is highly -aline (more than 3000 ppm)
and after storms (a 10 cm storm may raise water iables by
1 m) for several days. If the millions of hectares of
irrigated land that are at risk--but which promise so much
for low-income farmers in the arid zones--are to be safe-
guarded from disastrous deterioration, there appears to be
no alternative but to drain them.

Salt export is generally required. It is rare for a
satisfactory local solution for disposing of salt to also
be a catisfactory long-term solution. Each year, rivers
such as the Mite and the Indus, with total dissulved salts
between 200-1000 ppm, bring in millions of tons of salts.
Whereas, in the past, most salt would be flushed to the
sea in floods, now most water is stored and consumed by
irrigation. For many months of the year, great rivers
such as the Nile and Indus discharge no water to the sea.
Therefore, the irrigated lands have virtually become huge
evaporating pans and salt stores (Pillsbury, 1981).

ALTERNATIVE TECHNICAL SOLUTIONS

Drainage engineers have to determine the best tech-
nical means of obtaining water table control and the opti-
mum depth to the water table. We can see from Figure 9.3
that if we reduce the water table below 2 m, there is no
drainage constraint to typical crops. Figure 9.2 also
shows that in Indus alluvium, to reduce evaporation from
the water table to one-fifth of the maximum level, the
water table should be below 2 .

The economic problem is that the greater the depth
that the wat: - is drained, the higher the costs. Pumping
costs are directly proportional to height 1lifted, and
capital costs (especially for open drains) also increase
substantially. The main technical alternatives for irri-
gated land drainage being considered in Pakistan are hori-
zontal drains (open or tile drains) and vertical drainage
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with tubewells. To appraise projects for drainage invest-
ment, these options have to be compared with each other
and with the "do-nothing" alternative. This will result
in the abandonment of certain areas where salt will ac-
cumulate as it is leached from cultivated areas. Aban-
doned land becomes a salt sump and, in effect, provides
dry drainage."

In areas that are already irrigated, open drains are
difficult and costly to install, with up to 15 percent of
the Tand area lost, depending upon the soils and their
depth. And once the open drains are installed, the gov-
ernment would face enormous costs for bridges and other
structures over disposal channels, in addition to land
compensation costs. Economists may argue that land com-
pensation costs are merely transfer payments and therefore
don't affect the ecoromic assessment. While this is tech-
nically correct, we should note that economics is but one
test of feasibility, and planners know that raising reve-
nite to pay compensation costs is neither simple nor cost-
less. In addition to presenting funding problems relating
to compensation, open drains present management problems;
they are the drairage technology most disruptive to the
existing pattern of agriculture and will meet with the
most problems volitically. General maintenance and weed
control problems are likely, and open drains are often a
source of health hazards; poorly maintained drains are
breeding grounds for mosquitoes, bilharzia-infected
snails, and other harmful vectors of disease. In silty
alluvium soils, slumping of sides of drains will cause
difficulties. In short, open drains, while requiring a
technology that is simply executed, present severe finan-
cial problems in construction, plus management problems in
operation.

Tile drains have received a big boost in recent years
by development of new tile-laying machines and long-
length, perforated pli-tic pipes. Relatively static oil
prices have made plast’c pipe a relatively cheap material,
compared to brick or u:arthenware alterndtives. Neverthe-
less, tile drains a:e extremely expensive--about four
times the capital cost of tubewells--with similar running
costs, unless the topography allows a gravity outfall. In
order to obtain a minimum of 1.5 m depth between collec-
tors, the tiles must be about 2 m deep and spaced at 60 to
150 m, depending upon the soil permeahility (ranging from
about 0.5 m/day on heavy soils to 1.0 m/day on light
s0ils).
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One of the most remarkably successful features of the
last two decades in the Indian subcontinent has been the
rapid expansion of groundwater development using public
and privately installed tubewells. In Pakistan, there are
186,000 private wells installed and 12,500 bigger-capa-
city, public wells. According to one World Bank estimate,
the private wells in 1983 accounted fo- about 80 percent
of the pumpage and approximately 30 percent of irrigation
water reaching crops.

Where aquifers are suitable, tubewell drainage is, in
principle, more efficient than any alternative. Tubewells
are potentially cheap, easy and quick to instail, a proven
technology, and they can control the water table at any
depth. In practice, in Pakistan, public wells have proved
difficult to install, ma'ntain, and manage in saline and
fresh groundwater areas. Private wells in fresh ground-
water areas ofien have poor designs and suffer from inter-
rupted power and fuel supplies (Johnson, 1982). Tile
drains are more expensive to install ($850 per 1250 ha)
than tubewells ($100 per 400 ha) and have slightly higher
operating costs. Open drains are vastly more expensive
and present unacceptable levels of maintenance problems.

Despite engineering confidence that there are effec-
tive technological solutions to the admitted growth in
salinization problems, not all analysts agree. One recent
“eco;ogical“ critique concluded (Goldsmith and Hildyard,
1984):

. . we have become trapped on a technological
treadmill, which can conly result in long-term
ecological destruction. In that respect, the
experience of the U.S. Southwest is, as we have
seen, particularly eloquent. Thus, in their
thirst for water, the inhabitants of the South-
west have sunk tubewells and built huge reser-
voirs. In their fight against salinization,
America has spent a fortune on technological
measures of a type which less prosperous coun-
tries can i1l afford. Thus, they have lined
irrigation canals, dug horizontal drains, and
built evaporation basins. Now that those mea-
sures have failed to solve the Southwest's water
and salination crisis, the search for new 'tech-
nical' fixes has become increasingly desperate:
river basin transfers and the development of
genetically engineered salt-tolerant crops have
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become the order of the day, but at what finan-
cial--let alone ecological--cost? Sooner or
later, the technical fixes will run out: even
now, as we have seen, many are proving too cost-
ly to 1mp]ement—-w1tness the massive water
transfer schemes which have been proposed for
the area. The future is thus bleak for the U.S.
Southwest--as, indeed, it is for Sind, Iraq, and
South Australia. How long will it be before
vast areas of those regions are abandoned, their
best farmlands being transformed into unlnhab-
ited, salt-encrusted deserts?

COSTS AND BENEFITS OF DRAINAGE

Not all experts agree that dra1nage is among the
highest priority for the irrigation investment. A 1981
U.S. Aid for International Development report on irriga-
tion deve]opment options and investment strategies for
Pakistan in the 1980s, written by three leading U.S. ex-
perts, failed to ment1on drainage, water]ogg1ng, or salin-
ity (Ke]]er et al., 1981). Young and Haveman in a forth-
coming review of the economics of water resources, make
on]y) passing reference to drainage (Young and Haveman
1985

It is difficult to assess the drainage component of
1rr1gat1on improvement because the drainage makes feasible
and, in turn, depends upon rehabilitation of the 1rr1ga-
tlon supply system and other complementary investments in
water and agricultural improvement. The inadequately
named Left Bank Outfall Drain in the Lower Indus includes
additional surface water supplies, surface water storage,
canal remodeling, intercept or drains for canal seepage,
and on-farm water management projects. It is also depen-
dent on a "-it of ongoing agricultural projects, including
credit, <. supply, and improved extension. Indeed,
there is a danger that, if each separate component of a
development program is forced to justify its inclusion,
then essentially the same benefit may be claimed by drain-
age engineers, agricultural extension workers, and so
forth, as the fruit of their own endeavors. Where the
overhead costs of development are large and incomp]ete]y
provided, the attribution of all marginal increases in
production to one known additional investment is fraught
with problems. The complexity of some investment projects
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is shown by the following abstract from an Asia Develop-
ment Bank news release when they approved a $122 million
loan to Pakistan as part of a $657 million project to
drain 577,000 ha in the Lower Indus Basin.

The project comprises the following major components:

(1)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

(viii)

completion of the remaining sections (about 250
km) of the spinal drain, including the construc-
tion of a bifurcation structure at the junction
of the Kadhan Pateji Outfall Drain (KPOD) and
the Dhoro Puran OQOutfall Drain (DPOD) and the
remodelling of both KPOD and DPOD to 57 cumsecs
and 85 cumsecs, respectively; and construction
of a 38 km long, 65 m wide and 3.6 to 4.9 m deep
tidal outfall channel from Pateji to Shah Saman-
do Creek

construction of a surface drainage network for a
gross command area (GCA) of about 578,000 ha,
with main, branch and subdrains totaling about
1,280 km in length ind having a capacity ranging
from 6 cumsecs to 35 cumsecs

installation of about 1,490 drainage tubewells
for a subsurface drainage of about 286,000 ha of
CCA

tile drainage using corrugated polyvinyl chlo-
ride pipe laterals for about 21,000 ha, totaling
1,860 km in length

installation of about 550 km of horizontal in-
terceptor drains

construction of an 11 km distribution system to
power pumps for drainage tubewells and other
drainage facilities

remodeling of about 175 km of the Nara Canal and
about 88 km of the Jamaro Canal to increase
their effectivity capacity

construction of the Chotiari Reservoir by in-
stalling about 56 km of embankment of the exist-
ing lake
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(ix) 1mprovement of about 920 watercourses and preci-
sion land-levelling of about 26,000 ha of CCA

(x) provision of necessary equipment and machinery
for operation and maintenance of the Project
works

(xi) provision of consultant services to assist Water
and Power Development Authority (WAPDA) and the
Department of Irrigation and Power of Sind
(SDIP) in project implementation, including
planning and design, preparation of tender docu-
ments and tender evaluaticn, construction super-
vision, operation and maintenance, and training
of WAPDA and SDIP staff in dra1nage design,
operational planning for drainage systems, oper-
ation and maintenance and system management, and
staff of the Department of Forestry and Wildlife
of Sind who are associated with the Rann of
Kutch Wildlife Sanctuary in environmental moni-
toring.

The interlinking of these components creates an
enormous design problem. Selecting the appropriate scale
of any particular part of this investment obviously re-
quires some form of partial budgeting, but the possibility
of so doing is limited by correlation among the compo-
nents. In practice, a core model of the final plan is
deve]oped and refined by marginal adjustments, then tested
u51ng a variety of criteria including technical, economic,
financial, political, administrative, legal, and environ-
mental cr1teria (see Sir M. MacDona]d & Partners, 1983).

The impossible task of attempting to estimate the re-
turns to components of an interdependent system is further
complicated by the failure of experts to find any agree-
ment on the economics of schemes.

Two recently approved projects in similar areas of an
Asian country had the following sets of assumptions in the
feasibility studies:

Project A Project B
Yield Area Yield Area

Cotton and wheat
prior to project  +18% 0 -33%  -20%

Clearly, the rates of return will appear much higher for
Project B than Project A. Although the same funding
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agency was involved and therefore the two projects passed
through similar monitoring procedures, this anomaly was
not spotted. A cynic would note that, if a project needs
to pass rate-of-return hurdles, it clearly pays to be pes-
simistic about the prior-to-project situation.

IS DRAINAGE A COLLECTIVE GOOD?

Conventionally, drainage of irrigated iand is consid-
ered to be a collective good that cannot be economically
undertaken by individuals. This assumption must be ques-
tioned because farmers in various parts of the world have
produced individual, privately financed, micro-drainage
projects. Indeed, in those areas where extensive irriga-
tion has been developed with average intensities over the
gross area at, for instance, 50 percent or less of poten-
tial, it is dubious whether regional drainage by ground-
water pumping will ever be economically feasible. Schemes
will have to be localized public or private tile drains or
open drainage schemes.

Private investments in drainage are likely to be most
critically evaluated by farmers, and, as a result, the
form and extent of drainage will be morc in line with mar-
ket-signal benefits than will public schemes. However, in
many circumstances, public sector analysts will find that
markets are providing distorted price signals, such as
high indirect taxes on crops or over-valued exchange
rates, that prevent farmers from receiving appropriate
economic indicators. This will distort their private in-
vestment and consumption patterns, but, in principle, sub-
sidy or tax policies can be devised to correct these dis-
tortions.

For example, in Egypt, some private farmers are dig-
ging deen, open drains through their farms. If this fails
to drain the farm effectively (as revezled by differences
in condition of crops close and distant from the drain),
they dig two parallei drains on either side of the first
drain. The spacing can be halved again until the whole
farm has the desired fall in water table. The water may
be pumped from a sump back onto their fields, into a canal
or to low-lying abandoned areas. Gotsch and Dyer (1982)
make an appeal for study of such "homesteader" endeavors
before large-scale public schemes are undertaken.

In this way, private farmers are coping with the twin
problems of waterlogging and salinity. Private farmers
are doing this in a country where farm product prices are
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depressed far below world prices by government actions de-
signed to maintain low urban food prices and tap agricul-
tural exports for revenue. The opportunity cost of labor
is low at certain periods of the agricultural calendar in
Eaypt, which makes the digging of drains feasible. How-
ever, it is unlikely that the drainage water would be
pumped if the subsidized energy prices were raised to
world levels while output prices stay under the present.
price regime. In such economies, economists can play an
important part in devising tax and subsidy policies or in
modifying existing policies that will encourage farmers to
make an optimal level of invesument from the public sector
viewpoint,

Once a public sector drainage scheme is installed,
the problems for the public sector are far from over. For
example, the prospects for revenue generation from farmers
served by new drainage are not very promising. In addi-
tion to the normal pro' -ems of taxing low-income farmers
that are encountered with irrigation charges, drainage
faces additional problems, including:

0 psychological and political attitudes of the farm-
ing community that regard drainage (1ike roads) as
not directly productive and an overhead and,
therefore, a government responsibility

o on-farm drainage that may not be completed and
maintained if charges are levied. [ndeed, many
farmers will look for financial compensation for
lost land rather than face paying charges

¢ downstream farmers may argue, often correctly,
that 't is upstream salt-disposal problems which,
in part, create the need for downstream reclama-
tion and drainage. Hence, it follows that down-
stream costs should be shared by upstream users.
This is an argument that is not likely to have
much appeal to upstream farmers, whether they are
on the upper reaches of the Colorado or the Indus

0 current drainage problems created by past mis-
takes. Farmers 1in years past have reaped an
external economy by farming without drainage,
thereby raising the water table and adding salt.
Should current farmers pay fcr these historical
unpaid costs or should the government pick up the
bill for their previously shortsighted regulatory
policies?
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CONCLUSION

In view of the growing importance of drainage to sus-
tain the irrigation areas that are now the "food machine"
of the arid zone, and in view of the level of ignorance of
the technical, tinancia’, zconoretriz, social, political,
legal, and administrative uzpects, there is clearly a fer-
tile field awaiting basic and applied research.
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Developing Farm-Level Information
for Improved Irrigation Water
Management in Developing Countries

Melvin D. Skold and Donald W. Lybecker

INTRODUCTION

Many development assistance projects in recent years
have given increased emphasis to activities which are tar-
geted to be of direct benefit to farmers. Further, most
agricultural development measures seeking to change re-
source use and/or agricultural output require implementing
change at the farm level. Whether considering efficiency
or equity goals, farm and interfarm comparisons are re-
quired. Understanding farmers and their decision-making
environment is essential to securing technical and insti-
tutional change. Examples of technical assistance efforts
which recognize the need for understanding farmers are
water management projects which focus upon on-farm dimen-
sions for increasing water-use efficiency and farming sys-
tems approaches.

