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Stellingen/Propositions

Behorend bij het proefschrift Analyzing alternative policy instruments for the irrigation sector — An
assessment of the potential for water market development in the Chishtian Sub-division, Pakistan
door Pietre Strosser

1.

The notion of water scarcity is more related to financial issues than to water issues.
This thesis

There is a potential for surface water market development in irrigation systems for which the
interdependency in allocation between users and between time periods is reduced to a limited

level.
This thesis

Purchase at its very price the water you’ll drink.
Deuteronome, Chapter 2, Verse 6

Suggestions for improvement of irrigation system performance must take the current system as
a given. For economists, this means recognizing the physical dimension of water resources in
the search for better use of these resources.

Gould (1989) ; this thesis

Ce qui est simple est toujours faux, ce qui ne 1’est pas est inutilisable.
P. Valery

To integrate disciplines leads to one discipline: but which one?
Adapted from the English proverb; to form a couple is to become one: but which ane?

Risk is like love: we all have a good idea of what it is, but we cannot define it precisely.
1. Stiglitz

In the long term, we will all be dead.
JM. Keynes

11 vaut mieux allumer une seule et minuscule chandelle que de maudire I’obscurité.
Chinese proverb

10. Mais voir un ami pleurer.

J. Brel



Abstract

Strosser, P. 1997. Analyzing alternative policy instruments for the irrigation sector — An assessment
of the potential for water market development in the Chishtian Sub-division, Pakistan. Ph.D. thesis,
Wageningen Agricultural University, the Netherlands. 243 pp, 39 figures, 40 tables, 3 appendices.

The increasing scarcity of water and financial resources has made the economic dimension of water
an important element of irrigation sector policies. Water pricing is the means traditionally used to
incorporate economic issues into irrigation sector policies. More recently, water markets have been
proposed as an altemative to water pricing. From a theoretical point of view, water markets are
expected to lead to an efficient allocation of water among water users, as well as to improve water
use economic efficiency. However, the discrepancy between theoretical requirements and the
existing characteristics of the irrigation sector is significant. Therefore, the potential for water
markets in managing water resources is questioned.

In Pakistan, censideration has recently been given to water markets as a means to improve the
performance of irrigated agriculture. The present study investigates issues related to water markets
in Pakistan using the example of the Chishtian Sub-division, an irrigation system located in the
South-Punjab. Within the framework of an integrated approach that combines hydraulic, soil and
economic issues, the study analyses the functioning and impact of existing surface and groundwater
markets that have developed spontaneously within the tertiary units of the irrigation system.
Although constraints remain on the functioning of these markets, water transactions significantly
improve the flexibility in managing water resources without threatening significantly the
sustainability of irrigated agriculture.

This study also discusses elements related to the technical feasibility of water markets at higher
spatial scales in the irrigation system, and their potential impact on agricultural production and the
physical environment, The potential for reallocation of surface water in terms of increased farm
gross income is the highest within and between tertiary units. Also, the impact of realiocation on
farm gross income is higher when volumes of surface water are transacted independently of the time
of the year, as opposed to yearly reallocations that would affect proportionally the supply of canal
water received each month. Constraints related to the existing conveyance infrastructure are not
seen as a major obstacle to water transactions. Changes in the operational rules required to develop
water markets at higher spatial scales, however, may represent an important constraint to water
market development. Also, the absence of storage facility limit the potential for temporal
reallocation of surface water, thus the overall impact of potential water markets.

The thesis concludes by emphasizing the importance of a combination of interventions to manage
the irrigation sector, as well as to improve its performance in terms of agricultural production and
sustainability. The need to analyze, compare and combine interventions, further stresses the
relevance of an integrated approach that integrates disciplines, links decisional and bio-physical
processes, and investigates the heterogeneity of these processes within the irrigation system.

Keywords: water markets, irrigation management, integrated approach, economic modeling,
Pakistan
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Chapter 1

Introduction

The main objective of this infroduction is to present three important elements that have been
combined to form the present thesis. The first element relates to interventions and policies for the
irrigation sector, and the assumption that water markets have an increasing role to play in the
management of the irrigation sector. The second element is methodological, advocating for the need
to develop a sound research framework, or integrated approach, to investigate the multiple
dimensions of irrigation systems and their performance, and assess the potential for interventions in
the irrigation sector, The third element relates to the location where most of the scenes presented in
this thesis will take place, i.e. Pakistan, whete a drastic institutional reform is currently being
discussed for managing the irrigation sector.

1.1 Water scarcity and water sector policies

The history of the irrigation and water sectors in various countries shows that water sector policies
are dynamic processes, often responding to changes in the physical, macro-economic, social and
political environment. Although in the past policy changes took place at each country’s pace, it is
increasingly apparent that discussions on irrigation and water sector policies have moved from the
national to the international arena and are part of a wider concern about issues and appropriate
options. As will be discussed below, the failure of past policies and projects, inadequacy of existing
interventions to tackle current issues of the water and irrigation sector, and increasing financial
pressures on governments and economics are seen as the main causes explaining this world-wide
concern of the importance of water issues.

In recent years, there has been a growing recognition from a large number of countries, as well as
from international bodies such as the Organization for Economic Cooperation and Development
(OECD, 1989), the International Bank for Reconstruction and Development (World Bank, 1993)
and the Food and Agriculture Organization (FAQ, 1994) of the need to move to more demand-
oriented interventions that consider the economic vaiue of water. This recognition is illustrated by
the following citations:

Member countries develop and implement effective water demand management policies in all
areas of water services through making greater use of: forecasting future demand for water;
appropriate resource pricing for water sevvices; appraisal, reassessment and transferability of
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water rights; various non-price demand management measures; and integrated administrative
arrangements for demand management (OECD, 1989)

Past failure to recognize the economic value of water has led to wastefil and environmentally
damaging uses of the resource (ICWE, 1992)

A prerequisite for sustainable management of water as a scarce vulnerable resource is the
obligation to acknowledge in all planning and development its full costs. Planning
considerations should reflect... investment, environmental protection and operating cosis, as
well as opportunity costs reflecting the most valuable alternative use of water... The role of
water as a social, economic and lfe-sustaining good should be reflected in demand
management mechanisms. (UNCED, 1991)

The following paragraphs investigate the rationale that supports this wide consensus, which
emphasizes the economic nature of water and promotes the integration of demand management
mechanisms in water and irrigation sector policies. The objective here is not to identify solutions
that will resolve ail problems faced by the irrigation sector of any country. On the contrary, the
complexity of the task of designing appropriate irrigation sector policies is fully recognized.
Different objectives are specified simultaneously (for example, increasing agricultural production,
restoring equity, or developing specific regions); are given different weights according to economic,
cultural and political criteria; and are to be met under physical, socic-economic and political
constraints that may vary in space and in time. The main thrust of the discussion presented below
emphasizes the need to investigate the relationship between water scarcity and appropriate policy
options.

Using the terminology developed by Randall (1981) in his analysis of the water economy, two
stages can be distinguished in the development of the water economy, each requiring different
interventions and policies. The first stage or expansionary phase is characterized by supply-based
interventions (See Table 1.1) and the expansion of irrigation facilities, i.e. developing more area
under irrigation, constructing new irrigation systems and storage facilities, and reaching a larger
number of potential users. Priority is given to expansion of the irrigated area and increasing total
agricultural production to respond to the needs of an increasing population and to reduce the risks of
famine. Public intervention is predominant, partly duc to the large investment costs involved in
most of the irrigation infrastructure (natural monopoly), but also due to the social and political
dimensions of water. Also, there is no structural shortage of water and water is supplied more or
less free of cost to users.