Technical assistance activities which benefit farmers
require knowledge about farmers, their motivations, and
the technical, economic, and institutional constraints
which they face. Farms in developing countries, especial-
ly those targeted by recent development assistance ef-
forts, tend to be small. Small farming systems often
involve a greater aegree of complexity than that encoun-
tered among commercial farmers in more technically ad-
vanced agricultural systems. Increased complexities arise
due to more direct farm-household interrelationships, more
extensive use of multiple cropping and intercropping sys-
tems, lack of knowledge about appropriate measures of per-
formance, and limited secondary data to facilitate even
rudimentary analyses (Hardaker, 1979).

285
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It often happens that farmers in small farming sys-
tems are highly regulated by government intervention with
respect to input supplies and prices, produce markets and
prices, and land-leasing and tenure arrangements. There
is a high degree of interdependence between crep and live-
stock enterprises: livestock provide food products for
household consumption and sale, contribute manure, and
provide draft power for transportation and lifting water
for irrigation and the household. Finally, farmers in
small farming systems are more interdependent upon each
other than are those in larger systems, but generally they
lack the social organizations (institutions) to coordinate
this interdependence. Small farmers may depend on a com-
mon water source for household and irrigation water sup-
plies, and they may pool their efforts and capital to un-
dertake certain activities (e.g., to maintain roads, clean
canals, thresh grain, and purchase tractors and other
equipment).  Further, farmers with fewer resources are
subject to greater externalities (positive and negative)
because of their interdependence upon their neighbors.

Collection of farm-level data and compiling informa-
tion to improve understanding of small farmer behavior is
further complicated by the fact that farmers are often
illiterate and may not deal in weights and measures com-
monly used for analysis. Lack of literacy limits data
collection alternatives and makes it necessary to use
enumerators.  Measures such as "donkey loads" or “camel
loads" are common but lack uniform definition.

The amount of time (labor) associated with a certain
activity is not recognized as the least amount of time re-
quired to complete the task; time taken for completion of
the task depends on social interactions and a number of
other factors, all of which may be more important than
labor-use efficiency. Thus, problems arise in labor re-
quirement specification for a given task or enterprise.

It is also characteristic that farmers in small farm-
ing systems are more isolated (independent) from other
sectors of the economy and from other social groups. Be-
cause of this, they may tend to inject an important amount
of emotional bias in their answers to queries (Zarkovich,
1366). Their emotional background causes them to be wary
of outsiders asking questions, as these queries may be re-
lated to taxation or regulation, or they may touch on mat-
ters important to the farmers integrity, authority, or
dignity (Zarkovich, 1966).
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Purpose

This paper draws on the experience of the authors in
applying farm-level data collection methods to analyze
alternative techniques for improving farm-level irrigation
systems in Egypt. It recognizes that data must be col-
lected with a specific end in view. Data collection pro-
cedures and the kind of data collected must be guided by
the anticipated use or purpose of the data for the conduct
of analyses of technical assistance alternatives. General
or comprehensive data collection schemes are costly and
seldom provide the detail necessary to make specific eval-
uations of technical assistance problems. Recognizing
that specific analytical needs cannot usually be antici-
pated, the data must be capable of providing basic farm
economic information which is timely, reliable, and flex-
ible, for a variety of analytical needs.

Consequently, data collection procedures must recog-
nize the characteristics of the farmer popuiation and the
farming system in which they operate. Even though the
observations or illustrations included here are based on
the Egypt Water Use and Management Project (EWUP), which
is directed toward improving farm-level irrigation prac-
tices, it is expected that the problems and procedures
discussed have applicabiiity to the broad spectrum of
farmer-oriented technical assistance activities.

It is recognized that unique farm-level data must be
collected by each of the disciplines involved with improv-
ing the irrigation system; some data will be unigue to
disciplinary analyses, and other data will be of use to
more than one discipline. Other papers in this seminar
series relate strategies to obtain the data necessary to
assess the agronomic, engineering, institutional, and so-
ciological parameters of the workings of an irrigation
system. This paper focuses on the data useful for econo-
mists to evaluate and understand the farm economic situa-
tion and to perform the financial and economic evaluations
of alternatives to improve the irrigation system.

Data Versus Information

At the outset, it is important to distinguish between
data and information. Data, or a data system, is an
attempt to represent reality empirically. Generally,
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categorization and classification are associated with data
compilation, which is necessary because of the complexi-
ties of most real-life phenomena. If data collection is
properly guided, the data set often becomes a useful de-
scriptor of reality. Facts, principles, and numbers can
be related to each other in such a way as to provide an
understanding of the real-life situation under scrutiny
(Riemenschneider and Bonnen, 1979). But the data system
does not produce information. Data requires analysis and
interpretation to become information (Riemenschneider and
Bonne, 1979). Processing or analysis of data makes it
useful to decision makers; the analysis and interpretation
of data converts data into information (Barnard, 1979;
Blackie and Dent, 1979; Riemenschneider and Bonnen, 1979).
Following this distinction, it is necessary to link data
collection to a specific problem or problem set. General
or comprehensive data systems may or may not be capable of
providing information nacessary to aid decision makers.
Data collected with a particular end in view, such as to
provide analysis of farm-level irrigation system improve-
ment alternatives or other technical assistance technol-
ogies, is targeted to a particular use. Appropriate
analysis can render the data into usefu! information.

Thus, as development of farm-level information sys-
tems is considered, it is important to keep in mind (a)
the users of the data, (b) the use of the data, (c) the
most appropriate means by which to collect the data, and
(d) the kinds of analyses which will be required of the
data. In the sections which follow, the users of farm-
level data for technical assistance analyses will first be
considered. Then, consideration will be given to the uses
of farm-level data, followed by a discussion of the advan-
tages and disadvantages of various approaches to data col-
lection.  Finally, selected analysis formats using the
gata will be discussed and inferences drawn as to the ap-
propriate data collection strategies.

Basic Farm Economic Information

Information basic to the management of any economic
activity are records and budgets. Farms are no exception.
Farmers base their decisions on past experiences. These
experiences may be recalled, or they may be recorded in
some sort of record-keeping system. On the basis of past
experience and other received information, farmers make
decisions and/or plans for the crop year, a crop rotation
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cycle, or, in the case of capital investments, for years
into the future. The process of planning for future ac-
tions is called budgeting. Thus, farm decision-making
utilizes experience and other acquired knowledge to plan
or budget for the future (Calkins and DiPietre, 1983;
Osburn and Schneeberger, 1978; Brown, 1979; Dillon and
Hardaker, 1980).

The budgets which guide decision-making may involve
the entire farm, as in whole-farm budgeting. If only a
part of the farming operation is affected, partial budget-
ing would be applied, or a budget may represent a single
enterprise. In each case, the budgeting process may be
completed "in the farmers head," "on the back of an envel-
ope," or in a more formal and systematized way. Regard-
less of the method, the weighing of past events and other
information is important to understanding farm economic
decisions. The past events are captured in farm record
systems, baseline surveys, and other approaches to data
collection. Data are also provided from the transfer of
experiences from other farms. Further, results from re-
search at experiment stations, weather and other natural
phenomenon records, and knowledge of government policies
and other institutional arrangements affecting the farm-
er's decisions become important to understanding his use
of the resources under his control. Plans for the future
and decisions to select from among alternatives are based
on formal and/or informal budgeting procedures. Purpose-
ful data collection via record keeping, sample surveys,
and the compilation of available secondary statistics are
essential to understanding farmer behavior and the complex
environment in which farmers make decisions. Also, the
financial and economic feasibility of proposed physical,
biological, or institutional changes to be provided to
their proponents requires an appropriate, systematic, and
timely data collection system.

USERS OF FARM-LEVEL DATA

Data such as that provided by farm records, surveys,
and budgeting are commonly used by farmers operating in
commercial agricultural systems to facilitate their deci-
sion-making.  Similar farm-management data are used by a
variety of other users to guide decisions from different
perspectives. Fipancial institutions apply farm records
and budgets in their appraisal of agricultural loans;
researchers use the data to analyze the efficacy of
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agricultural technology and institutional change; and pol-
icymakers use budgets to evaluate the production cost
structure to guide price support and supply control pro-
grams (Tinnermeier, 1983; Miller and Skold, 1980). The
same basic data set, when subjected to different analyses
for different users, becomes valuable information to
several groups of decision makers.

The primary users of farm-level data in developed
countries are farmers. These data systems are designed to
he maintained and used by farmers for tax management, fi-
nancial planning, and evaluating farm resource use and
investment decisions. Consequently, the data systems and
budgeting procedures have been designed to serve the needs
of the farmer-user. In applying these data systems to
developing countries, however, two important differences
are apparent: (a) the farmer is not the primary user;
rather, analysts in some bureau, department, or ministry
are the primary users, in their attempt to bring about
agricultural or irrigation system development and (b) the
farm records and budgets developed to serve tax and finan-
cial planning needs of farmers in developed countries are
not designed to meet the needs of analysts in developing
countries. Rather, the records and budgets must be rede-
signed to provide the user with a thorough understanding
of factors which underlie farmers' decisions, the rela-
tionships between the farm and the household and between
enterprises on the farm, and the constraints (physical,
biological, institutional, economic, and social) which
affect the farm operation.

It is also important to remember that the government
agency and project analysts who are the primary users of
farm record and budget data are not always agricultural
¢ ‘nomists. The increasing emphasis on systems analysis
and the systems approach places farm-management analysis
in the context of other disciplines (Spedding, 1979; Col-
Tinson, 1972). Further, while farm management economists
have generally been the practitioners of farm record keep-
ing and budgeting, the field of farm management has always
been recognized as an interdisciplinary area (Jensen,
1977).

Agricultural economists working on agricultural or
irrigation systems in development projects are part of an
interdisciplinary team of physical and biological scien-
tists and other social scientists. Thus the data set gen-
erated by the agricultural economists must not only be
sufficient for economic analysis; it must also have rele-
vance for analyses of a wide range of problems, and these
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analyses must provide useful information to decision
makers (Barnard, 1979; Blackie and Dent, 1979; Perrin et
al., 1976; CIMMYT, 1980). The analyses generally relate
to the economic design and evaluation of new technologies
(Hardaker, 1979; Candler and Slade, 1981). Subsequent
discussions will explain how farm-level data and informa-
tion can meet the needs for economic analysis, as well as
serve the analytical needs of noneconomists.

USES OF FARM-LEVEL DATA

Data related to understanding the operations of a
farm may be of direct use to any of the disciplines func-
tioning in the interdisciplinary or systems mode. When
focusing on water management, knowledge of the resource
base, enterprise production practices, enterprise inter-
relationships, relationships between the farm and the
household, and constraints affecting the use of resources
by the farm irrigator is useful to the engineer, the
agronomist, and the social scientist associated with the
efforts to develop improved water-management practices
(Tinsley, 1984; Horsey, 1984; Abdel Al, 1984). Most like-
ly, however, it is the agricultural economist who performs
the analysis and interpretation to convert farm-level eco-
nomic data into information useful to his counterparts in
other disciplines. Farm-level economic data are directly
associated with the physical system and the biolagical and
social relationships; comprehensive farm-level cata are of
direct use to several other disciplines associated with
initiating change at the farm level (Brown, 1979).

Analysis of farm-level data can result in several
types of information about the potentials for technical
and operational changes in the irrigation system. The
analyses may invclve the
following:

o Comparative analyses can be made (a) between en-
terprises on the farm or (b) with other farms
producing the same enterprise. Such comparisons
are useful in the problem identification phase of
a project, providing information to farmers about
the profitability of alternative production tech-
niques or considering the effects of a change in
the irrigation system on various enterprises.

0o Other analysis with farm-level data may identify
physical resource constraints, whether water,
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land, labor, or some form of capital is the most
limiting resource. Further, examination of the
resource requirements of the various enterprises
reflects mucn about the relationship between those
enterprises. Often, enterprises are directly com-
petitive with respect to a certain resource at a
particular time. For example, two crops may place
heavy demands for water at the same time.

For other analyses, examination of cash flows from
input expenditures and from revenues when commodi-
ties are sold is important. Improvements in the
irrigation system may involve both financial and
economic costs to the farmers (the differences in
these two types of costs will be explained in sub-
sequent discussion). The farmer's ability to
adopt new irrigation techrologies or the reasons
for following existing practices may be based on
cash-flow requirements. Several reports have in-
dicated that farmers' inability or unwillingness
to apply new technologies is related to their
risk-bearing ability; small, subsistence-oriented
farmers often cannot bear the risk associated with
new irrigation practices which increase their cash
expenditures for inputs.

The analyses may also be directed toward evalua-
ting the profitability of new investments in items
such as irrigation pumps, the design of field
distribution systems, or improvements in a cana)
serving a number of farmers. Again, these anal-
yses require both financial and economic compari-
sons.  Farm-level data are the basis for the
micro-level feasibility or cost-ben:fit analyses
needed in the evaluation of the irrigation system
changes being tested.

If the farm-level data are collected over time,
both between-year and through-time comparative
analyses can also be made (Lybecker et al., 1984).
Evaluations can be made of the progress of farmers
operating under new irrigation practices relative
to those following traditional practices. The
pay-back of investments in improvements to the
irrigation system can be analyzed, and/or sources
of year-to-year variability in the farming en-
vironment can be examined.

Measurement of the quantities of inputs used will
allow for the estimation of relevant production
functions at the field, farm, and more aggregate
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levels. Such production functions will allow for
the imputation of input (e.g., water or fertiliz-
er) values and optimum use levels.

Most analyses of the potentials of changes in the
irrigation system (or any aspect of the farming system) at
the farm level fit within one or more of these types of
analyses. An important requisite on the farm-level data
system is that it be comprehensive enough to make any of
these types of analyses possible.

METHODS OF DATA COLLECTION

Primary data to describe and form the basis for anal-
ysis and understanding of farms can be obtained by three
different approaches. Often, the approaches are used in
combination, as each method has its advantages and disad-
vantages. The major approaches to farm-level data collec-
tion are (a) controlled experiments, (b) farm surveys, and
(c) farm records.

Controlled Experiments

Controlled experiments have a distinct advantage for
generating certain kinds of data. Only by holding most
aspects of the environment constant and by varying others,
while observing their effects, can one isolate the rela-
tionships between certain variables. Such experiments,
generally conducted on experiment stations or experimental
farms, have been particularly valuable in physical and
biological research advances. Agricultural economists
often unite their efforts with those in other disciplines
in the analysis of experimental data (Heady and Dilion,
1961; Hexem and Heady, 1978). Through controlled experi-
ments, agricultural scientists have gained understanding
of plant selection and varietal improvement for irrigated
agricultural situations, the complex coil-plant-water re-
lations, and the optimal design of water applications sys-
tems on farmers' fields.

One of the problems of conducting irrigation-related
experiments under controlled or "laboratory" conditions is
the Tack of direct transferability of the results to farm-
ers' fields. Farmers cannot control the environment to
the extent it is controlled in the experiment, or they may
lack the managerial ability or incentive necessary to
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provide the required controls. Consequently, many promis-
ing advances in the soil-plant-water system have not been
adopted because of their failure to be tested in the fi-
nancial-institutional-social context in which the farmer
operates.

This lack of transferability of experimental research
knowledge to farm application has been an important stimu-
lus to the irrigation systems and farming systems approach
to technology transfer (Shaner et al., 1982; EWUP, 1984).
Under these approaches, technical evaluations and experi-
ments involving the manipulation of physical and biologi-
cal variables are conducted on farners' fields. Successes
achieved with these approaches indicate Lhat many of the
limitations of experiments conducted in more laboratory-
type conditions are overcome by focusing the analyses on
the farmers' fields.

It remains true, however, that even on-farm experi=
ments are limited in their contribution to knowledge of
farm operations and farmer behavior. Experiments are
limited to the observation of a few contrclled variables.
Farming involves the complex interaction of many physical,
biological, and human variables, some controllable and
others uncontrollable. To include human elements in ex-
periments complicates the experimental design beyond the
possibility of most research budgets. Consequently, so-
cial science research tends to be based on observations of
human behavior rather than experimental approaches.

While experimental research, both on special experi-
mental institutions and on farms, will continue to provide
important data for on-farm water-management research, it
must be complemented by other data based more on observa-
tions of farmer behavior. The focus of the remainder of
this paper will be on data systems which reflect farmer
behavior. Farmers' reactions to information, resource and
other constraints, improved irrigation techniques, and
changing financial incentives--as observed within an agri-
cultural season and through time--will be shown to be es-
sential components of the data set necessary to gauge the
financial, economic, and social acceptability of improved
irrigation practices designed for implementation by
farmers.

Farm Surveys and Farm Records

Two approaches to collecting data about the behavior
of farmers are surveys and record keeping. If a survey
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includes all members of the population, it is a census.
Because the populations are generally large, most surveys
are based on samples; the sampies are generally taken fol-
lowing some strategy to meet statistical reliability ob-
jectives. If a survey is conducted many times (i.e.,
"repeated sampling"), the researcher can overcome some of
the problems (discussed below) associated with survey
sampling. The sample size must be sufficiently large so
that statistical inferences can be made with reasonable
reliability.

Farm records analyses are case studies inscluding a
number of observations; records involve a much more de-
tailed examipation of farm production activities. Data
are collected and recorded on a frequent and regular
basis.

Collinson describes the major difference between the
two collection techniques as a "...ccmpromise between sam-
pling error and observational error" (1972, p. 116). Sam-
pling error is the random error inherent in sampling, due
to the large number of uncontrolled factors which may, by
chance, affect the value of the parameter estimated by the
survey. Nonsampling errors (which include observational
and measurement errors) are those systematic biases, both
response and methodological, which do not tend to cancel
out (Mansfield, 1980). Sampling error can be reduced by
increasing the size of the sample; this is less costly and
more easily accomplished with the sample survey method
than with record systems. Within a given budget for col-
lecting data, increased sample size means fewer visits to
each farm, thus increasing the probability of observation-
al and measurement error. Observational error can be con-
trolled by taking more time to ascertain the true value of
the variable in question. The freguent-visit, case-study
technique accomplishes this goal. However, for a given
hudget constraint, the greater number of visits required
by the case-study technique means fewer farms in the sam-
ple, thus increasing the probability of sampling error
(Jakus, 1984).

It was mentioned earlier that, because illiteracy is
widespread among farmers in developing countries, data
solicited from farmers requires enumeration. Further,
even those farmers who are literate are generally not ac-
customed to recording, weighing, and measuring. Thus, the
record systems discussed here are compiled by junior-level
professionals and find their primary use for the analysis
of the potentials for improved irrigation practices by
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agricultural economists working as a part of an interdis-
ciplinary team. This is in contrast to the record sys-
tems, as they have evolved in developed countries, which
tend to be kept by farmers for tax purposes and management
decisions.

Farm Survexs

A farm survey is an examination of a number of repre-
sentative farms ctiosen randomly according to some known
probability distribution. It is desirable to attain a
sufficient number of observations within the sampie to
generalize reliably on the results of the sample survey
for the population. With a limited budget, an increase in
the size of the sampie will require that less detail be
collected on a given farm, perhaps forcing the survey team
to make only one visit per farm. Given the limits of data
collection budgets, surveys have been found to be almost
the only practical means of collecting data about a large
number of farmers (Upton, 1973).

Sample surveys are gencrally preferable to a census
of the entire population, for ohvicus reasons of economy.
Except for certain types of data, single-visit surveys are
desirable because they allow a larger sample size (Casley
and Lury, 1981; Collinson, 1972).

It has been noted that with an increase in the size
of the sample, on-farm visits become less frequent. With
decreased frequency of visits, there is a corresponding
increase in dependence on the memory of the respondent.
As nas been shown, certain types of data, such as labor,
are subject to severe memory bias (Coleman, 1983). To
eliminate this bias, such data should be recorded as soon
as possibie after the event. Therein lies the advantage
of ghe farm-record approach to data collection (Jakus,
1984).

Farm Records (Abdel A1, Martella, and Ayad, 1984)

The general approach of farm-records survey 1is de-
scribed by some authors as that of case study (Casley and
Lury, 1981). Rather than for a single case, records are
maintained for a few or a number of farmers. Often, anal-
yses of records data invoives between-farm comparative
analyses. Farmers and/or analysts can observe similari-
ties and differences in the operation of successful versus
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unsuccessful farmers and, by induction, make prescriptive
~tatements fnr managerial recommendations (Johnsen, 1969).

Analytical needs of projects to improve the irriga-
tion system require the ability to budget a number of dif-
ferent alternatives into the future. Budgets provide the
basis for evaluating and comparing the relative profit-
ability of alternative investments, which may involve
changing the irrigation practices on a single farm or a
group of farms. Records are considered by some to be an
absolute prerequisite to effective budgeting (Calkins and
DiPietre, 1983). Others acknowledge the advantage of
records for budgeting but recognize that budgets to anal-
yze alternatives for the future can be based on other data
sets as well (Brown, 197¢).

Farm records, then, provide a baseline of data and a
format for budgeting. They provide information on current
levels of efficiency and a comprehensive view of available
resources (Calkins and GiPietre, 1983). Records also pro-
vide information for understanding the relationships be-
tween enterprises on a farin, between the farm and the
household, and between enterprises and the set of re-
sources available (Abdel Al and Skold, 1982; Lybecker et
al., 1984).

The more detailed data provided by records are less
subject to certain kinds of statistical error. The in-
creased reliability does not orcur without cost, however.
Records can seldom be applied to a sufficient number of
farms or to a randomly selected set of farms necessary for
valid statistical inferences. The intensity of data re-
quirements for the farm-record system prohibits a large
number of cases and requires the full cooperation of rec-
ord keepers. Thus, the selection of a statistically valid
sample is difficult. The former results in sampling er-
ror, and the latter ends up with bias.

Data Errors (Jakus, 1984)

Before proceeding to a discussion of sampling and
nonsampling errors, it is necessary that "error' and
"bias" be defined. Error is simply the difference between
the sample value and the corresponding true value. Error
is composed of two parts: "sampling error" and "bias."
Sampling error is the difference "...between the estimator
and the true value of the parameter to be estimated"
(Kmenta, 1971, p. 156). Sampling errors vary from sample
to sample, and they are expected to cancel themselves out
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over a large number of observations. Bias is the differ-
ence between the expected value of the sample estimator
and the corresponding true value of the parameter (Wonna-
cott and Wonnacott, 1979). In contrast to sampling error,
bias is a systematic and consistent type of error which is
reflected in nonsampling errors.

Sampling errors can arise if the size of the sample
is not sufficient to make reliable statistical inferences.
With relatively small samples, a probability exists that
the sample i5 not truly representative of the larger popu-
lation. If the sample is not representative, then valid
statistical inferences are not possible. By increasing
the <cample size, the piobability of sampling error is
reduced.

Bias is rooted in nonsampling error. Nonsanpling
error exists due to the presence of biased sampling pro-
cedures, a nonrepresentative sample, biased tools (e.g., a
questionnaire), respondent bias, and enumerator bias.
Nonsampling errors can be reduced by the attentive re-
searcher. Whiie no cbjective measure of bias can be cal-
culated, the researcher can formulate a subjective "gut
feeling" about tlie magnitude of the bias problem (Hursh-
Cesar, 1976).

Respondent. Error (Jakus, 1984)

Respondent error can take many forms. Among the in-
fluencing factors are the emotional background of the re-
spondent, prestige errors, the "rounding-off" effect,
memory errors, end effect, and conditioning.

A respondent's reply to a question may be altered
conclusively due to his emotional feelirngs regarding the
survey. There are many sources for this reluctance to
answer truthfully. An obvious example is that, if the
respondent feels that the data are to be used for tax col-
lection purposes, he will deliberately bias his response
in a manner which he believes will result in less taxa-
tion. Further, if the respondent cannot be persuaded that
the survey will work to his benefit, he will not see rea-
son to expend the effort necessary to supply accurate re-
plies. Also, the respondent's desire not to offend his
visitor may result in the respondent giving answers de-
signed to please the interviewer (Yerzog, 1976).

If a respondent wishes to impress the interviewer, he
will bias the response to achiev: this purpose, introduc-
ing prestige error. There are many kinds of this self-
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lifting bias: women report themselves to be younger than
they truly are, the young report themselves to be older,
the illiterate say that they are literate, and others
claim to have read a nonexistent book if it is introduced
as a famous work by a well-known author (Zarkovich, 1966).
Within the context of this paper, prestige errors may take
the form of biasing yield estimates upward or claiming the
use of improved varieties when they are not actually used.

People also tend to round off estimates as a matter
of practicality. Bias is introduced when the sample popu-
lation as a whole has a tendency toward a rounded-off
estimate. It has been observed in various samples that a
large proportion of farms reported statistics ending in
zero.

In developing countries, much of the rural population
is illiterate and probably does not keep written records;
all methods of data collection are memory dependent. Mem-
ery dependence results in memory error, and the bias which
results from memory error is hknown as memory bias. In
general, the "memory-fading process" is such that the
longer the period of recall (length of time since the
event took place), the greater the memory error. Butl this
fading process varies with the characteristics of the item
in question. The key characteristics ascociated with mem-
ory fading are frequency of occurrence, regularity of oc-
currence, and the significance of the event. DNistinction
is made between "single-point" and "continuous" data and
between "registered" and "nonregistered" data. The first
classificaticn deals with the length of time needed to
complete the activity, while the latter classification
deals with the respcident's ability to remember an activ-
jty. Labor use can occur at any time during the produc-
tion process; it is quite routine (nearing continuous) and
recurring (nonregistered). Estimation of yield (for crops
which mature at one time) i5 a single-point, registered
activity, which is less likely to be subject to severe
memory error. For continuous, nonregistered events--those
activities which are routine and recurring, measurement
error is a serious problem. Fr:quent interviewing is
needed to keep the measurement error "“reasonable" when
collecting data of the continuous, nonregistered type
(Norman, 1976).

The length of the recall period is intractably tied
to memory error. In general, the shorter the recall
period, the better the quality of the data. But, once
again, the appropriate recall period to use depends uporn
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the type of data to be collected. Data on food expendi-
tures may involve an appropriate recall period of one day
or one week, while data on expenditures for bicycles or
radios may have an appropriate recall period of one year.
In an analysis of memory bias in agricultural labor data,
Coleman found severe memory bias in records of activity
using a seven-day recall period (1983). Daily estimates
of labor were smallest for the day immediately preceding
the interview and largest on the day furthest removed from
the interview. But, the use of short recall period (such
as one day) will result in a large number of zero re-
sponses and will create greater variance about the sample
mean because the data will contain true daily variation in
the item. A recall period of one week or one month will
tend to dampen these variations.

Before moving inte a discussion of the "end effect,"
it is necessary to establish a clear understanding of the
“reference period." The reference period has to do with
the period of time to which the data refer. The distinc-
tion between the reference period and the recall period is
that the former relates to the block of time for which the
data is being collected, while the latter refers to the
length of time that has elapsed since the event took
place.

The two important aspects of the reference period are
(a) the length of the period and (b) the location in time
of the reference period. With respect to the length of
the period, in general, "...the longer the reference peri-
od the more important becomes the effect of memory errors"
(Zarkovich, 1966, p. 198). When collecting data which is
susceptible to the memory-fading process, it is desirable
to use a short reference period and a short recall period.
Any reference period should be designed to take account of
natural cycles which may be present.

The degree of memory error is also influenced by the
location in time of the reference period. If the respon-
dent cannot properly identify in his own mind the period
to which the data refer, a potential exists for error to
be introduced, through the transfer of events into and out
of the reference pericd (particularly those events located
near the periphery of the reference period). This trans-
fer is known as the end effect.

The end points of the reference period are the begin-
ning and ending dates of the time period for which the
data are being collected. If the reference period has
both end points located in the past, the period is said to
be "open"; neither end point is clearly defined in the
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mind of the respondent. Transferences of events can occur
at both ends of the reference period. A closed reference
period has its end points clearly distinguished, and
transferences are less likely to occur. The half-open
(half-closed) reference pericd is one in which one end
point is clearly defined while the other is not. Trans-
ferences will likely occur at only the poorly defined end
point.

Once again, the severity of the end effect will de-
pend upon the type of data being collected. Events which
occur rarely are not as subject to confusion as are events
which are routine and recurring. Data with which farm
management. surveys are concerned are of a continuous, non-
registered nature. Data on number and frequency of irri-
gations, labor, input application, and home consumption of
products are subject to severe end effect. The choice of
the reference period should reflect the type of data being
collected.

The end effect is more severe for this type of data
when a short, artificial, open reference period is used.
If a longer reference period is adopted when collecting
continuous, nonregistered data, respondents often answer
with some kind of average (Casley and Lury, 1981). Thus,
when asked the number of times a particular crop is irri-
gated, farmers may think of an "average" year or may think
“once a week," whether such is actually the case or not.