The second stage, or mature phase, is characterized by water scarcity, with no extra supplies that
can be tapped except at prohibitive costs, increasing pressure from the other sectors of the economy
such as municipalities and industries, and significant environmental problems such as waterlogging,
salinity and pollution. As water scarcity, both in terms of quantity and quality, increases, the
irrigation econorny enters into its mature phase. Supply-based interventions, such as constructing
new irrigation infrastructure, that were favored during the expansionary phase are less well adapted
to this phase. Supply-based approaches coupled with the failure to price water at an economic level
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induces short and long-tenrn water problems: supplied at zero or low costs, water is seen by
consumers as available in unlimited quantities with no incentive to use water efficiently.

Table 1.1. Supply-based versus demand-based interventions in the water sector.

Intervention Supply-based Demand-based

Modification of physical system Construction Development of new jrrigation
Rehabilitation technology
Changes in infrastructure

Changes in management activities  Operation Farm scheduling
Maintepance Information management
Information management

Changes in cnabling environment ~ Institutional framework Water pricing, quota, water
Legal system markets
Budgetary policy Legal system

To correct the imbalance hetween demand and supply of irrigation water, the economic value of
water should be considered to influence water users’ behavior. In short, there is a need to move
from strictly supply-based to more demand-based interventions (see Table 1.1) or demand
management mechanisms that become the least-cost methods to maximize benefits. With increasing
water scarcity, efficient use of water and efficient allocation between users, whether within a sector
or between sectors, become important objectives of water sector policies. Examptes of demand-
based instruments that have been widely discussed under different socio-economic and physical
environments are water pricing, quotas and water markets. Box 1.1 presents some of the
characteristics of these policy instruments. For presentation and discussion of a larger number of
supply-based and demand-based interventions, see for example Bhatia et al. (1994), FAO (1994)
and Winpenny (1994).

The distinction proposed by Randall (1981) between the expansionary and mature phases requires
some comments. Going from the expansionary phase to the mature phase is a continuous process,
with no clear separation between the two phases. According to the position of the irrigation sector
within the economy, the overall economic development of the country, the physical characteristics
of water supplies, and the existing infrastructure and institutional set-up, different levels of maturity
may be expected, with only some of the problems highlighted above appearing in the water
economy. Also, as new technologies develop, changes in the imbalance between supply and demand
may be modified and excess supplies become again available, positioning the notion of maturity
into a more dynamic context.

It is important to stress that policy choices are not limited to the decision to choose between supply-
based and demand-based interventions (FAO, 1994). Whether to promote independent projects or
integrate interventions into a general framework or programs is also part of the policy process
(World Bank, 1993; FAOQ, 1994; Winpenny, 1995). Important choices should be made regarding the
management mode that is going to accompany these interventions:
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Box 1.1. 'I'hree examples of demand management mechanisms: Water pricing, quota zmd water markets (adapud
from Motitginoul and Strosser (1997)).

Water pricing

F:omatlmretmlpomtufmw wmmmnglsthebemc mstmmgmthathelpstodlsmbme hmmdwatermn'cm
to: users and to determine allocatlonof!lmemsoumesbypmmdingapmpmte signals or incentives. At -the same
time, water:pricing-is used for-comt re¢overy purposes. Several conditions mmqwcdformrpmmg to-achicve
Ea&cmatwe effiviency: de:mmd fm-wnterbemg sensitive:to wmrpncm watcrpncmg mechmsms tha: ar»ams:ly
ommdcmd by ﬁarmm.’wm users, t-take theu: dec:smm Other aspectﬂ to be consideted for the mmbhsh!:m:t of
water pricing. include . the “enforcemient of payments by users, the. need, to consider marginal cost issues and
externalities, and financial issues such as the cost of implementing. water pricing mechanisme aid the ﬁnanclal
autonomy of the managing agency.. :

Although water pricing is.aimed at. mﬂmmcmg farmers decisions aud the demanci for water, demanid and/or supply
parameters may be considered while developing water pricing mechanisms. Qbjectivesof demand-based pricing may
e to. appropriate part of the benefits made by. water msers, to-maximize. their total utility by putting sers .in
ccmpetmon or tnke into.account mofe socm-pbhtwai aspects (for. gxmnple eqmty cons;dmuons) Sappli!»basad

andcomputcwatcrpnm along with the water | cing stmcmms chﬁ‘nt from" countryto country, and evap from
irrigation projectto irrigation project. Exfretie ¢addy 6f witer pricing structure (or water chargc schedule) are &t Toite
or ﬁxed charge (whedm' ma-based oruser- hased) and vohnne—based charge :

Quota -

The main objectivenf the quota is to limit water use. Contrary to water pricing, quotas do not prowde an inceptive to
- water users. but simply constrain their demand. A quota has an effect on the demand oly if, for a given water price,
 the estimated demand for water would be higher than the quota imposed. Different types of quota may be proposed:
quota in time, quota in‘volume and quota related to uses (for example type of crop) Quetas may be-fixed over l!me or
may vary according to the availability of water.

If the price elasticity of water demand is equal or close to Zero, quotas are more efficient in cnnstrmnmg water users to
save water than water pricing, If the demand is elastic with regard to prices, then economic theory shows that. quota
and water pricing lead to the same results in terms of water use when the demand for water is stationary. However, if
increases in‘the demand for water are expected as a result of changes in other sectors of the economy, then quotas are
the preferred option as they constrain the demand at the same level, while changes in water demand wwld be
expected under ‘water pncmg

W’ater markets

Water markets are an allocation fechanism based on an ipitial allocation of water rights. As-a result 8f the
conifrontation between water supply and water demand, water is (re-Jallocated between usérs at an equilibrium price
established on the market. Requmuts for well functioning water tharkets include water scarcity, well defined and
transferable water rights, a‘lerge number of purchaaers and sellers, no (or limited) uansacuon costs and the existence
of an appropriae information system, .

Existing water ‘markets show a large diversity of functioning and organization. Water markets mclude permanent
transfers of water rights, or lease of these rights and transfers of volumes of water. Water markets often function at the
margin, i.e. involving only a limited portion of existing water resources. High transaction costs (as compared to the
value of water and expected benefits), inadequate physical infrastructure and legal framework, or socio-political
‘resistance are factors that explain this situation. Many difficulties arise as a result of potential externalities and third-
party effects of water transactions, and Tack of information to quantify these effects.
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e Decentralized or centralized management and contrel. While in the past centralization has often
been the first choice (especially in large irrigation systems in developing countries), the tendency
in recent years has been towards decentralization of organization and decisions.

+ Range of management styles polarized between authoritarian and participatory. Again, and as a
result of the failure of past authoritarian management styles, participatory management has
recently received a lot of attention in developing countries. Examples of experiences in the
irrigation sector are summarized by Kloezen and Samad (1996).

s [dentification of the relative importance of the public and private sector. The role of the public
sector has always been very strong in the water sector, due to the special cultural and social value
of water, its natural monopoly nature, the interdependency between users in a river basin or
aquifer, and problems of externalities (World Bank, 1993; Winpenny, 1994), However,
fragmented management, inefficiency of public agencies in managing water resources, and
increasing financial problems of these agencies have highlighted the potential for private sector
invelvement in the water sector.

Finally, it is important to emphasize that consideration has to be given to the fit between demand-
based instruments and the infrastructure available to support the implementation of these
instruments. Thus, in most cases, the challenge remains the identification of the right balance
between water treated as an economic good and water considered as a social good, between
supply-based and demand-based interventions, and between different management options or
models.

Many countries are moving towards policies that consider the economic value of water and
emphasize proper incentives, pricing and regulation (Serageldin, 1993; FAO, 1994). Drastic
changes in water sector and irrigation sector policies have been proposed and also implemented in
numerous developing countries, often primarily as the result of financial pressure from donors and
funding agencies and, secondarily, to respond to increasing water scarcity. Interestingly, however,
the highest priority is often given to changes in the instituiional framework and management mode
(i.e. decentralization, participation, and higher private sector involverent) instead of changing
incentives and implementing demand management mechanisms. The priority given to the reduction
in budget deficit as compared to improving economic cfficiency, along with the relative lack in
popularity of these mechanisms (for example, increasing water charges) may explain this trend.

In developed countries, also, important modifications have taken place as a result of the imbalance
between supply and demand, increasing competition between sectors, and water quality problems
(pollution). Also, financial considerations play an important role as demonstrated by the recent
reform of the water sector in the United-Kingdom. Table 1.2 presents examples of recent changes in
water and irrigation sector policies in selected countries. The fact that changes have taken place
under a large range of physical and socio-economic environments stresses the complexity of what is
often casually defined as water scarcity.
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Table 1.2. Recent changes in water and irrigation sector policies for selected countries (adapted

from FAO (1994)).
Country Tustification for change and Main thrust of policy review & Final documents and action
review of existing policies reform
Indonesia  Re-orientation of large public De-centralized water administration  Water Policy in 2™ 25-Year

investments, with high water
subsidy, deterioration of water
resources infrastructure, regional
supply-demand imbalance, water
use changes.

based on river basins; privatization
and cost-recovery; cross-sectoral
analysis; regional water resources
development.

Plan and VI" Development
Plan. Decentralized water
administration.

Mexico Growing regional imbalance Promote water use efficiency; November 1992: Laws on
between water demand and improve quality of water services National Waters enacted by
availability of water to cities and through enhanced role of the private  Federal Congress.
to irrigation sector.

England and  1985: conflicting issues of Redraw boundary between the 1988: Water Bill released.
Wales financial management of public public and an integrated private July 1989: Water Act
Water Authorities sector. Control of a privatized water  enacted by Parliament.
industry.

France Supply-demand imbalance Manage water resources in an January 1992: Laws on

worsened by drought integrated and balance manner, Waters enacted by

Balance water resocusce

Parliament.

development and conservation

In fact, as a conclusion to this section, it is important to look again at the analysis presented by
Randali (1981) that emphasizes the link between water scarcity and water sector policies. Current
examples of policy changes that promote demand management mechanisms in developing and, to a
lesser extent, developed countries emphasize the importance of financial resources required to
implement water and irrigation sector policies. In the case of the western United States, for
example, Gould (1989) mentions that the pressure for (water) reallocation is not simply a result of
demand exceeding supply. Much of the pressure is financial. The recent impetus for change in water
and irrigation sector policies may be more the result of a financial crisis in the context of structural
adjustment prograrms and reduction of budgetary deficits, than a pure water crisis. Of course, the
importance of the latter is fully recognized, especially in the context of supplying basic water needs
to the poorest in developing countries. But this view is supported by the simultaneous recognition in
a large number of countries facing a large diversity of “water scarcity™ situations, of the need for
drastic changes in water and irrigation sector policies that promote demand based mechanisms.

The following section takes the example of the irrigation sector in Pakistan to illustrate what has
been described so far in general terms. Some of the symptoms of the mature phase of the water
economy as described by Randall (1981) are present in the irrigation sector in Pakistan, that is
currently under scrutiny and pressure to undertake drastic policy and institutional reforms.
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1.2 Main issues related to irrigation system management in Pakistan

The importance of the agricultural sector in the economy of Pakistan can be summarized in the
following key figures: the sector accounts for 26% of the Gross Domestic Product (GDP) of the
country, provides job opportunities for 55% of the labor force, and accounts for 80% of the total
export earnings of the country (Strosser and Rieu, 1993). Within the agricultural sector, irrigation
plays a predominant role as it provides 90% of the total agricultural production of the country,
mainly within the 14.5 million hectares of the Indus Basin Irrigation System. Also, the irrigation
sector plays a major role in the industrialization process of Pakistan with the production of cash
crops such as cotton and sugarcane.

During the 1960s and 1970s, and similar to other countries that benefited from the technological
improvements of the Green Revolution, Pakistan has been able to improve its self-sufficiency in
agricultural and food product with significant increases in cropping intensities and crop yields.
However, crop yields remain among the lowest in the world. Also, by the end of the 1980s, several
signals suggested that the period of agricultural output growth was over, with the productivity per
unit of land of the main crops becoming stagnant or even following a decreasing trend (World
Bank, 1994; Bandaragoda and Firdousi, 1992).

With a population estimated at more than 130 million inhabitants today, that is expected to reach
150 million people by the end of the century and 400 million by the year 2050 (World Bank, 1994),
the demand for food products is expected to continue growing. Thus, unless there are significant
improvements in agricultural productivity and total production at least in the same order of
magnitude as those recorded during the Green Revolution period, the imbalance between supply and
demand of basic agricultural goods is expected to increase in the future and to threaten the self-
sufficiency objective of Pakistan.

While the different actors involved in the management of the irrigation system may disagree on the
main cause explaining the current low productivity level, the majority of them recognizes the
problems faced by the irrigation system. Although the benefits of irrigation per se are fully
recognized (under the semi-arid climate of Pakistan, little would grow without irrigation), the
irrigation sector has become increasingly the target of criticisms and considered as the main cause
for productivity problems in agriculture for the following reasons:

* Poor performance of the public sector in supplying irrigation water lo end-users. Low
conveyance efficiencies are obtained, with only 40 percent of the water diverted to the canal
system reaching the root zone of the crops (John Mellor Associates, 1994)". Canal water supplies
are highly inequitable, variable and unreliable (Bhutta and Vander Velde, 1992; Kuper and
Kijne, 1993; Ahmad et al. 1993). Public tubewells, also, have a poor operational performance,
with low utilization rates and discharges lower than design (Malik and Strosser, 1994). Poor
maintenance, lack of application of operational rules, no proper information system, local
preference by operators that increase variability downstream, and interference by water users in

! In fact, low conveyance efficiencies are to be considered in the context of the overall efficiency of the Indus Basin. In
arcas with good quality groundwater, such losses will be reused via tubewell pumping.
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the operation of the irrigation system, or lack of interest by government staff, are reasons
explaining the poor performance of the public sector.

e Severe environmental problems. Although investments in drainage have been significant in
Pakistan during the last 20 years, waterlogging still affects large tracts of land, with more than
22% of the total Gross Command Area (GCA) of the Indus Basin Irrigation System having
groundwater tables within 1.5 meters of the soil surface (World Bank,1994). Also, salinity and
sodicity constrain farmers and affect agricultural production, problems that may be further
exacerbated by the use of poor quality groundwater (Kijne and Kuper, 1995). In areas with good
groundwater quality, excessive pumping by private tubewells leads to mining of the aquifer
(NESPAK, 1991).

e Financial constraints. Maintenance and operation of irrigation systems has been constrained by
inadequate allocation of funds in the provincial budgets. The low level of funding is partly
related to the existing gap between water charges collected from water users and operation and
maintenance costs (influenced by the high operation and maintenance costs of public tubewells)
as illustrated in Figure 1.1. However, the overall financial constraints faced by the different
provinces largely explain the situation (John Mellor Associates, 1994). Inadequate financial
allocation, along with the lack of appropriate methodologies to allocate these scarce financial
resources optimally, and poor quality control and fraud associated with contract work (Vander
Velde, 1990), has led to deferred maintenance, with negative impact on canal water supply
performance.