Respondent error may also be due to conditioning.
Conditioning results when the respondent reacts to previ-
ous queries or requests for similar data. Conditioning
may result in any of several different effects. Because
the respondent is being asked the same or similar ques-
tions, he may pay more attention to his activities, thus
his responses are correspondingly more accurate. On the
other hand, the respondent might grow a bit tired of re-
peatedly answering the same questions, gradually losing
interest in the activity altogether. The responses in
this case are of poorer quality. Another possible turn of
events is that, in the course of the first interview, the
respondent will make the effort to come up with an accu-
rate response to the question, but in subsequent inter-
views, his replies will be based upon the answer formu-
lated during the first interview. The respondent is
conditioned by the initial response. Obviously, condi-
tioning will be a greater concern to those types of data
collection techniques which involve more frequent visits,
such as record keeping, than those which involve ane or
few visits,
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Other Sources of Error

The enumerator's presence during the interview is
another potential source of bias. Whether collecting sur-
vey data or farm records, enumerators must be trained to
be sensitized to ways by which they can bias the answers
to questions (Hershfield et al., 1976). This bias may
even result from lack of technical knowledge and informa-
tion about agriculture.

A1l work which is directed at eliminating respondent
error and enumerator error will go for naught if a biased
tool is the basis cf the interview. That is, if the ques-
tionnaire itself is poorly worded and i1l designed, error
will result. The length of the interview itself will have
an effect on the quality of response; accuracy of response
generally declines with the length of the interview.

With this review of types and sources of error pos-
sible in the collection of farm-level data, discussion can
now focus on implications of these errors to specific data
used to generate information abecut the merits of alterna-
tive irrigation practices. As established at the outset,
the primary concern is on sampling error versus observa-
tion error. Farm records are more prone to sampling
error; observation error is a problem more associated with
surveys.

RELIABLE FARM-LEVEL INFORMATION

Since budgets are the primary tecol for evaluating fu-
ture alternatives, examination of the components of bud-
gets can reveal the reliability of data which underlie the
budget estimates. Even if evaluations focus on the proj-
ect level rather than the farm level, it is the same basic
data set on which evaluations are based (Brown, 1979).

Budgets may refer to an entire farm, to only a por-
tion of the farm that might be affected by changes in the
irrigation system, or to a given enterprise. Thus, dis-
tinction can be made between whole-farm, partial, and en-
terprise budgeting. Enterprise budgets can be considered
the most basic data sets, and compilation of all enter-
prise budgets for a given farm should provide a rather
complete reflection of the whole farm. Examination of the
components included in an enterprise budget can be general-
ized to whole-farm and partial budgeting as well. Fur-
ther, evaluations at the project level will be subject to
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the same base-data error problems as evaluations of on-
farm irrigation improvements. After discussion of the
components of an enterprise budget and the errors inherent
in deriving estimates of each component, discussion will
turn to estimating other parameters important to assessing
the potentials for improving the irrigation system.

Components of an Enterprise Budget

Table 10.1 is an enterprise budget for the cotton
crop at one of the project sites of the Egypt Water Use
and Management Project (1984). The budget reflects the
costs and returns from one feddan of cotton. (One feddan
is equivalent to 1.038 acres or 0.42 ha.) The first sec-
tion of the budget shows the income from one feddan of
cotton, including returns from the lint and stalks (the
latter are used for fuel on the farm). The next section
includes an itemization cf variable cost items: variable
costs vary with the level of output or require annual
(within the crop-growing season) decisions by the farmer
as to their level of use. The final section includes
fixed costs. Fixed costs occur regardless of the choice
of crop or level of variable input use. Fixed costs are
prorated to each crop on a montnly basis as crops vary in
their growing season length and the amount of time they
occupy the land.

The section at the bottom of the enterprise budget
shows the monthly distribution of labor, by age and gen-
der, required for cotton and the estimated schedule of
irrigation water demands, also by month. While this in-
formation is not always included as part of an enterrrise
budget, the schedule of requirements for these two criti-
cal inputs is valuable for analyses to examine the poten-
tials for improved irrigation practices using the enter-
prise budgets.

To contrast the advantages and disadvantages of the
surveys versus records to develop farm-level data, the
merits of each technique relative to each component of the
budget. included in Table 10.1 are be discussed below.

Income
Gross income per feddan consists of two parts: the

yield of lint and stalks and the price or value associated
with those crop output categories. Crop yields are
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Table 10.1 Crop enterprise budget for cotton grown at the
Abu Raya Project site; 1980-81 crop year.*
Per Unit Value
Income or Cost
Number of
Item Units Units L.E. L.E.
Income
Cotton?’ P Kentar 6.0  55.832 335.0
Cotton stalks Camel load 5.0 5.000 25.0
Total income 360.0
Variable Costs
Land Preparation
Organic Fertilizer Donkey Load 175.0 0.050 8.8
Transportation
Donkey Rental Donkey Hour 25.9 0.100 2.6
Labor to Orive Animal Boy/Girl Hour 25.9 0.136 3.5
Labor for Spreading Man/Hour 24.2 0.299 7.2
Plowing Tractor Hour 4.6 2.233 10.3
Smoothing Tractor Hour 2.8 2.174 6.1
Furrowing Tractor Hour 0.5 2.540 1.3
Labor for Furrowing Man Hour 3.2 0.250 0.8
Planting
Seed Kela 6.4 0.333 2.1
Labor for Planting Boy/Girl Hour 15.6 0.162 2.5
Weeding
Labor for Weeding Man Hour 11.2 0.255 2.9
Labor for Weeding Boy/Girl Hour 27.3 0.151 4.1
Hoeing
Labor for Hoeing Man Hour 22.1 0.328 1.2
Labor for_Hoeing Boy/Girl Hour 29.5 0.160 4.7
Donkey Plow Plow Hour 4.4 0.300 1.3
Thinning Boy/Girl Hour 15.0 0.114 1.7
Insect Control .
Remove Insect Eggs Boy/Girl Hour 182.5 0.080 14.6
Insecticides Feddan 1.0 16.675 16.7
Labor to Apply &nsecticide Man Hour 2.6 0. 357 0.9
Chemical Fertilizer
Super Phosphate (0-15, 5-0) Kilogram 80.8 0.032 2.6
Ammonium Nitrate (31-0-0) Kilogram 80.0 0.066 5.3
Urea (46-0-0) Kilogram 60.0 0.096 5.8
Labor to Spread Fertilizer Man Hour 9.0 0.250 2.3
Irrigation
Saqia Rental Sagia Hour 32.8 0.050 1.6
Cow or Buffalo Rental Cow/Buff. Hour 32.8 0.350 11.5
Labor to Drive Animal Boy/Girl Hour 32.8 0.075 2.5
Labor to Spread Water Man Hour 32.8 0.250 8.2
Harvesting
Picking Boy/Girl Hour 374.4 0.205 76.8
Transport Lint Kentar 6.0 0. 300 1.8
Cutting Stalks Man Hour 20.3 0.405 8.2
Transportation
Car Rental Hour 0.8 1.200 1.0
Labor to Lead Boy/Girl Hour 1.6 0.200 0.3
Total Variable Costs 221.1
Return Above Variable Costs 132.9
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Fixed Costs

Ltand Rentf

Month 8.0 4,680 37.4
Management Charge Month 8.0 1.500 12.0
Total Fixed Costs 49.4
Grand Total Costs 276.6
Return Above A1l Costs 83.4

FOOTNOTES:

3

This study for an area of one feddan.

EWUP Farm Record Data for Kafr el Sheikh, 1980-1981.
lLand preparation begins

a Cotton planted in April and harvested in Ociober.
in mid-February.
b One kentar of unginned cotton weighs approximately 157.5 kilograms.

¢ The cost of the donkey plow includes the cost of the plow rental, animal

rental, and labor.

d The fertilizer price is the average price for fertilizer purchased from

the cooperative and the free market.

e Transportation for stalke only.
f Tne rental rate for land is compu.ed as seven times taxes (legal rental
rate).
Labor Distribution Water Distribution (cu meters)

Man Woman Boy/Girl First Second Third Fourth
Month Hours Hours Hours Irrig.  Irrig. Irrig. Irrig.
November 0 0 0 0 0 0 0
December 0 0 0 0 0 0 0
January 0 0 0 0 0 0 0
February 0 0 0 0 0 0 0
March 4] 0 35 853 0 0 0
April 19 0 34 432 0 0 0
May 17 0 34 270 0 0 0
June 17 0 170 306 315 0 0
July 8 0 36 360 360 0 0
August 3 0 21 270 0 0 0
September 0 0 251 0 0 0 0
October 20 0 125 0 0 0 0
Total 125 0 705

Total Water Applied = 3166 Cu Meters

Ratio of Return over Variable Costs to Water Applied = 0.0420

Ratio of Return over A1l Costs to Water Applied = 0.0264
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single-point, registered types of data. Sample surveys
which rely on recall are known to be capable of providing
good estimates of such data. The sample surveys can be
conducted to include a sufficient number of farmers and
may be randomized either by area or by farmer. In the
case of Egypt, cotton yields are registered very strongly
in the mind of the farmer; the farmer is obliged by gov-
ernment policy to deliver all cotton production to the
local cooperative for sale at a fixed (and very low)
price. Thus, estimation of cotton yields with sample sur-
veys would seem to result in estimates which are relative-
ly free cof both sampling error and measurement error.

Deriving yield estimates from the averages of farm
record keepers may result in sampling errors, however.
Record keepers are not likely to be randomly selected by
either an area or a farm criterion. The number of record
keepers is likely to be too smalil to adequately account
for the variation between observations, thus leading to
increased possibilities of sampling error. Of course, if
yields vary only a small amount between observations, the
Tikelihood of obtaining a reliable estimate of crop yields
from records data increases.

It should be noted that yields for some crops may not
be as "registered" as is the case for cotton. For exam-
ple, berseem (Egyptian clover), which is used almost ex-
clusively on the farm and whose yield is measured in
kerat-cuts may be a nonregistered item. (A kerat is one
twenty-fourth of a feddan, several cuttings of berseem are
made during the growing season.) Further, the amount of
berseem actually produced under each cutting is only
crudely measured. The measurement problem will apply to
yield estimates derived from records as well as surveys,
but rzcords may provide a more accurate estimate of the
numcer of cuttings than surveys which require recall over
some lapsed periad of time.

Crop yielus are an item of dignity and prestige amcng
farmers; tnus, respondent bias may be an important eie-
ment in rnumerator-received crop yield estimates. Again,
because all cotton must be delivered to the cooperative,
it 1s possible to check for respondent bias in cotton
yields. Government policies require that a fixed amount,
approximately 50 percent, of the output of rice and wheat
be marketed to the cooperative. Farmers may purposefully
bias yield estimates of rice and wheat downward so that
the government does not increase its claimed <ndre of out-
put. Or, in the case of wheat, the goverument's claim on
yield is less for "native" wheat than for improved wheat
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varieties. The advantage to the farmer to bias estimates
Of85§9d used toward "native" varieties is obvious (Haider,
1982).

Respondent bias can be more easily detected by record
keeping than by sample survey. Crop yields which are non-
registered data or for which prestige or advantage may
accrue to the farmers from intentionally biased answers
may be more accurately estimated by records than by
surveys.

Prices associated with quantities are generally reg-
istered, single-point data. Prices can be verified by the
purchaser of the commodity. However, it is important to
recognize that prices for some items may be affected by
black market oparitions and may have important local and
seasonal variation.

Variable Costs

Variable costs also include quantities and prices or
values. Some quantities are for purchased inputs, and
others are estimates of amounts of input contributed by
the operator and the operator's household.

Seed, fertilizer, and the services of a tractor are
typical purchased items. The quantity and cost of these
inputs would tend to be registered and single point. On
the surface, it would seem that these items would tend to
be among those items where surveys would provide the most
reliable cost estimates. As long as all seed is purchased
through the local cooperative, respondent bias or error in
seed estimates can be detected. If, however, improved
seeds are available through private as well as govern-
mentai cooperative suppliers, survey estimates of seed may
be less reliable. As mentioned above, farmers have a
clear advaniage in claiming more "native" wheat than im-
proved varieties.

Egyptian fertilizer allocation policies hold the po-
tential for inducing respondent bias in fertilizer use per
feddan. Farmers receive a specific allocation of cotton
fertilizer in proportion to their required allotment of
cotton. But, because all cotton must be delivered to the
cooperative at a fixed, low price, farmers may choose to
apply their "cottion" fertilizer to another crop for which
their share cf output is superior. In responding to a
survey, farmers would tend to given the "correct" answer,
that is, the official government allocation of fertilizer
for cotton. Record keepers who are in almost day-to-day
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contact with farmers are much more likely to detect the
actual amounts of fertilizer applied to each crop. Thus,
policies of the government with respect to input alloca-
tion and crop marketing can induce significant respondent
biases in seemingly single-point, registered data. These
respondent biases are more likely to be detected by record
keepers than by enumerative surveys.

Hiring the services of tractors for plewing or other
machine operations holds some potential for prestige bias.
Farmers may feel it is prestigious to claim to be using
tractors, even if they do not. Such bias would be easily
detected by a record keeper, but it would be less 1likely
observed by an enumerator in a survey.

The quantities for other input items, hours of animal
use, hours of farmer and farm-family-member labor use, and
quantities of farm-supplied inputs (such as animal manure
applied) are both nonpoint and nonregistered data. Their
use is intermittent and routine. Recall bias for such
data is known to be a problem. The cost of these items
makes up about 70 percent of the variable input costs as-
sociated with cotton production. Severe recall bias in
the estimation of these elements in an enterprise or a
whole-farm budget makes estimation of such budgets by
techniques for which recall bias is a problem a question-
able process.

Table 10.2 illustrates the differences in estimates
of hours of labor per feddan for important crops at one
project site in Egypt. There is a general consistency be-
tween the two estimating procedures in the relative amount
of labor required per crop. Data from records tend to re-
flect smaller amounts of adult labor per crop than the sam-
ple survey, but estimates uf child labor are larger than
those given on the sample survey. Thus, the upward, end-
effect bias expected from responses to routine events
appears to be present in the adult labor estimates but not
in the estimate of child labor. It could very well be
that farmer respondents remember themselves as having
worked much more, and their children much less, than is
actually the case (perhaps a universal trait among fathers
trying to get effort from their children).

The potential for statistical analyses with the 50
observations included in the survey is clearly superior to
the 15 observations available from farm records. But,
giveii the differences in labor utilization estimates, one
has to wonder if the potential measurement error in survey
data would resuit in reliable statistical parameters. The
estimates of functions relating output to input level and
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Table 10.2 Estimates of amount of labor per feddan as
derived from sample survey and farm record
data, Kafr el Sheikh Governorate, 1980-1981

crop year
Hours of Labor per Feddan
as Estimated by:
Sample Survey Farm Records
Crop Adult Child Adult Child
Cotton 136 352 125 705
Rice 166 82 122 199
Wheat 87 32 126 26
Maize 181 46 109 74
Flax 109 116 60 155
Berseem 130 57 232 32

the associated marginal-value productivity estimates could
be given only tentative interpretation.