Figure 1.1. Gap between receipt and expenditures in the irrigation sector for the period 1974 to
1996 (source: Government of Punjab, Pakistan)
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There is a need to stress that some of these problems are not new in the irrigation sector in Pakistan.
Dry tails, problems of maintenance, user’s interference, and waterlogging and salinity, have always
been part of the history of irrigation in Pakistan. For example, in 1895 already, measures were
implemented to control waterlogging (Kuper, 1997). However, the negative impact of these
problems could then be compensated at the macro level by the construction of new irrigation
systems that constituted the major public intervention in the irrigation sector for a very long period.

1.3 The historical context to understand current policy changes in Pakistan

Looking back at history

Up to the end of the colonial period in 1947, the British administration promoted the construction of
large irrigation schemes that resulted in the existing Indus Basin Irrigation System. Initial objectives
of irrigation related policies included the relief of the population pressure existing in the congested
districts of Central Punjab and the creation of model villages superior in comfort and civilization to
anything which had previously existed in the Punjab (Farmer, 1974). Rapidly, the main objective of
irrigation related policies became the mitigation of famines, especially after the severe famine that
affected large parts of India in 1878, by spreading water resources thinly and equitably over large
areas of land, Also, the establishment of a comprehensive hydraulic network and its related
administration strengthened the control of the British over large areas and populations,

In irrigated areas, the British established a system of quota (still in use nowadays) to share limited
canal water supplies. The quota, expressed as the combination of a duration of use at the farm level
(i.e. the water turn of the warabandi schedule that shares canal water between users within the
tertiary unit or watercourse) and a share of water flows (specified by the dimensions of the
watercourse outlet) was enforced through social control and physical infrastructure. A limited
number of control structures along the main canals were provided to minimize operational
requirements. With imposed scarcity, efficient use of canai water was also expected. The British
established a system of area/crop-based water charges (abiara) to cover mainly operation and
maintenance costs and also to generate some revenue (Farmer, 1974),

Since Independence in 1947, most of the interventions in the irrigation sector have focused on water
supplies to increase agricultural production, improve self-sufficiency in major food crops, and
promote equity in water supplies. Major efforts were targeted towards replacing the supplies "lost"
to India under the 1959 Water Treaty by building link canals to bring supplies from the Western to
the Eastern part of the country, and constructing dams to increase storage capacity. However,
cropping intensities increased more than irrigated areas during this period.

At the same time, further emphasis was given to mitigating the adverse effects of irrigation such as
waterlogging and salinity. Large-scale Salinity Control And Reclamation Projects (SCARPs) have
been implemented since the beginning of the 1960s, initially with the installation of large public
tubewells that provided also extra irrigation water supplies in arcas with good groundwater quality,
and then with the construction of large surface drains. More recently, drainage facilities have
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included sub-surface (tile) drainage systems in limited areas. As will be discussed below, the end of
the 1970s saw a shift in the focus of policies, with the development of the On-Farm Water
Management projects aimed at reducing water losses taking place within tertiary units and farms.

The irrigation system to date: new pressures on water and financial resources

The Indus Basin Irrigation System today is the result of one century of supply-based policies.
Surface water is supplied to more than 14.5 million hectares or 89,000 watercourses through an
extensive network of main canals and secondary canals or distributaries. The system of quota and
area/crop-based water charges is still in use, although discrepancies exist between official rules and
rules in practice, with for example the development of localized canal water markets. The 1980s,
however, have brought major changes that have stressed the inadequacy of the supply-oriented and
engineering-driven interventions for projects implemented so far. In this context, two issues are
seen as particularly important.

The first issue relates to changes in water scarcity that have taken place within the irrigation
sysiem, It is not clear that the quota initialty imposed by the British administration played a role as
the demand for irrigation water was rather minimal. During the last decade, however, the pressure
on water has drastically increased, with more competition for quantity and quality of irrigation
water within the irrigation sector, but also from other sectors of the economy.

* As a result of changes in the macro-¢conomic environment, farmers have increased their
cropping intensities from the original design figures of 50-70% to an average of 120% per year
for the Indus Basin (John Mellor Associates, 1995). This has led to an increasing pressure on the
(cheap) surface water resources, translated into a significant interference of water users into the
operation of the irrigation system (Rinaudo et al., 1997a).

* As a result of inadequate canal water supplies, but alse as a response to changes in the macro-
economic environment, farmers have installed a large number of private tubewells to tap
groundwater resources. However, current pumnping rates have already led to mining of the aquifer
in several canal command areas with good groundwater quality (NESPAK, 1991). In areas with
poor groundwater, farmers still have installed tubewells and pumping leads to problems of
salinity and sodicity (Kijne and Kuper, 1995}

e More recently, water needs by other sectors of the economy, such as industries and
municipalities, are becoming more significant, although the overall quantity used by these sectors
remain marginal as compared to water use by the irrigation sector, i.e. less than 5% of total water
resources (World Bank, 1994). Competition over water resources between sectors has been
limited to specific areas close to large cities and industrial complexes. The main issues presently
at stake include competition on groundwater use (quantity), and problems of effluents and
pollution of irrigation water (quality).

e There has been a recent recognition of the in-stream needs of the Indus River. Minimum
discharges from the Indus to the sea are required to limit intrusion of seawater into the coastal
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area. However, little is known about the minimum flows required and how this would compete
for surface water resources with the irigation sector.

+ Finally, the competition for surface water resources has intensified between the four Provinces,
and mainly between the Sindh and the Punjab. After long negotiations, the Indus River System
Authority was created in 1992 to implement the water apportionment accord that specifies
surface water allocations to Provinces. However, confrontations between the Sindh and the
Punjab regarding these allocations still arise periodically, mainly during periods of high water
demand.

The second issue is linked with the level of financial resources available for the irrigation sector.
Financial resources for the development of the irrigation sector are scarcer today than 20 years ago,
both in absolute and relative terms. Several reasons explain this situation.

¢ Similarly to the general trend observed in the Sub-continent (Rosegrant and Svendsen, 1993), the
development costs of irrigation projects per unit area today are significantly higher in absolute
terms, as low-cost high-potential areas have already been developed. As a consequence,
significant improvements in agricultural benefits will be required if acceptable economic returns
are to be realized.

¢ In the context of structural adjustment programs and under pressure from international lending
agencies, there is a political will to reduce subsidies to the irrigation sector. As shown by Figure
1.1, the irrigation sector has been (and still is) highly subsidized in recent years. Financial
autonomy has become an important policy objective in Pakistan. The recent SCARP Transition
Projects illustrate this concern. In order to eliminate the financial burden related to the high
operation and maintenance costs of public tubewelis, these projects aim at closing down public
tubewells, selling them to farmers or group of farmers, or providing subsidies for the installation
of private tubewells by individual farmers.

* The level of financial public resources avaiiable for the irrigation sector has drasticatly decreased
in relative terms. This results from the disengagement of donors traditionally involved in the
irrigation sector (the end of the US-Aid period in 1991 as a result of the Pressler amendment).
The increasing importance of the total debt servicing of the country, presented in Figure 1.2 as a
percentage of the Gross Domestic Product (GDP), is another element that limits the availability
of financial public resources. Also, the competition from other sectors of the economy has
increased: higher economic rates of return are in fact expected from investment in industrial and
infrastructure development as compared to investments in the irrigation sector. Figure 1.3
illustrates the decreasing share of the agricultural sector (including irrigation) in the total annual
development expenditures of the Government of Pakistan.
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Figure 1.2. Total debt servicing in Pakistan for the period 1987 to 1996, expressed as a percentage
of the Gross Domestic Product (GDP) of the country (Source: Government of Pakistan).
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Figure 1.3, Annual development expenditures of the agricultural sector (including irrigation) in
Pakistan for the period 1971 to 1996, expressed as a percentage of the total annual development
expenditure of the Government of Pakistan (Source: Government of Pakistan).
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With the increasing scarcity of water resources and financial resources described above, it is clear
that highly expensive supply-based engineering approaches become less viable. This has been
reinforced by the increasing recognition of the failure of past projects that did not yield the expected
(lasting) benefits that were visualized, and could not solve problems in the irrigation sector (World

Bank, 1994).

1.4 Proposed options for irrigation sector policy in Pakistan

In the 1980s in Pakistan, there was already recognition of the inadequacy of the purely supply-based
engineering biased interventions for tackling the problems faced by the irrigation and agricultural
sector. New approaches were proposed that included institutional components. Examples of such
approaches include: the On-Farm Water Management Projects that promote the development of
water user associations at the watercourse level (Colorado State University, 1976); the SCARP
Transition Projects that aim at reducing public involvement in the groundwater sector by closing
down or transferring public tubewells to water users (World Bank, 1988); or the Command Water
Management Program that promoted water users’ involvement in the maintenance of the irrigation
system up to the distributary head (World Bank, 1996a). Also, under the pressure of donors, there
have been discussions on the need to increase water charges to decrease the gap between revenues
from the irrigation sector and operation and maintenance costs. Although conditional to loans for
several projects, the political decision to increase water charges has been postponed. Only recently
have some of the provinces decided to increase water charges.

However, despite the apparent change in philosophy that guided interventions in the irrigation
sector, the engineering components only of these new approaches were successfully implemented. A
typical example is the On-Farm Water Management Projects cited above, where watercourse lining
{(the engineering component) has been implemented in large number of watercourses while few
water user associations (the institutional component) have been developed in a sustainable manner,
Reasons explaining this lack of success may be related to inadequate approaches for local
conditions; the absence of real needs for water user associations within the watercourse command
area; the lack of local support and appropriateness of changes brought by outsiders; the meager
qualified human resources (i.e. technical staff from engineering wings of government departments
trained as social organizers) allocated to the implementation of these projects; and the incentives for
implementation staff closely tied to construction progress rather than to institutional progress and
development impact (World Bank, 1996a).

More recently, in recognition to the current problems in the irrigation sector and under pressure
from international lending agencies, drastic changes in irrigation sector policies have been proposed
{(World Bank, 1994). These changes, in line with the worldwide recognition of the economic value
of water illustrated above, included the privatization of the irrigation sector and development of
water markets in order fo achieve financial autonomy of the sector and economic efficiency. Several
rounds of discussions were held between the major stakeholders of irrigation systems in Pakistan,
i.e. government departments at the provincial and federal levels, farmer organizations, politicians
and donors to discuss the proposed and highly controversial changes. The different stakeholders
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eventually agreed on the need to decentralize, instead of privatize, irrigation system management
and to promote a participatory management mode. In short, the final proposal opted for an
increasing involvement of water users and the development of financially autonomous irrigation
authorities at the Provincial level and Area Water Boards at the canal command area level.

Although there has been a political decision to proceed with these changes, it is surprising to realize
that very little is known regarding the details of the proposed changes and of their implementation,
and their expected impact on water supply, agricultural production and sustainability of the resource
base. The approach selected for implementation includes the development of selected canal
command areas as pilot projects that are expected to provide information on constraints_and

limitations of proposed changes and lead to a successful implementation for other irrigation canad-..

commands. It is important to note that pilot projects will impact on large areas of no less than
300,000 hectares, thus on a large number of farmers that may eventually pay for an ill-designed
project or unsuitable options.

1.5 Justification of the study

Analysis of policy interventions in the irrigation sector shows that little effort is generally made to
adequately appraise alternative interventions and estimate their economic impact. This aspect has
been recently emphasized in a study reviewing irrigation projects funded by the World Bank that
noted a very high level of unsatisfactory planning and design in irrigation projects (Jones, 1994). In
fact, policy and project appraisal may take place too often under the conditions described more than
25 year ago by Ingram (1971) with berefit-cost analysis (or as a matter of fact other studies used to
appraise interventions).... used to clothe politically desirable projects in the figleaf of economic
respectability. Often, interventions are justified theoretically, ideologically or politically, or because
similar experiences have successfully taken place in other countries.

Although the political nature of policy decisions may limit the need for appraisal of new projects
and policies, other causes explain the lack of comprehensive appraisal and analysis of proposed
interventions in the irrigation sector. Firstly, well-specified appraisal methods that analyze and
integrate the multiple facets of irrigation in an effective way are rare. Due to the complexity of the
irrigation system, there is no simple cause-effect relationship between an intervention and its
impact. It may be necessary to analyze the complexity of decisional and biophysical processes to
identify and quantify the impact of a given intervention. Also, as other external interventions may
take place at the same time and influence these processes, it is sometimes difficult to identify the
marginal impact of given interventions. In some cases, methodologies may be available with
researchers, but have not been operationalized to integrate constraints existing in most of the
appraisal processes related to availability of time, financial resources and information.

Secondly, the appraisal process in itself is often mono-disciplinary oriented, without due
consideration given to the integration of disciplines. Priority is often given to technical aspects. And
environmental, social and economics issues are considered at a later stage of the appraisal process
once major technical choices are made. In fact, although the need for integration between
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disciplines in appraisal and evaluation processes is increasingly recognized, the effective integration
of economics and technical issues in these processes remains rare (Goldsmith, 1986; Srinivasulu et
al., 1997; Faisal et al., 1997).

Thirdly, the appraisal process is hampered by a lack of information. Little is often known on the
functioning of the existing irrigation system and good information is particularly scarce in
developing countries. Pakistan provides a good illustration of information-related issues in the
irrigation sector; information is scattered between institutes, is collected for different time and
spatial scales, lacks accuracy, and is often outdated. The following sentence mentioned by Gould
{1989) in the context of water right issues remains valid for the appraisal of new irrigation sector
policies in Pakistan and stress the importance of good information on the existing situation:
suggestions for improvement must take the current system as a given. It can be improved, but it will
not be replaced. This, too, is a reality, which must guide the search for better use of water
resources.