Fixed Costs and Other Components

The fixed costs section of the enterprise budget in-
cludes Tand rent and management charge. Land rent is the
estimated cost for using the land resource. Land use
costs are generally estimated as an opportunity cost on
the value of land or the cash rental value for land. If
the land is owned, either approach to estimating land
costs considers land costs as economic rather than finan-
cial costs. For rented land, however, either cash or
share (in-kind) rents are financial or cash costs.

The management charge is the opportunity cost of the
organization and coordination of the production process.
This charge may be based on the production period of the
enterprise or on a percentage of gross returns. "Return
above all costs" is the payment for risk takan during the
production of the enterprise and is a residual factor;
thus, it may be either positive or negative.

Other useful information is also sometimes included.
The enterprise budget in Table 10.1 reports the labor use
distribution of 1labor by type and month and irrigation
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water distribution by month. This latter information is
important in irrigation projects. Depending upon the en-
terprise, monthly distribution of other scarce resources
(animal power or tractor power, for example) may be shown.

Consideration of an enterprise budget will serve to
identify the problems associated with farm-level data coi-
lection. Certain items included in the budget are single-
point data and are registered. However, under certain
circumstances, respondent bias may be present in these
data. For other items, oftentimes accounting for the
major portion of variable costs, the data are nonpoint and
nonregistered. High recall error is to be expected, and
respondent bias may also be prevalent.

The farm records approach offers a clear potential to
reduce both respondent bias and recall error, thereby re-
ducing measurement error. But the number of farms in the
record keeping approach leaves open the potential for
serious sampling error. In the subsequent discussion of
information from farm-level data, ways to insure against
sampling error are discussed.

INFORMATION FROM FARM-LEVEL DATA

Reliable data are required for the analyses which
lead to useful information for decision makers. From the
agricultural economist's viewpoint, the information pro-
duced from analysis of data is important for (a) evaluat-
ing the extent of a problem (Is it confined to a few
farms, or is it common to most farms? Is the observation
statistically valid?); (b) evaluating the efficiency of
resource use of other irrigation management alternatives;
and (c) evaluating the financial and the economic costs
and benefits of present. versus improved irrigation water
management practices.

Evaluating the Extent of the Problem

When the irrigation improvement activity is confined
to a small area or a group of farms and there are no plans
to extend the results of efforts to improve the system to
other areas, whether the fields or farms being studied are
representative is not an issue. Generally, however, in-
vestigations--even on one field or one farm--are part of a
process which intends to extend the results to other
fields, farms, and even areas. It is important, then, to
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know if the field- and farm-level data collected are typi-
cal or characteristic of a larger geographic space, a set
of farmers, or only a particular physical and institution-
al environment.

Evaluating the extent of the problem is especially
important when equity goals are to be explicitly addres-
sed. Improved irrigation practices can have equity impli-
cations for farmers, depending on their location relative
to the water source, the size of their operation, their
tenancy status, and the nature of the farm resource endow-
ments.

To secure datz which are representative of a defined
population, the procedure of random sampling is employed.
If properly drawn, tha sample can accurately reflect the
population, and the analyst can make inferences about the
population. Survey data collection proc=dures cnable the
analyst to collect certain kinds of data which are suffi-
ciently free of sampling error. Farm records can seldom
be collected from a sufficient number c¢7 randomly selected
respondents; sampling error tends to be an inescapable
prcblem for farm record data.

Farm-level data collected by sample surveys are nec-
essary to assess the extent or scope of a problem associ-
ated with the irrigation system. It is important for
analysts of the irrigation system to know if the problem
discovered is associated with the physical environment
(e.g., soil type, location along a canal), institutional
factors (e.g., tenancy status, 1local water delivery
scheme, availability of inputs and services), farm size
factors, enterprise mix and enterprise choices, management
level applied, or farm-household interrelationship. Most
of these items of data are included in what agricultural
economists refer to as the structure of the farming
sector.

It is fortunate that the data required to specify the
structural characteristics of a farming population are
usually single-point, registered data. It does not re-
quire extensive recall for a farmer to relate the size of
his holdings, whether land is owned or rented, the number
of farm workers included in his household, the location of
the farm along a watercourse, the timing and reliability
of water deliveries, and the amount of each crop and live-
stock enterprise produced.

These structural data are necessary for evaluation of
the equity issues, which are often an objective of efforts
to improve the irrigation system (Skold, 1984). While
some insights into structural characteristics can be
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gained by extensively applied farm record systems, sample
surveys are clearly a more efficient tool for compiling
these single-point, registered data.

Evaluating the Efficiency of Resource Use

Perhaps no term has greater acceptance among all dis-
ciplines included in interdisciplinary water-management
investigations than "efficiency." A1l disciplines can re-
late to it. Engineer: ceacern themselves with efficiency
of the water-delivery system and field-application effi-
ciency. Agronomists are prone to apply efficiency mea-
sures in recommending optimal planting rates, fertilizer-
use levels, and in evaluating the plants' use of stored
soil water. Agricultural economists often use economic
efficiency measures to assess the use of resources on a
farm, along a watercourse, or over a larger area. While
not so likely to use the term "efficiency," sociologists
are concerned about the performance (efficiency) of local
infrastructure, the performance--or lack thereof--of
farmer organizations, and the extent to which economic and
noneconomic values influence farmer behavior (departures
from efficiency).

Even though all disciplines salute the efficiency
flag, there is little agreement about measures of effi-
ciency. Consider the diagram presented in Figure 10.1.
Efficiency can be measured in physical terms or in econom-
ic terms. Physical efficiency for the variable input (X)
is maximized when about 15 units of X are used. When com-
parative analyses reveal which crops provide the greatest
return per unit of water or per hour of labor, this effi-
ciency concept is applied. Engineering efficiency con-
cepts tend to reflect this measure of efficiency as well.
The ratio of water at the end of a structure (output)
relative to water entering a structure (input) applies the
same concept. Similarly, selection among alternatives on
the basis of the benefit-cost vatio can be viewed as ar-
raying irrigation-improvement investments and choosing the
one with the greatest ratio of benefits (outputs) to costs
(inputs).

Alternatively, efficiency of the fixed resource is
maximized at 20 units of X. The variable input is used at
the level to maximize yields per hectare or gain per
animal. Agronomists often use the term "optimum yield" as
the Tevel of water or fertilizer use which maximizes yield
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per unit of land. Agricultural economists expect input
use levels which maximize efficiency of the fixed input to
occur when the price of the variable input is inexpensive.
Thus, if labor is redundant or water is provided without
cost to the farmer, use levels which maximize efficiency
of the fixed input are expected.

Economic efficiency, however, includes the relation-
ship between the combination of fixed and variable inputs
and the relative values or prices of the input and the
output. By the tenets of economic theory, economic effi-
ciency is maximized when the cost of gaining an increment
to output is equal to the value of the increment of out-
put. These conditions are satisfied when the slope of the
response curve (total product) is equal to the input-out-
put price ratio. That is, the marginal product, dy/dx, is
equal to the price ratio, Px/Py, where Px and 'y are the
prices of the variable input and tha output, respectively.
Economic efficiency will always be between the level which
maximizes efficiency of the variable input and the level
which results in maximum efficiency for the fixed input.
If X is expensive, the ecoromically efficient point will
be closer to 15 (Figure 10.1). If X is free, the econo-
mically efficient level of input use will be closer to 20
(Figure 10.1).

Enterprise budgets, such as the one presented in
Table 10.1, can reflect each of these concepts of effi-
ciency. From enterprise budgets, cnoosing between cotton
and maize on the basis of the greatest return above vari-
able costs per feddan involves selecting the crop which
gives the greatest return for the fixed resource (in this
case, a feddan of land). Choice between enterprises can
also be based on the ratio of return above variable costs
to the amount of water applied, perhaps return per 1,000
m3 of water. Then, we consider water as a variable input
to be applied at different intensities to land, depending
on the crop or other factors.

Only when we can observe varied amounts of water ap-
plied per unit of land and the associated crop output can
we begin to apply the economic efficiency concept. An en-
terprise budget could be developed for a number of levels
of application of a variable input, such as water, to a
fixed input, a unit of land. Given a value for water and
for the crop output, the economically efficient level of
an input use can be estimated.

Farm-level data, as represented in Table 10.1, is
sufficient to budget the relative efficiencies of the
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existing and proposed water-management technologies. Fur-
thermore, such data are flexible enough to accommodate
efficiency concepts as applied by the various disciplines.
The reliability of the data elements included in an enter-
prise budget, then, is important to all disciplines con-
cerned with improving irrigation systems.

Evaluating Financial and Economic Conditions

Both experience and logic have shown that, to be
adopted by a farmer, improved irrigation technologies must
be viewed by farmers as advantageous. Often these objec-
tives can be assessed in financial or economic terms.
Sometimes the objectives are related to status and the
mores of the community; in such caues, the budgeiing tech-
nigues of economists provide only partial insight.

It should also be remembered that some financial and
economic considerations are not immediately reflected in
current-year or between-year analyses. Some improved
irrigation practices may not result in a measurable change
in financial or economic conditions, but changes in wealth
or net worth might occur. Farmers may persist with activ-
ities which defy explanation on financial and economic
grounds but which can be understood when aspects of wealth
and status are considered.

To evaluate the potentials for alternatives to im-
prove the irrigation system, it is important to distin-
guish between financial and economic evaluations. The
likelihood of adoption of an improved irrigation practice
at either the farm or the project level depends on both
financial and economic conditions. Both financial and
economic analyses can be conducted from the viewpoint of
the farmer, the agency involved with operating the irriga-
tion system, and society as a whole (Gittinger, 1982).

A premise which underlies financial analysis is that
prices reflect value. While this may appear to be a
statement of the obvious to the noneconomist, there are
some often-experienced circumstances for which this prem-
ise may not hold. Some of these cases will be discussed
when economic analyses are considered.

The enterprise budget in Tahle 10.1 includes quanti-
ties and values for the output of the cotton crop and the
inputs used in the production of cotton. Some of the
values or prices are easily observed because market ex-
change occurs and the price is so determined. For other
items, however, prices are not established in a day-to-day
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or annual market exchange. Economists use a variety of
tecnn1ques to assign or impute value to such items; some-
times accounting procedures are used, at other times
values are assigned on an a]ternative use concept, or
values are also imputed as estimates of the value of an
item in the production process. Attributing value by any
other approach is referred to as opportunity cost or eco-
nomic cost valuation.

The differences between financial and economic anal-
yses and their implications for evaluation of improved
irrigation practices can best be seen by examination of
Table 10.1. From the financial viewpoint of the farmer,
the cotton crop produces L.E. 335.0 of gross income per
feddan; this amount is received from the cooperative as
cash or value in kind for the delivered crop. A value of
L.E. 25 is also assigned to the cotton stalks. If, in
fact, the stalks were sold to a neighbor, the farmer may
rece1ve L.E. 25. But the stalks are generally used on the
farm; no cash is exchanged. The L.E. 25 is an opportun1ty
return not a realized financial return; thus, it is not
considered in 2 financial analysis.

Among the variable-cost items, cash or financial out-
lays occur for hiring the services of a tractor and for
purchasing seed, insecticides, and chemical fertilizers.
If labor is hired, it is a cash outlay, but, in most
cases, the labor is farmer or farmer-family supp]1ed and
is ass1gned an opportunity cost value. A financial anal-
ysis of the cotton enterprise would appear as:

Income L.E. 335.0

Variable costs
Plowing 1
Smoothing
Furrowing
Seed
Insecticides
Chemical fertilizers

\l\l!—‘(»)l—‘(»)

16.
13.

. WO

Total variable costs 50.2
Return above variable (cash) costs L.E. 284.8

For comparative analysis, the financial returns above
variable (cash) costs for cotton would be contrasted to
returns from other enterprises.

More important, consider a change in an irrigation
practice. Suppose, for example, the change in the irriga-
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tion system is to place a pump at the head of an elevated
canal to supply water to the farmer by gravity, rather
than requiring the farmer te 1ift water by animal power.
To pay for the improved system, farmers would be assessed
L.E. 15 per feddan of cotton and similar amounts for other
crops.

A cursory analysis would indicate that the farmer may
view this improved irrigation practice as attractive.
Presently it "costs" the farmer L.E. 23.8 to irrigate a
feddan of cotton, but none of the presently incurred costs
are financial or cash costs. The farmer owns the sagia
(water wheel) and the cow; human labor is supplied by the
farmer and farm-~family members. The value of the contri-
bution of these items is in economic terms, not financial
terms. To be assessed L.E. 15 per feddan for water for
the cotton crop increases the financial costs ard reduces
the return above variable (cash) costs. The choice be-
tween the improved practice and the existing one depends
on how an individual farmer values the opportunity cost of
sagia and cow ownership and the rate of return for labor
expended by the farmer and farm family.

The same investment may be evaluated from the govern-
ment agency's position. Perhaps the agency plans to pay
for the construction cost of the pump ard elevated canal,
and the L.E. 15 per feddan of cotton charge to the farmer
is their estimate of operation and maintenance cost. The
cost to the agency is the construction cost, which may
include financial and economic costs. Costs of materials,
special equipment, etc., are likely to be financial costs.
But if construction is completed by salaried employees
under permanent employment by the agency, the labor costs
are economic rather than financial costs.

A further distinction between financial and economic
analysis occurs when one makes these evaluations from the
position of the state or society. The price per unit of
cotton is a price which is set by the government at about
55 percent of the estimated world market “farm gate" price
(Haider, 1982). Farmers are "taxed" by receiving less
than 2 fair market value for their cotton. Alternatively,
farmers are subsidized with free irrigation water, reduced
fertilizer and insecticide prices, reduced petroleum fuel
prices, and reduced interest rates on operating loans.
The government of Egypt must consider the real costs of
maintaining the existing irrigation systems versus the
real costs of an improved system. Again, both financial
and economic analyses are relevant. To reflect the eco-
nomic costs for the government of Egypt, the cotton enter-
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prise budget must reflect the "actual" values for the
taxed and subsidized items, not the values established by
government policies.

Economic analysis of the improved irrigation system
from the societal point of view must also reflect the ap-
propriate prices. If the pump to lift water into the
elevated canal uses petroleum or electricity, the real
economic costs of those energy sources must be reflected.
If the elevated canal is to be lined with concrete, and
concrete is a subsidized item, the full cost of concrete
should be used. The improved irrigation system may lead
to increased crop yields. It is the full value of the
increased producticn which should be counted as a benefit,
not the government-set nrice.