Also, information on the impact of policy interventions in other countries and irrigation systems is
lacking in most of the cases. Proper monitoring and evaluation of past experiences is often
inadequate. The large literature on privatization or turn-over of irrigation systems, for example,
focuses on the processes and the organizational dimensions of privatization, while results showing
that these experiences have effectively produced the desire benefits are lacking (Seckler, 1993).
Thus, lessons from past interventions are generally insufficient to support current appraisal
processes. New policies are then only justified by the existence of similar interventions in other
countries or irrigation systems, and not by the effectiveness of these interventions to reach specific
objectives and tackle well identified issues.

1.6 Objectives of the study

Most of the issues mentioned above explain the lack of adequate appraisal of current proposals for
decentralization and water market development in Pakistan and provide the rationale for the present
study. The main thrust is that further research on the functioning and constraints of the irrigation
systems to date will provide necessary information and understanding of the complexity of these
systems and lead to a more appropriate design of alternative policy instruments. This research
requires a specific framework to analyze in an integrated manner the technical, economic and
environmental dimensions of the irrigation sector, to understand the relationships between these
dimensions, and to analyze tradeofts between policy options.

In this context, the present study has two objectives:

s The development of a methodology or integrated approach to assess the potential for policy
interventions in the irrigation sector.

The proposed methodology will be used to analyze irrigation systems in an integrated manner, and
provide information on the impact of various interventions on irrigation system performance in
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terms of water supply, agricultural production and the physical environment. Also, the technical
feasibility of these interventions is assessed as part of this integrated approach. The methodology
has been developed jointly for the present study and for the analysis of the relationship between
main system management and salinity and sodicity presented by Kuper (1997).

¢ The application of this methodology to one case study, the assessment of the potential for water
market development in irrigation systems in Pakistan.

The application investigates one component of the current policy proposals in Pakistan, i.e. the
development of water markets to improve economic efficiency and increase agricultural
productivity and agricultural preduction. Of interest in this application will be the analysis of
existing water markets. As mentioned above, informal water markets have already developed within
the tertiary units of the irrigation system, but litfle analysis has been carried out regarding their
organization, impact and constraints. Also, the potential for water market developmeni at different
levels of the irrigation system (between tertiary or secondary units) will be investigated.

The structure of the thesis is as follow. Based on a literature review, Chapter 2 investigates issucs
related to water markets. The main objective of this review is to identify important issues related to
water markets, in general, that are to be addressed in the context of water market development in
Pakistan. Chapter 3 presents the general methodology or integrated approach that has been
developed to assess the impact of interventions in the irrigation sector on irrigation system
performance. Chapter 4 presents the irrigation system selected for the application of the integrated
approach to the analysis of existing and potential water markets, while Chapter 5 summarizes the
elements combined into the economic component of the integrated approach.

Selected elements of the integrated approach are applied to the analysis of the functioning and
impact of existing water markets, and to the analysis of the potential reallocation between tertiary
and secondary units of the irrigation system. The results of both analyses are presented in Chapter 6
and Chapter 7, respectively. Based on the application of the integrated approach to the analysis of
water markets, and also on results obtained in the companion study by Kuper (1997) on the link
between main system management and salinity and sodicity, Chapter 8 concludes with a preliminary
assessment of the added value, potential and perspective of the integrated approach.
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Chapter 2

Understanding water markets: a literature review

The main objective of this chapter is to better define water markets and identify the main issues that
are related to their functioning and impact, based on a review of literature. The conditions for
perfectly functioning water markets are first defined, and then discussed in the context of the
intrinsic characteristics of water resources. The important role given to the definition of water rights
is then discussed, theoretically and in the context of existing water markets. An attempt is made to
investigate the economic impact of existing and potential water markets. The final section of the
chapter summarizes the main issues related fo water market functioning and impact that are relevant
to the analysis of existing and potential water markets in Pakistan.

2.1 Water markets from an economic theory perspective
Generalities

Markets are traditionally defined as the place or context in which buyvers and sellers buy and sell
goods, services and resources. The confrontation between supply and demand of a given product
results in a market equilibrium price when the forces of market demand and market supply are in
balance. Apart from the confrontation between supply of, and demand for, given commodities and
inputs, and as highlighted by the definition given above, markets are also an institution and
organization that links potential sellers and purchasers. Specific arrangements are required to obtain
appropriate information and provide it to potential sellers and purchasers, to organize and
implement transactions, and to control and enforce transfers of products between sellers and
purchasers.

The definition used to define markets for water is similar to the ones presented above. Quoting Katz
and Rosen (1994), water markets generally refer to a group of independent voluntary decisions
(transactions) by consumers and producers taking place continuously over a period of time. From
the theoretical point of view, the sale of irrigation water by a centralized agency (whether private or
pubtic) to individual customers may be seen as a water market, with the producer (the irrigation
agency) and consumers (farmers) entering into a series of voluntary transfers. The particularity of
this example, however, would be the monopoly power of the (single) producer. In this case, the
supply curve would be mostly based on cost-related considerations that would lead to the
establishment of specific prices or water charges. The demand curve depends on farmers’ strategies
and constraints and on the equalization of the marginal value product of, and proposed price for,
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water. Importantly, however, are the independent and voluntary aspects of the transactions that
limit cases of water markets to irrigation systems where users can specify and modify their demand
according to water prices and their own water requirements.

In the literature, the term water market is mostly used to describe situations where users with
specific rights over water sell or lease these rights to other users, whether permanently or
temporarily. Water markets can be considered in terms of the access to water or irrigation services
(a quantity received for example) or in terms of transfers of water rights. The main benefits
expected from water markets are an optimal allocation of available resources between users and
uses, and an increased water use economic efficiency.

In the case of irrigation, the decisions to sell water or water rights are not related to marginal cost
considerations, but to opportunity cost issues; irrigation water has an utility for farmers and can be
alternatively used on the farm or sold on the market. Thus, the development of an irrigation water
market is expected to improve the allocation of resources, while also impacting the efficiency of
water use of both purchasers and sellers. The main advantage of water markets as compared to
efficient water pricing remains their flexibility and ability to respond to temporal changes in
demand from different uses by reallocating water from low-value to high-value uses. In a well-
functioning market, the marginal benefit of using water is the same for all consumers and users, so
that general economic welfare cannot be increased by re-allocation. This is referred to in the
economic literature as the parefo-optimum condition

Necessary conditions for market perfection

An important issue related to markets in general, and water markets in particular, relates to the

above-mentioned pareto-optimum and the notion of market perfection. This notion relates to the

ability of markets to promote an optimal and efficient allocation of resources, not only for

individual users that participate in market transactions, but also for the society as a whole. From a

theoretical point of view, necessary conditions that lead to market perfection include (Brajer et al.