Information for Diaynostic Analysis

Clyma (1986) showed the basic similarities among the
various approaches used to conduct agricultural develop-
ment activities. Farm-level data collected to evaluate
(a) the extent of the problem, (b) the efficiency of al-
ternatives, and (c) financial and economic implications
also serve well for diagnostic and other analytical ap-
proaches. The data, with analysis and interpretation,
provide information for the identification of problems and
insights into alternative solutions and are sufficient to
evaluate practices implemented to improve irrigation
practices.

Crop enterprise budgets developed from early recon-
naissance surveys, refined by follow-up surveys and rec-
ords, assisted with the identification of problemns in that
phase of the Egypt Water Use and Management Project
(EWUP). The enterprise budgets provided comparisons be-
tween enterprises of the returns to farmers above produc-
tion costs, amounts of labor (by age and gender) required
by each crop, and the number of irrigations applied to
each crop. The process of gathering data necessary to
develop a budget revealed important relationships between
the government cooperative and the farmer, the procurement
policies of the Ministries of Agriculture as they affect
each crop, and the irrigation policies of the Irrigation
Ministry. Further, the relationship between crops, be-
tween crops and livestock, and between the farm and housc-
hold are reflected by an enterprise budget (EWUP, 1979,
1980).
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The same data are applied to evaluations of proposed
improvements in the irrigation system (McConnen et al.,
1982). Examination of the financial and economic feasi-
bility of the techinical improvements advanced provides a
means to narrow the set of possible improvements and to
gain come idea about the efficacy of each proposal.

In the same way, the enterprise budgets serve well
for evaluations of the success of implemented practices
(McConnen, 1984; Lybecker, 1984). Thus, the data gener-
ated have been demonstrated to be sufficiently flexible tv
serve a variety of uses and users. And, if collected fol-
Towing strategies which recognize the errors and biases
potentially associated with particular pieces of data, the
resulting information will be reliable for the evaluation
of alternative irrigation practices.

PRESENTING INFORMATION

As stated earlier, information about the financial
and economic aspects of the farm must be related to a
variety of users with background and training in other
disciplines as well as economics. Further, the interdis-
ciplinary systems approach requires that the analyses per-
formed by economists be related to the contributions of
other disciplines. Excellent analysis and information are
useless if they are not adequately presented in a form
useful to a decision maker.

Information developed must be both problem- and user-
specific. It must be free of disciplinary jargon, or, if
disciplinary terms are applied, they must be defined, and
the concepts to which terms are applied must be explained.
Often, the format of presentation can serve tu reduce lan-
guage barriers betwecn disciplines. Tables and graphics
serve well for communication; microcomputers have greatly
enhanced the ease and quality of presentation.

Economics deals with choices among alternative
courses of action. At minimum, evaluations are made be-
tween the existing situation and a proposed improvement in
the irrigation system. Often, improvements can be achiev-
ed along a continuum; an improved distribution canal can
be accomplished by a variety of means, requiring different
combinations of capital, labor, and operating costs. Pre-
sentation of information which considers alternatives and
the sensitivity of alternatives to technical performance
and prices best serves the needs of decision makers.
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CONCLUSTONS

The demands on farm-level data are great. Because
most farmers in developing nations are illiterate or are
not adept at recording, weighing, and measuring, crucial
farm-level data must be enumerated. The data collected
must be comprehensive, so that the needs of a number of
disciplines involved with improving water management sys-
tems are met, but it must also be directed towards the
needs of a variety of uses and users. Strategies to col-
lect the data must be cognizant of the needs for statis-
tical accuracy and the possibilities of error and bias
which cannot be overcome by statistically designed collec-
tion schemes. Finally, the analyses of the data must con-
sider both the financial and economic situations as viewed
by the farmer, the agency initiating change, and the soci-
ety in which both the farmer and the government agency
operate.

A conprehensive data system will utilize laboratory
and fTarm-field experiments, statistically valid sample
surveys, and record keeping Interpretation and anaiysis
of these data will result in the information necessary to
test the feas1b1l1ty of and to evaluate proposed changes
in the irrigation system (McConnen, 1984).

Experiments which focus on a few key variables in the
soil-plant-water system are necessary to understand and
predict the relationships between those variables in ques-
tion. When the feasibility of improved irrigation tech-
nologies requires consideration of farmer behavior, data
necessary to understand that behavior are also requ1red
Sample surveys and record keeping are means by which the
behavioral characteristics can be examined.

Short of time-and-motion studies, data reporting the
observed behavior of farmers are based on recall. If the
data solicited are from single-point events which are reg-
istered in the mind of the farmer, sample surveys are an
efficient tool for solicitation. Examples of such data
are observations about the size and structure of farm1ng
operat10ns size of household, amounts of land given to
various crops, cropping oatterns and sequences, seeding
and commercial fertilizer applications, and the yields ot
marketed crops.

Data which are of a routine and recurring nature and
which are continuous tend not to be registered in the mind
of the farmer. Other data sought may involve intentional
respondant bias. For such data, recall errors and respon-
dent bias, even in statistically valid samples, are so
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severe as to make their validity questionable. Record-
keeping systems can greatly reduce the recall period and
enable enumerators to establish rapport sufficient to re-
duce the error and bias. Data for which records offer the
greatest advantage are those which relate to farmer-sup-
plied and farm-utilized items. Examples are the amount of
farmer and farm household labor used, the timing and fre-
quency of irrigations, the use of organic fertilizers pro-
duced on the farm, the amount and timing of animal labor
used, the use of farim products consumed by the household
or livestock on the farm, and the yield of those crops
destined for on-farm consumption.

Farm records are subject to statistical error. When
used in combination with sample surveys, analysts can
evaluate the extent to which records reflect the charac-
teristics of the population. Budgets that examine the
feasibility of proposed changes in the irrigatiocn system
or evaluate changes whi:h have been implemented result in
information necessary to understand the potentia’s for im-
proved irrigation practices. Information about both the
financial and economic performance of the improved irriga-
tion practice is sufficient to understand farmer response
to monetary incentives, estimate the impact on the agen-
cies initiating change, and explore the implications to
the government.
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Irrigation System Management

Jack Keller

When considering irrigation systems in terms of their
actual performance relative to potential or designed per-
formance, we are usually disappointed. Dean Peterson
(1984) asks:

. . . Why 1is it that irrigation systems have
fallen so notoriously short in terms of what
reasonably could be expected? Authorities gen-
erally now believe that the difficulty lies in
the failure of irrigation systems to perform as
systems. This is especially true if the irri-
gated farms are viewed as part of this irriga-
tion system. Water deliveries at fields do not
match crop needs; other production needs--seeds,
pesticides, fertilizer, labor, and technical
know-how--are not available to farmers in timely
fashion. The real managers--the farmers them-
selves--are not involved in the planning and
management.  The system with its human parts
really is multidisciplinary. Systems can only
be studied in vivo, not on experiment stations
or by controTTed experiments on farms. Diagno-
sis requires an inductive or clinical approach,
rather than the deductive approach of the agri-
cultural and physical sciences. These are the
ideas one hears about the new approach--called
water management.

This paper presents an overview of concepts related
to irrigation system management which I have reached as a
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result of extensive interdisciplinary field study and con-
sulting aclivities involving irrigated agricultural devel-
opment throughout the developed and deveioping world.
Table 11.1 provides a perspective of worldwide trends in
irrigation development. Data for the mid-1980s reflect
the long-range national plans tor development of the dif-
ferent regions. However, the target figures may be unre-
alistically ambitious and may more nearly represent what
can be done, rather than reasonable targets. In both de-
veloped and developing countries, improved irrigation sys=-
tem management has the potential ot increasing water and
energy use etficiency by 10 to 15 percent. In addition,
by improving irrigation system and crop management in the
developing countries, both the area irrigated and the pro-
duction from it can he at least doubled in many cases.

The discussions which follow will deal with a number
of rather specitic points which are ultimately relative to
and reflect on the management and/or manageahility of ir-
rigation systems. The specific points which will be cov-
ered include: definition of the objective: structure of
irrigation systems; irrigation as a happening; water and
social tension; evolution of irrigation systems; control
and management levels; and water pricing policy and law.

DEVELOPMENT OBJECTIVES

As a beginning point, it appears that many irrigation
projects are developed and designed without having a clear
concept of the objective. | can see three somewhat dif-
ferent objectives for developing an irrigation project.
These are:  for commerical production, for sociopolitical
reasons, and/or for geopolitical reasons. A commercig)
production objective refers to a project where the princi-
pal purpose is to produce food and fiber for markets. A
social benefit objective refers to a project which is
principally directed to improving the well-being of a
rather large number of farmers with small land holdings.
By geopolitical, 1 refer to nrojects which ave initiated
for security or impressionistic redsons, rather than for
either of the above reasons.

Obviously, most projects contain elements of all
three objectives. However, it appears useful to delineate
the main thrust of the objective at the onset so that it
can be optimized, rather than making all projects appear
to be commercially oriented using standard benefit-cost
analysis techniques. Clearly, for commerical projects, a



Table 11.1 Areas of irrigated land in the world, in millions of acres

Location Mid-1970s2 Mid-1980s” Targets®
Developed Countries 78.3 91 140
Developing Countries 224.4 264 498
Africa 5.4 7 28
Latin America 30.1 35 70
Near East 41.0 45 78
S. and S.E. Asia 147.9 175 322
Centrally Planned 257.6 278 582
Asia 213.1
Europe, USSR 44.5
World Total 560.3 633 1220

37aken from A. Aboukhaled, A. Felleke, D. Hillel, and A. A. Moursi, Opportunities
for Increase of World Food Production (Report to the Technical Advisory Committee of
the Consultative Group on Internaticnal Agricultural Resecrch, I.D.R.C., Ottawa,
Carada, April 1979), p. 161.

bTaken from J. Docrenbos, "The Role of Irrigation in Food Production," Agriculture
and Environment 2, (1975):39-54.
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relatively high discount rate is appropriate. However,
for sociopolitical projects directed essentially to pro-
viding social benefits to poor peasant farmers, a much
lower discount rate may be in order. On the other hand, a
geopolitical project which is developed for security rea-
sons is an undertaking similar to a military operation, in
which the economic benefit-cost analysis is inappropriate.

ine above cdoes not imply that a project with the
principal objective being social benefits should not be
productive, and in a sense, economically feasible. How-
ever, at the beginning of the project, the principal in-
terests might be institution building and improving the
well-being of the local population, with the commercial
economic benefits being delayed until this has taken
place. Thus, the project mignt be conceived in such a way
as to optimize the social benefitc at the onset in a man-
ner in which they can be sustained by the productivity of
the project as the building of needed institutions is put
in place. For such projects, a maximum amount of commun-
ity self-nelp and involvement is essential. An alte'na-
tive to using reduced discount rates might be to allocate
a portion of the precject cost to a subjective evaluation
of social benefits. This could be done in a similar man-
ner to allecating environmental benefits within projec
in developed nations.

Shifting to the social or geopolitical objectives
should not be used as an excuse for careless planning,
without rigorous technical and economic analyses, or a
lack of attention to broader social, environmental, and
economic consequences. If there are social or political
values, these ought to be accounted for by surrogate val-
ues in the decision process and the best commercial proj=
ect under these circumstances built. Otherwise, irriga-
tion projects justified for sociopolitical or geopolitical
reasons are very apt to run counter to the objectives and
have severe consequences which are not rigorously
assessed.

The principal argument I wish to put forth in this
section is that all projects should not be designed, im-
plemented, and managed as though they are commercially vi-
able. When this is done, systems are often designed and
implemented in such a way as to be practically unmanage-
able. Thus, ultimate project performance is apt to be
considerab y worse than what might have been achievea had
more realistic appraisal techniques been utilized.
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STRUCTURE OF IRRIGATION SYSTEMS

Irrigation systems 1nvolve Lsth physical works and
human activity. There is 1little need to discuss the
physical works or the fact that human activity, such as
management and the knowledge and effort to irrigate, are
essential. I believe a point that is often missed is the
need for communication between the users and
suppliers so that the physical delivery and application of
water can take place in a meaningful way. The management
efforts of the various people involved and either an auto-
matic anticipatory system or a communication system are
needed to tie the decision-making processes together.

As a matter of explanation, consider a typical muni-
cipal water supply system; such a system is totally anti-
cipatory and requires little effort at communication to
achieve effective and efficient delivery of water. Each
homeowner is provided with a supply which can be tapped
upon demand, and their collective desires (demands) are
communicated to the municipal supply through the pipe
network itself. This is ideal, from the standpoint of the
simplicity of the communication network; however, it is
expensive. Typicai irrigation systems are much more open-
ended and do not have sufficient water or a supply network
which can deliver water indiscriminately according to the
demands of any and all users. To cut costs and spread
benefits, water supplies are stretched, and deliveries
require communication from the farmers and/or estimates
based on predicted crop water demands to function. Fur-
thermore, the operation of systems involving small farmers
requires that the farmers coordinate their efforts to
allocate the water amongst themselves.

To picture the social stress within a typical irri-
gation system, think of being supplied by a municipal
water supply where you would need to request water a con-
siderable time before you wanted to use it in order to
flush the toilet or wash your clothes or take a bath; or,
worse yet, you were placed on some sort of rotational
mode, where you could only have water periodically if it
happened to be available in the system.

In systems with many small farmers, it is virtually
impossible to conceive of a bureaucratic delivery system
which can deal with each and every farmer. Thus, it
appears essential that the farmers organize in groups so
that they can deal collectively with the main system man-
agement; and the main system management, in turn, only
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needs to deal with a relatively few headgates serving col-
lective groups below the outlets along the main canals
(see Figure 11.1).

IRRIGATION AS A HAPPENING

Except for fully automated mechanical systems (such
as trickle and center pivot sprinkle), irrigation is es-
sentially a "happening." I use this term in reference to
the fact that a traditional irrigation system does not
irrigate--it is merely a network of channels feeding pre-
pared fields. Human enterprise does the irrigating. Fur-
thermore, the control and allocation of the water to the
fields also requires continuous and direct human action.
In other words, irrigation involves people and their
tools.  People provide the labor and management. The
tools or hardware require capital to obtain and energy to
operate. In addition, for successful irrigated agricul-
tural production, other physical inputs such as seed, fer-
tilizer, and pesticides are required. These, in turn,
take additional management, labor, capital, and energy.

The delivery of all of the above must come together
in a more or less optimum mix in order to achieve high
production. This production, to be meaningful and sus-
tainable, involves harvesting, transportation, storage,
and marketing. Obviously, this postproduction phase also
requires people and tools, and the overall situation must
take place in a hospitable physical, politicai, economic,
and social environment.