1989):

- A large number of sellers and purchasers, so that the action of any individual does not affect the
price of the water;

- Sellers and purchasers free to participate in water transactions;

- The homogeneity of the product transacted on the market;

- Transparent and perfect information available to all potential participants in the market,
unbiased and free of cost;

- A perfect mobility of resources, thus absence of transaction costs;

- The absence of externalities or third-party effects,

The characteristics of water resources themselves make the above-mentioned conditions valid in
only a few very specific cases. These characteristics, described in the following paragraphs, lead to
cases of market failures to express markets’ limitations for achieving (optimal) economic
efficiency. In fact, market failures are (or have been) the main justification to public interventions
into the water sector.
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o Water has the nature of a public good. The essence of a public good is that it is available to all
and no one can be denied access to it (Winpenny, 1994). Investments in the water sector yield
common products such as flood control, electric power, recreation and irrigation, which makes
pricing and allocation decisions difficult. However, many argue that water is not bound to
remain a public good (Vaux, 1986; Winpenny, 1994). In fact, inappropriate and outmoded
institutions that lead to under-pricing of water and locking water into existing usage confer a
public good nature to some water services that did not originally have this nature.

o There are rarely a large number of sellers and purchasers. On the supply side, decreasing return
to scale for large investments often leads to situations of natural monopoly. Most of the
irrigation managers of large irrigation systems are, in fact, in a situation of monopoly towards
their customers. Similarly, tubewell owners in Pakistan may be in a situation of monopoly
towards neighboring farmers that do not have choices among several sellers. On the demand
side, situations of monopsony, with a single buyer facing a large number of potential sellers, are
also frequent. This is the case, for example, for most of the water transactions taking place
between the agricultural sector (large number of farmers) and the urban sector (usually one city).

o There is a high interdependency between water users. This interdependency usually leads to high
externalities or third-party effects resulting from the reallocation of water resources. From the
economic point of view, an externality is a divergence between private costs and social costs or
between private gains and social gains. Examples of direct externalities include users sharing the
flows of a common stream with some users depending on return flows of upstream users, or
aquifer where each user pumping from the aquifer is affecting other users that pump in the same
aquifer. In both cases, the transfer of water rights between two users may threaten the water right
of other users. Indirect externalities take place when the reallocation of water resources affect
sectors of the economy that do not have a direct use of water, but that are economically
dependent from the actors involved in water markets.

s Water is not an homogeneous product and is characterized by a bundle of attributes. Apart from
the quantity or volume that is usually considered in market analysis, those attributes include
timing of water supplies, reliability of water received, location, and water quality. Although the
different facets of water may be integrated into the definition of water rights and eventually
translated into the price of water, it remains difficult to define and easily compare water rights.
This, in turn, may affect the development of water transactions and also their overall efficiency.
In most of the cases, however, this may be more a problem of information collection or higher
transaction costs (see below) to assess existing rights, than a problem affecting market perfection
in itself.

e High transaction costs are expected in water transfers. These costs include collecting appropriate
information on existing rights and potential third-party effects, searching for transaction partners,
and organizing transfers. It also includes contractual and enforcement costs, costs required to
mansage the physical and legal hardware to ensure that rights are transferred, and to confirm the
absence of third-party effects. As a result of the numerous attributes of water, the mobility of
water resources and their unreliability, and the existing legal system, large efforts are spent on
collecting information related to the rights to be transacted and to potential third-party effects
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that may result from the transaction. Transaction costs include, also, the potential physical losses
that may take place as a result of the transfer. Transaction costs are often high in absolute terms,
but also in relative terms as compared to the low value of water per unit of volume resulting
from the bulkiness characteristic of water.

Water rights, precondition for efficient allocation of water resources

An important part of the discussion on water markets focuses on water rights seen as the basic
requirement for efficient functioning of water markets (Coase, 1960, Rosegrant and Binswanger,
1994). Coase (1960) reduces the market perfection conditions to two issues and demonstrates that
market allocation will be efficient given well-defined and non-attenuated water rights and no
transaction costs, Completely specified, exclusive, transferable and enforceable water rights, that
combines security and flexibility (Livingston, 1995), are then a requirement for efficient allocation
of water resources through market mechanisms (Brajer et al., 1989; Rosegrant and Binswanger,
1994), More practically, water rights must be defined in a readily understood and measurable way,
50 everyone knows what the right is and can moaitor its transfer (Simpson, 1994).

Water rights may be defined as riparian water rights, appropriative water rights, or usuftuct rights
related to a concession or contract with a water company (Colby, 1990). Water rights may be linked
to land ownership, as it is in the case of riparian water rights and most of usufruct water rights in
irrigation systems. The entitlement attached to the right can be defined in terms of volume of water,
share of a flow, share of a storage capacity (Dudley, 1991), or time of use for the simplest usufruct
water rights. Also, different levels of priority of use may be attached to water rights. For example,
appropriative water rights in California are fully defined by 5 distinct elements, i.e. the diversion
entitlement, the point of diversion, the purpose of use, the location of use, and the priority date.

According to the type of water right, it may be more difficult to develop water markets. For
example, the definition of riparian water rights litnits the possibility of realiocation to other users.
In some cases, only a compenent of the water right may be transacted, as illustrated by changes in
location and transfers of the consumptive portion of appropriative water rights.

In a large number of situations, water rights are not properly defined and enforceable as specified
above. The inherent heterogeneity in appropriative water rights may be a reason limiting water
transfers, or at least increasing the information requirements and transaction costs (see below). 1ll-
defined water rights that do not internalize third-party effects are alse problematic, as they will
require complex procedures to ensure that third parties are not affected by transactions. In most of
the cases, for example, information on the consumptive use portion of water rights would not
instantaneously be available and would need to be collected. And water rights mostly concentrate
on water quantities and neglect water quality issues, an important element to be considered in
reallocation of water resources (Howe et al., 1986). Also, transactions may carry a certain level of
risk, as there i5 no certainty attached to the output of the purchase (Frederick, 1986).

Sufficient conditions for water marke! functioning and improved economic efficiency

The preliminary, maybe obvious, conditicn for water markets to develop is water scarcity, ie. a
demand for water higher than water supply. The level of water scarcity specifies the marginal value
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product of water, i.e. the marginal increase in cutput expressed in financial or economic terms that
is obtained by increasing water allocated to a user by one unit. Water transactions will develop only
when differences exist between the marginal value product of water for different users or uses. And
water will then be transferred from lower-valued to higher-valued uses. It is important to note that
scarcity may be a temporary condition only, with different arrangements being required to develop
water markets under conjectural or siructural scarcity conditions.

Other necessary conditions for water markets to function include sellers and purchasers free to enter
or to leave the market, and the possibility for establishing links between potential sellers and
potential purchasers in terms of information and infrastructure to exchange water (Rosegrant and
Binswanger, 1994). It is important to note that the infrastructure may not be a problem, as a simple
infrastructure may be sufficient for water markets to function (Rosegrant et al., 1995). Also, a
tradable margin that can be accommodated by the existing infrastructure may already provide the
required flexibility and lead to an efficient allocation of water resources (Howe et al., 1986). In fact,
the infrastructure becomes an issue when transfers between uses, or at high spatial scales, are
considered (Simpson, 1992).

The fact that transactions between individuals do not consider third party effects and externalities is

an important limitation for water markets to achieve overall economic efficiency., A particular

(market-based) water allocation is efficient relative to another (non market-based) allocation if

those who benefit from the reallocation of water are able to fully compensate those who lose water

or income as a result of the transfer. Several alternatives may be proposed to limit externalities:

- To develop a legal and institutional framework to control water transactions;

- To incorporaie externalities into the definition of the water right itself, as discussed in the
previous section;

- To limit water transfers to the consumptive use part of the water right or user’s entitlement
(Rosegrant et al., 1995); and,

- To promote market-refated organizations that would internalize externalities related to water
reallocation taking place within the boundaries of the organization.

Although the theoretical requirements for well-functioning water markets are rarely met in reality,
water markets have been reported under a large range of physical and socio-economic
environments. The following section concentrates on the description of existing water markets, and
stresses the diversity of functioning of these water markets.