With the above viewpoint, it is impossible for me to
visualize irrigated agricultural development in anything
less than an integrated, interdisciplinary framework. Un-
fortunately, field experience has shown that irrigation
projects have been designed with insufficient regard for
the very interdisciplinary nature of buth the management
of the deliveries and the efficient on-farm use of water.
The quality of management, quantity and timing of labor,
microeconomics, other needed agronomic requirements, and
marketing have often received insufficient study. This
has caused "technically feasible" systems to fail to come
anywhere close to meeting expected production goals.

WATER AND SOCIAL TENSION

I 1like to think that the function of an irrigation
system is to supply the water in the fashion of a more or



COMMAND AREA |

IRRIGATION DEPARTMENT
OPERATES THE SYSTEM FROM THE FIELD DITCH
RESERVOIR THROUGH THE HEADGATES

FARMERS QOPERATE
FROM THEIR FIELDS TO THE HEADGATE

Figure 11.1  Typical surface irrigation components
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less uniform membrane covering the design command area
(see Figure 11.2). With this view in mind, I think in
terms of a relative water supply (RWS) or water density,
which is the ratio of the amount of water the crops pre-
ferred by the farmers can beneficially use to the average
amount of water which would be available at each farm
turnout if the total supply were uniformly delivered
throughout the system. Using this conceptual model, one
can think of the RWS in terms of both the sccial and water
tension created. The higher the RWS, the less the ten-
sion. For example, if there were twice as much water
availabie as required by the most opportune crops, such as
is often thc case in the United States, the water tension
might be relatively low, providing the delivery system was
reasonably efficient. On the other hand, typical irriga-
tion systems in India are designed with RWS values as low
as one-third, giving rise to high tensions. This is be-
cause Indian systems are extensive; that is, they are de-
signed to supply less than optimum benefits to a maximum
number of beneficiaries. Figure 11.3 depicts the inten-
sity of management required as a function of the RWS. The
lower the RWS, the greater the tension and, thus, the
greater the relative management intensity required to
achieve an equitable distribution of the limited supply of
water.

High tension systems require extensive physical works
and diligent management to stretch and hold the water mem-
brane in place. Without the necessary capital and manage-
ment inputs, the membrane merely relaxes, and the limited
water supply is captured by the proverbial head enders
(see Figure 11.4). This is not only inequitahle in terms
of the original project goals, but also uneconomic and
counterproductive politically. Even if the overall pro-
ductivity remained the same, an extensive irrigation sys-
tem is much more costly (perhaps as much as 50 percent
more on an actual per-hectare of irrigation basis) than a
system designed to serve a limited number of beneficiaries
with a relatively high RWS and, consequently, lower ten-
sion. This is because extensive systems necessitate con-
struction of longer canals, and if the water membrane is
not held in place, much of the system is essentially un-
used. One might also add that extensive systems which are
not managed to hold the membrane in place are politically
very undesirable because of the unfulfilled expectations

7 all the potential beneficiaries who do not receive a
reliable and equitable share of water.



Figure 11.2 Adequate irrigation system with effective management “stretching” the water like a uniform membrane over the
entire command area
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I wish to make two more points concerning water and
the social tension. First of all, one of the principal
concerns of farmers is the reliability of the water sup-
ply. 1In fact, on many farmer surveys, this is the para-
mount benefit of irrigation water, in the farmers' eyes.
Without a reliable system, farmers view irrigation more or
less the same as rainfall and act accoruingly. They can
hardly be expected to level their land or add the other
high-cost inputs which are necessary to obtain the bene-
fits needed to justify irrigation dJevelopment. So the
water which is delivered has limited value to the farmers,
and they spend little effort in utilizing it efficiently.

A final statement on the RWS (or water density) and
resulting social and water tension is due concerning tube-
wells. One element of large extensive irrigation projects
is that, no matter what else, they often tend to serve as
large groundwater recharging systems. This, in turn, en-
hances the availability of groundwater and the development
of pump irrigation, which is an important componant of
many large irrigation schemes. Water pumped from wells is
essentially available on demand. It gives another possi-
bility for stretching the membrane, using private entre-
preneurship; however, it may not reduce the tension ele-
ment because conjunctive use also increases the marginal
value of whatever canal water is available. Ry augmenting
undependable surface supplies with more costly pumped
water, the overall cost of the irrigation water is not
elevated teco high, but its availability can be morc or
less optimized. Moreover, the necessary inputs for higher
production are attracted and the hoped-for economic bene-
fits of the project may become available, in spite of the
relatively poor operational control and management of the
overall surface delivery system.

EVOLUTION OF 1RRIGATION SYSTEMS

When I think of an irrigation system or project, I
visualize a system which involves both social and physical
aspects and is organic in nature and, thus, evolving. Es-
sentially, the direction of the evolution is opportunis-
tic. That is, the system evolves in accordance with its
environment, moving toward what attracts it. For example,
think of a tree: the branches grow toward the sunshine,
not toward the shade, and the roots concentrate wheare
there are water and nutrients, not in dry or sterile soil.
Even if laid on its side, the tree grows toward the sun
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again. One might say irrigation is an organic happening,
with capital as its nutrient and income as its attraction,
and human in its nature.

From this evulutionary viewpoint, one expects insti-
tutional frameworks, as well as the physical systems, to
change as they mature. The directions of change are af-
fected by such things as main- and middle-system manage-
ment, water changes, the type of distribution (continuous
flow or rotational), the degree of emphasis on farmer par-
ticipation, the reliability and scarcity of water, the
general topography, soils, crops, the climate, markets,
settlement patterns, land tenure, etc. For example, even
a low-tension system which is poorly managed may provide
excessive amounts of water to head enders, at the expense
of providing water to the tail enders. If viewed early
during the development of the project, there woul. appear
to be a great deal of waste. However, if the topography
were such that the wasted water could be rediverted
throughout the drainways, in time one might find whole new
irrigation settlements outside of the original design
command area where (either individually or collectively)
farmers have developed the "newfound streams and springs"
which resulted from the water wasted at higher elevations.
Thus, what might appear to be a wasteful system at first
could evolve into an efficient one, with the return-flow
irrigation farmers even more productive than the primary
or initial users. This can happen because return-flow
waters may be more reliable, as they are buffered from the
individual short duration of main-system flow events.

The unfortunate problems with return-flow development
situations, i.e., where the return-flow water is eventual-
ly opportunistically used, are that they are politically
embarrassing, they often result in an uneconomic approach
to development (as discussed earlier), and they are often
associated with drainage problems. If planners could have
visualized the outcome in the first place, they might have
developed a smaller initial system and planned for the
community action and uptake of the return-flow waters.
This would have saved money and reached the same end point
more quickly, without being politically embarrassing.

The important message in the organic concept is that
if irrigation institutions and systems are conceived of as
being opportunistic in their evolution process, then one
can expect that it will be very difficult to make them
conform to some set of desired goals through regimenta-
tion. On the other hand, it should be relatively easy to



342

achieve the desired project goals if we can only under-
stand how to create an environment which attracts the
evolutionary process to the desired ends. This is obvi-
ously a challenge which is quite site specific and re-
quires our most astute interdisciplinary capabilities; for
not only is each system evolving, but the entire institu-
tional, economic, and social environment in which it ex-
ists is also evolving.

CONTROL AND MANAGEMENT LEVELS

There are three potential management levels: the
main system, the middle system, and the farmer system.
Typically, in the United States, the farm syctems are so
large that they encompass what might be called the "middle
system." That is, water is delivered directly from the
main system to the individual farmer's holding. In fact,
the main system usually delivers water to more than one
outlet serving a given farmer's contiguous holdings.
Thus, the main system actually forms part of the on-farm
irrigation infrastructure, and there is only one manage-
ment interface--that is, between the farmer and the main
system.  Furthermore, there are relatively few farm sys-
tems, and, thus, the main system only needs to communicate
with a few users.

In projects involving main systems in developing
countries where farm sizes are small, there is need for
managing a middle system. This is because the bureaucracy
operating the main system can hardly be expected to com-
municate and deal with each farmer. The best opportunity
for eliminating this problem is to induce the farmers
within each unit command area (UCA) .0 organize a water
user association to maintain the watercourses and distrib-
ute the water within the UCA (see Figure 11.1). This
gives the farmers within each UCA acce». to local manage-
ment, and the main-system bureaucracy oualy needs to con-
trol water deliveries to a relatively few headgates.

Farmer participation in the management of the middle
system is not only important from the standpoint of com-
munication and reducing the points of interface between
the bureaucracy and the farmers themselves, but also from
the standpoint of maintenance. For example, if the bu-
reaucracy operating the main system endeavors to deal di-
rectly with each farmer, it also overtly assumes Lhe re-
sponsibility of maintaining the entire canal network down
to each farm holding. Thus, an inordinate operation and
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maintenance burden is placed on the bureaucracy. The
bureaucracy usually fails in this area, and the middle
system becomes a no-man's-land with deteriorated, ineffi-
cient, tertiary watercourses. There jis increasing evi-
dence that if the farmers are involved in the middle sys-
tem at the onset of new projects, they can be expected to
maintain and manage it, as well as help construct it.

PHYSICAL INTERFACE BETWEEN
MANAGEMENT LEVELS

As referred to earlier, an irrigation system is com-
posed of a water supply and a main distribution system
which provides water to a number of UCAs. Each UCA is
comprised of the group of farmers residing within it and
the middle system serving the farmers. The dynamic phys-
ical relationship at the interface between each UCA and
the main system can be described by a combination of the
actual water supplied as a function of time (supply hydro-
graph, SH) and the water supply required by the irrigated
crops as a function of the time throughout the growing
season (demand hydrograph, DH). The ratio of the demand
to the supply hydrograph might be called the relative
water supply hydrograph, RWSH, as depicted in Figure 11.5.

The demand and supply hydrograph 1lines are really
probabilistic bands wnhich vary according to weather and
crop conditions. Seasonal and annual variance is often
high, so farmers operate in a sort of actuarial environ-
ment.  The summation of all the UCA demand or supply
hydrographs make up the system demand and supply hydro-
graphs. Each UCA hydrograph is the summation of the re-
spective individual farm hydrographs. The overall objec-
tive of system management might be to strive for some sort
of optimum fit between the demand and supply hydrographs
at all three management levels. This requires coordinated
effort between the farmers and their middle-system man-
agers and between these middle managers and project per-
sonnel.

Figure 11.5 shows a plot of a hypothetical supply
hydrograph, SH (dashed line), with a continuous delivery
of 50 percent of the peak demand volume (dashed line). A
hypothetical demand hydrograph assuming 100 percent of the
command area is irrigated, DH,yy, is also plotted as a
function of the relative volume compared to the peak de-
mand volume per day. The relative water supply hydro-
graph, RWSH;,q, is a plot of the ratio of SH to the DH,yq,
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which dips to a low relative water supply of RWS = 0.5.
From Figure 11.3, it is apparent that such a low RWS will
undoubtedly result in 4 very "high-tension" system requir-
ing very strong system management to distribute water
equitably to all the land area within and between UCAs.

On grain crops, it is usually not economicaily effi-
cient to irrigate with an RWS less than about 0.75.
Therefore, if the water is equitably distributed within
and between UCAs, individual farmers might opt to irrigate
only part of their land. As demonstrated in Figure 11.5,
by irrigating only 67 percent of their land. the RWSH
would bottom cut at RWS = 0.75. For high-value fruit,
vegetable, and root crops, it is usually not economically
efficient to irrigate with an RWS of less than 1.0 to
1.25. Therefore, prudent farmers growing such crons would
probably opt to irrigate only 40 to 50 percent of their
land. The point here is that farmers can rationally con-
trol the effective RWS for the land they elect to irri-
gate, providing they know in advance what this individual
water allocation wili Le. Consequently, we should con-
sider the effective RWS in socioeconomic and biophysical
terms.

In most irrigation projects or systems, infrastruc-
ture and/or management are such that the water is not
equitably distributed to all the land. Depending on the
degree of inequity, this may or may not offset the overall
productivity of the project. It is still conceivable that
67 percent of the land might be irrigated with a minimum
RWS = 0.75. However, rather than each farmer sharing in
the shortage of water, one-third of the farms may not re-
ceive any water during the peak-use period. The lack of
equity can occur at the main system level between UCAs or
within the UCAs.

The intriguing management question is: How can each
fevel of manuyement have an attractive incentive system to
induce an optimal fit between the demand and supply hydro-
graphs at the interfaces between the main svstem and UCAs
and the UCAs and farm units? To achieve this optimum,
farmers need to make their planting decisions based on the
limitations of the water supply, and the main-system man-
agement must provide reliable deliveries which meet, as
well as possible, the demand hydrographs of the UCAs. Fi-
nally, the middle-system (WUA) managers must distribute
the water received from the main system in an efficient,
reliable, and equitable fashion to the various farm units.
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WATER PRICING POLICY

I view water pricing and water law as the means for
creating an environment to induce the system to evolve in
a desirable direction. Water law provides a legal frame-
work for the development to take place. It assures farm-
ers of their right to receive the benefits from their
capital and labor inputs, which are needed to develop
their holdings for efficient irrigation.

I do not view increasing the high price of water as
an effective means for inducing optimum irrigation water-
use efficiency. In fact, on the contrary, high-priced
water may actually hinder on-farm development because it
captures resources needed for other activities. Conse-
quently, high prices may actually create a disincentive
for optimum water use in the leng run. However, it the
farmers were like residential users on a demand system
such as a municipal water supply, water pricing would be
effective because there is little cost associated with
saving water and using it more effectively. This is also
true for sprinkle- and trickle-irrigated farms supplied
from demand systems, providing the cost of water does not
price them out of business. Other methods of creating in-
centives for residential users to be etficient, which |
believe are less desirable because they leave too little
discretion to the users, are rationing or merely limiting
the allowable use and shutting off the supply accordingly
(or charging a penalty tor overuse).

When we thinic of farmers, however, we must realize
that for them to increase their water-use efficiency, they
must usually increase the labor, capital, and management
inputs to their own farm irrigation practices. Thus, it
costs them considerably more to use water efficiently than
to misuse it. This extra cost is not necessarily offset
by additional benefits from higher crop yields unless the
water is in short supply. Increasing the price of water
actually allows them less leeway for providing the addi-
tional on-farm cost of using it well.

There is ample experience with the use of subsidies
to enhance better on-farm irrigation development to im-
prove water-use efficiency. Fcr example, through the SCS,
ACP, FHA, and tax-incentive programs in the United States,
farmers can apply for and receive grants to offset much of
the cost associated with lining canals, leveling fields,
and improving irrigation practices. One way the use of
high-tech efficient irrigation systems has been stimulated
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has been through our tax-credit program. These are all,
in effect, negative water pricing policies.

In actuality, the attraction for using irrigation
waier efficiently is the degree of water scarcity and the
productive value of the water ilself. Reducing the price
of water to farmers (even to zero) but making it scarce by
rationing and reliable or on demand, prcvides the farmers
with maximum incentive and potential for effective on-farm
water management and use. For the marginal value of water
to be greater than zero, it must be allocated so that
farmers can expand or contract their irrigated area or
select better cropping patterns. Unfortunately, most al-
location and water charge systems are linked to irrigated
crop areas and, thus, inhibit (or even eliminate) the op-
portunity necessary for a nonzero marginal value.

The argument presented above challenges the juea that
charging (more) for irrigation water will necessarily
stimulate farmers to use it (more) efficiently. However,
I do not mean to imply that water pricing does not have a
place. For one thing, revenues basec on the quantity de-
livered provide a defensible means for meeting investment
and/or recurring costs. Also, high water charges may pro-
vide a means for a'locating a scarce resource, reducing
easily controlled overuse and waste, and/or drawing it
away from crops which give a low economic return per unit
of irrigation water required.

A final point relative to the above discussions is
that in order to manage most effectively, distribute equi-
tably, and charge fairly “or the quantity of water deliv-
ered, the water must bc measured volumetrically. This
requires metering of some type, which is usually done by
measuring the rate of flow and multiplying the rate by the
delivery time. Unfortunately, volumetric measurement and
the recording necessary are fairly expensive in terms of
management, labor, and the hardware required--especially
for projects serving numerous small farmers under demand
systems. However, with rotational water deliveries, tim-
ing is usually done, and the additional cost of measuring
flow rates and computing volumes delivered should be rela-
tively inexpensive.

ADDITIONAL THOUGHTS

A few additional comments or lessons appear in order.
One is that, no matter how carefully an irrigation devel-
opment is planned, there will undoubtedly be reasons to
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make corrective changes as the development and implementa-
tion of the system takes place. Thus, it appears wise to
leave room for flexibility and change in the very design
of the system so that advantage can be taken of new oppor-
tunities for system improvements and more promising objec-
tives, as new insights are gained and the holistic view of
the environment evolves. Two good questions to ask rela-
tive to project development or rehabilitation are: What
are the project's real chances for success relative to the
objective functions? and How can the objective functions
best be optimizad?

Figure 11.6 gives a breakdown of the existing train-
ing given to civil and agricultural engineers, as well as
agricultural science majors. The dotted curve in Figure
11.6 indicates what might be a more ideal mix of engineer-
ing and agricultural science course content for these
three provessions. In addition to the curriculum content
showing engineering and agriculture, some acquaintance
with agricultural economics, sociology, and management
skills shruld also be included as indicated. The main
purpose of Ffigure 11.6 is merely to show a breakdown of
the present and a more ideal mixture of engineering and
agricultural science courses, plus the need to place more
emphasis on the social science courses.

Unlike industrial systems, irrigation systems are
managed not only from the top toward the bottom, but also
from the bottom up. This is because the very act of irri-
gation requires farmers to bhe entrepreneurs and take
risks. Farmers are not on the "payroll" but must gamble
their time, capital, and talents in the real present, in
hopes of accruing future benefits. Becavse of this, a
top-down management system is unworkable, since the bu-
reaucracy and its employees do not take the risks.

To elaborate on the above, perhaps an irrigation sys-
tem is more like a free school--merely putting the build-
ing in place and providing staff does not produce educa-
tion. Education occurs when students take the risks, the
time, and the effort to attend the school and learn, in
hopes that what they have learned will be of benefit to
them in the future. Thus, to get the students into a
program, they must be attractzd to it. At least one major
attraction, even in view of extremely difficult study pro-
grams, is a lucrative and/or interesting job opportunity
upon completion.

Irrigated agriculture requires more labor per unit of
land than rainfed agriculture. The amount of capital,
management, and/or labor increases as the quantity per
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unit of land is decreased (tension increased). In devel-
oping irrigated agriculture, the restraints on efficient
and full development as affected by labor shortfalls are
often ignored. The typical result is partial development
of the plots allocated to each farmer and inefficient ir-
rigation. Ry only partially developing the allocated
land, there is less land to plant, cultivate, irrigate,
weed, and harvest; consequently, less labor is required.
Furthermore, by allocating all the water to only part of
the land, the water tension is reduced; thus, less labor
is required per unit of land irrigated. A fow typical
labor-requirement intensities for farming with only hand
implements (no animal or machine power) are: transplanted
paddy (rice) requires approximately 3,000 person hrs/ha,
potatoes require approximately 2,000 hrs/ha, and corn re-
quires 1,000 hrs/ha.

CONCLUSION

We began hy noting that the vast majority of irriga-
tion systems fall short of expectations as a result of
poor system management. With only about half of the tar-
geted basic irrigation development now in place, there is
ample scope for rehabilitating old systems and constr.:t-
ing new systems to make them more manageable. First, how-
ever, the public planning objectives of each system--be it
for commercial production, sociopolitical, and/or geopo-
litical reasons--must be more clearly defined and system
analysis and design pursued accordingly.

The objective of the farmers who are the beneficiar-
ies of public irrigation systems is to maximize their net
benefits from irrigation by maximizing the productivity
per unit of land, which is usually their scarce resource.
For an individual farmer, water may not be his scarce re-
source unless it is rationed, allocated, and/or distrib-
uted inequitably. Therefore, he is not usually concerned
about water-use efficiency or fair and equitable distri-
bution of water to other farmers, although these are the
typical operational objectives for public irigation sys-
tems. This dichotomy of the operational objectives of the
public irrigation systems and the private beneficiaries is
the root cause of many problems in managing them.

Areas that are often overlooked in planning for bet-
ter water management are:
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0 the need for communication between the users and
suppliers of water so that the physical delivery
and application of water can take place in a mean-
ingful way

o the need for visualizing irrigated agricultural
development in an intearated interdisciplinary
framework

0 the fact that systems with low relative water
supplies require extensive physical works and
diligent management to achieve equitable distri-
bution and high water-use efficiencies

o the evolutionary nature of irrigation institutions
and systems and the need to create an environment
which attracts the evolutionary process to the de-
sired ends

0 an understanding of the three potential management
levels where small farms are involved: the main
system, the middle system, and the farmer system;
and the nature of the physical interface between
these three management levels

o the potential countereffectiveness of increasing
the price of irrigation water as a means for in-
ducing optimum water-use efficiency

o the need for leaving room for flexibility and
change when designing systems, a more integrated
study curriculum for the technicians involved in
system design and management, and a better under-
standing of entrepreneurship and labor require-
ments of irrigated agriculture.

A1l of the above leads us full circle to whence we
started, which is improving irrigation system management
to enhance human well-being by having more successful ir-
rigated agricultural develupment. To achieve the hoped-
for results requires some alteration of the viewpoints and
knowledge levels of everyone concerned. This includes the
national politicians, the financiers, the planners, the
designers, the contractors, the managers, the local poli-
ticians, the research and extension services, the agro-
business suppliers, the farmers, the marketing people,
and, perhaps most important of all, we consultants who are
involved in technology transfer and the entire development
program. Without new insights on our part, we may be the
only beneficiaries of the development process as it re-
duces to welfare for the politicians and technocrats.
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However, 1 feel more comfortable thinking that my major
incentive is more successful irrigated agricultural devel-
opment and the evolution to.sard a better world.

NOTES

1. This paper was prepared for presentation for the
International School for Agricultural and Resource Devel-
opment's 1984 Invited Seminar Series, "Current Issues in
and Approaches to Irrigation Water Management in Develop-
ing Countries," Colorado State University, Fort Collins,
Colorado. It was adapted from the paper "Consulting on
Overseas Projects: An Overview Worldview of Irrigated
Agricultural Developmert." presented at the Irrigation
Association Annual Conference, Denver, Colorado, December
1983.

2. Taken from A. Aboukhaled, A. Felleke, D. Hillel,
and A. A. Moursi, Opportunities for Increase of World Food
Production, report to the Technical Advisory Committee of
the Consultative Group on International Agricultural Re-
search, I.D.R.C., Ottawa, Canada, April 1979, p. 161.

3. Taken from J. Doorenbos, "The Role of Irrigation
in Food Production," Agriculture and Environment 2, 1975,
pp. 39-54,
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Improving Management of Irrigation
Projects in Developing Countries:
Translating Theory into Practice

Warren Fairchild and Kenneth C. Nobe

INTRODUCTION

In recent years, increasing attention has been given
to improving the management of irrigation projects in de-
veloping countries. We have recently had the opportunity
to help design and implement such a project effort in
Pakistan--the Command Water Management Project--in which
design of a management-oriented organizational structure
received considerable emphasis. This project was designed
for joint World Bank/U.S. Agency for International Devel-
opment (USAID) involvement. The background and nature of
this project will be the "centerpiece" of our presenta-
tion. Before we get into our basic subject matter, how-
ever, a short explanation of the International Bank for
Reconstruction and Development, better known as the "World
Bank." is in order.

World Bank Organization and Operation

The name "World Bank" conjures up many unusual vis-
ages. Many believe the World Bank is a U.S. agency;
others see it as a large commercial bank with branches all
over the world; most have few ideas about the Bank but,
because of the name, believe it must be large. However,
it is neither a U.S. agency nor a commercial bank. Large
it is, the largest development agency in the world, which
in FY84 made loans of about U.S5.$15.5 billion (B). Of
this amount, U.5.$11.9 B was in the form of loans, and
about U.S5.$36 B was credit. The Bank's lending program
has grown significantly in recent years. Even so, the
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loans in FY84 were somewhat below the projected target
because borrowing countries have been forced to reduce the
level of their involvement due to the reqguirements of
prudent financial management in light of the world's de-
pressed economic situation.

World Bank is an international investment and Tending
institution. 1Its genesis came from World War I, when the
44 allied nations saw need for such an institution to as-
sist in developing the economies of poorer nations. The
Bank's Articles of Agreement was signed by all Allies ex-
cept the Soviet Union. It became operational on June 25,
1946. Today, the Bank is owned by its 146 member nations
that have subscribed over U.S.$35 B in capital. The Sovi-
et Union and most other communist bloc nations still are
not members.

Officially, the World Bank is a specialized agency of
the United Nations (UN); however, it operates independent-~
ly of the UN, with its own board of directors. Whereas
voting in the UN is based on nne vote for each member na-
tion, voting in World Bank is similar to a corporation and
is based upon subscribed capital, with the U.S. share now
being about 21 percent.

The Bank has two affiliates: the International Fi-
nance Corporation (IFC), which became operational in 1956,
and the International Development Association (IDA), which
became operational in 1960. IFC encourages the growth of
the private sector in deveinoping countries. World Bank
and IFC finance their loans through the sale of bonds in
the world money market. These loans now carry a conven-
tional rate o a little over 9 percent and are repayable
in about 40 years. IDA credits are made available to the
50 poorest of the developing nations, each with an annual
per capita gross national product of less than U.S.$520.
These credits are for a period of 50 years without inter-
est; however, there is a small carrying charge (about 0.75
percent). IDA credits make up about one-third of the
Bank's lending program. Since it is funded by replenish-
ment from the member nations, one hears a lot about IDA
when its funding is considered by the U.S5. Congress.

Bank loans and credits cover a wide range of sectors,
including agriculture, education, energy, industry, popu-
lation, telecommunication, transportation, urban and rural
development, and water supply and sewage. Lending for
agriculture and rural development is the largest program
and generally makes up 30 to 40 percent of total invest-
ments. A broad range of activities is financed in the
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agricultural sector, such as: irrigation and water man-
agement, extension, research, seeds, fertilizer, forestry,
watershed management, soil erosion control, and credit.
The thrust of the agricultural sectoral program is, natu-
rally, to increase production, but more spec1f1ca1]y, it
is focused on the rural areas where poverty is heavily
concentrated in the developing countries.

The general procedure for World Bank lending is for a
recipient member nation to identify a project and prepare
a project report. This "feasibility" report is appraised
by a World Bank mission. If the appraisal mission finds
the project is technically and economically feasible (with
greater than 15 percent economic rate of return) the proj-
ect goes to the board of directors for approval. Follow-
ing approval and signing of an agreement, the project is
1mp1emented by the member country, with minimal Bank su-
pervision. As a condition for a Bank loan, however, the
Bank often stipulates certain institutional 1mprovements
that must be met, such as strengthening the implementing
agency and requiring revisions in government policies re-
lating to subsidies, agriculture pricing, water charges,
the role of the private sector, etc. It is these condi-
tions that place World Bank in the position of a develop-
mental agency with tremendous influence in bringing about
change. To manage its lending program, World Bank has
about 2,500 professionals on its multidisciplined staff,
assembled from most of the member countries.

Since our paper will focus on the manangement factor
in a new Bank-funded project in Pakistan, some data on the
Bank's role and its investment strategy will heip place
this project into perspective. In general, the strategy
for water and agricultural sectors has been to assist the
government of Pakistan (GOP) in implementing priority
projects and programs by mutually reinforcing and inte-
grating financial and nonfinancial assistance. This ap-
proach is evidenced by the Bank serving as executing
agency for the UN Development Programme-financed Indus
Basin Planning Study that resulted in the Revised Action
Program for agriculture (RAP).

The GOP took the preliminary findings of RAP as a
basis for many of the policy and project decisions made
during the Fifth Five-Year Plan period (FY78-83), which
emphasized improved distribution of agricultural inputs
and services and granted top priority to water sector
drainage, irrigation water management, and rehabilitation
projects. Bank Group-financed projects during this period
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were consistent with and supportive of the objectives of
GOP's Fifth Plan. The Bank Group-financed projects in-
cluded, among others: Reservoir Maintenance (Ln. 2166-PAK
and Cr. 1255-PAK); On-Farm Water Management (OFWM) (Cr.
1163-PAK); Agricultural Extension and Adaptive Research
(Cr. 922-PAK); and Punjab Extension and Agricultural De-
velopment (Cr. B813-PAK). For the Sixth Five-Year Plan
period (FY84-88), the Bank lending program in the water
sector will continue to support these kinds of successful
efforts, including the newly approved Command Water Man-
agement Project, the Left Bank Outfall Drain now being ap-
praised in Sind Frovince, and such other proposed projects
as SCARP Transition, Private Tubewells, and Rural Electri-
fication, as well as continuing to support the successfu!
OFWM and Irrigation Systems Rehabilitation Projects initi-
ated during the Fifth P'an period.

Importance of Irrigation to
World Food Production

During the last 10 years, roughly 40 percent of all
increases in food production in developing countries have
come from expanded irrigatien. In the last 50 years, the
land under irrigation has increased threefold, with the
cost of development far exceeding the rate of inflation.
Despite this, 