2.2 A large diversity in existing water markets

The increasing interest in water markets mechanisms, whether by policy makers or researchers, is
rather recent and has its origin in the 1980s as a result of the recognition of the poor performance
and inadequacy of past policies to manage water scarcity (see Chapter 1), possibly accentuated in
some regions and countries by recent periods with temporarily high water scarcity such as the 1987-
91 drought period in the State of California. However, water markets already existed long before
this more recent surge of interest. Although not very well reported in the literature, historical
examples of water markets include transactions of surface water rights in traditional irrigation
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systems in the South of Spain (Maas and Anderson, 1978), accounts of water trading dating from
the first-half of the twentieth century in irrigation systems in the western United-States (Hutchins,
1936, Anderson, 1961; Gardner and Fullerton, 1961, cited in Reidinger, 1994), or groundwater
transactions reported in the State of Gujarat, India for more than 60-80 years (Shah, 1985).

Water markets within irrigation systems are probably the most common cases of water markets,
although they have not been the focus of intensive research and are not often reported in the
literature. The term water markels covers a large range of highly diverse situations and
organizational arrangements. It is used to characterize varied situations such as the exchange of
canal water turns between neighboring farmers in North-India (Reidinger, 1980), the transfer of
water rights from the agricultural sector to the urban sector, and realiocation of water resources
between countries as proposed for an efficient management of water resources in the Middle-East
(Becker, 1996). More specific terms are used to distinguish some of these transactions; water
transfer when there is a change in use or place of use (Gould, 1988); water marketing when prices
for water are attached to the transaction (Reidinger, 1994); water trading for transactions that do
not involve prices (Reidinger, 1994); and water farming to describe the sale of farm land to cities as
a means to purchase groundwater rights attached to land in order to provide required water supplies
to urban customers (Charney and Woodard, 1990).

The main characteristics of, and differences between, water markets are summarized in the
following paragraphs. Water markets can be classified according to three important dimensions:

s The object of the transaction

- The definition of the product that is transacted: whether volume of water or water rights, or a
specific component of the water right such as the consumptive use portion of appropriative
water rights.

- The duration of the transaction; ad-hoc or seasonal transfers of volumes, temporary or
permanent transfers of water rights (most of the transfers from the agricultural sector to other
sectors).

- The resource considered: surface water flowing along a stream or stored in a reservoir,
groundwater.

e The actors involved in the transaction

- Individual users, user’s groups or local communities, private companies, governmental
departments, or states.

- Within sectors or between sectors: In some cases, water transactions mean change in use. A
large number of water transactions exist within irrigation systems and involve individual
farmers or groups of farmers. However, water markets may involve changes in use as illustrated
by water right transfers from the agricultural sector to municipalities or industries.

o The organization of the transaction

- Informal or formal water transfers: informal water transfers usually take place within irrigation
systems. Formal water transfers exist when the legal system of water rights is more developed
to take into account third party effects or mitigate negative effects to third parties.
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- Centralized or decentralized: water transfers are mostly decentralized. And potential sellers and
purchasers are put in contact directly and bear the entire transaction costs. In some cases,
however, a centralized body may be involved in controlling and recording existing transactions.
Such an organization plays the role of water broker that makes the link between demand and
supply of water, but without a direct confrontation between suppliers and purchasers.

- Auction or bilateral negotiation: in auctions, water rights or volumes are proposed to a large
number of potential purchasers and allocated to the highest bidders. Bilateral negotiation
usually takes place when one single purchaser (most of the time a municipality) negotiates
water purchases from individual farmers or an irrigation district.

Box 2.1 illustrates the functioning of three different types of water markets that have developed
under different characteristics of the socio-economic and physical environment, namely:

- Groundwater markets in the State of Gujarat, India;

- Institutionalized water markets in Chile; and,

- The emergency 1991 Drought Water Bank in the State of California, United-State.

Also, existing and potential water markets in Pakistan are described in Chapter 6 and Chapter 7 of
this thesis.

Two important conclusions can be drawn from the review of existing water markets reported in the
literature, Firstly, the majority of the literature on water markets focuses on two types of water
markets:

- The transactions of well-defined water rights from the agricultural sector to the urban sector that
have been reported in the western states of the United-States (and also in Australia and Chile);
and,

- Informal groundwater markets that take place in South-Asia and have been reported mainly in
India, Bangladesh and also Pakistan.

The importance of the literature on water transactions from the agricultural sector to the urban

sector may be explained by the indirect economic effects related to changes in use, with larger

socio-economic and political issues being involved in such transfers. As specified by Gould (1989),

changes in use, not changes in ownership, are responsible for problems in water transfers. This

results mainly from changes in the consumptive use portion of water rights that often accompany
changes in use and that lead to direct third-party effects.

Secondly, the literature mainly focuses on legal and statutory remedies to promote water markets
and explain limitations in their current functioning. Little attention has been given to the existing
functioning of these markets and the role of water organizations in water transactions. In fact, local
agricultural water organizations often promote water transfers within their borders and may provide
local flexibility that does not exist in the law and operational rules with reduced transaction costs.
At the same time, these organizations appear to limit external transfers (Thompson, 1993).
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Box 2.1. Three examples of water markets: India, Chile and California
Groundwater markets in Gujarat (Shah, 1985; Shah, 1994)

Groundwater markets have been recorded for more than 60-70 years in the State of Gujarat, India. These markets
take place within the inigation sector and are in fact lease markets for irrigation equipment, as tubewell owners sell
volumes of water to other farmers. In some cases, tubewell owners become solely water seflers. There are not
groundwater rights in the State of Gujarat. Groundwater rescurces are common property resources that are
privatized a8 soor-as-access to the aquifer is secured through the instaltation of pumping devices. There is no
control :over groundwater extraction and tubewell owners are free 1o sell:as much-as they want to other facmers.
Volumes- of water arc sold-in a spot market or:less often as part.of a seasonal contract. Prices are usually in cash
and per hiour of tibewell operation, :Price per. hectare of given crop and contract with payment in kind are also
éncountered. Extefisive networks of underground pipes have been installed by competing tubewell owners in
agtmlltm-&ﬁy advaniced areas of Gujarat to reach a higher number of potennal customers. This help reducing losses
between sellers and purchasers, but ifi itself impose some rigidity in the way the system can allocar.e groundwater,
Also, probbm of monopoly gy ocour and reduce market efficiency.

Institutionalized water markets in Chile (Gazmuri, 1994; Hearne and Faster, 1995)

Chile is offen cited a8 the country where water markets have effectively and practically been inciuded in water
sector policies. The comerstone of these policies has been the Water Code of 1981 that includes a clear definition
ofwaternghts for surface and groundwater, Alﬂmsugh walér remain a public good and the property of the State,
individuals <&k feceive a°grant for new supplies or prescription for existing supplies based on historical use. ‘Those
are tquivalerit to de facte property rights that are transferable by law among isers and between sectors. Water
tights for surface and groundwaigr are. gxpressed i volumies per unit of time, and are proportional o the stream
flow _if supplies are insuificient. Water rights are consumptive or non-consumiptive, petmanent oy contingeat to
available supplies in waterways, or alternate between users, Specific ad-hoc and location-related regulations have
been specified for groundwater rights to take intoacéount the exhaustibility nature of groundwater resources. As
many uses do not involve return-flows, third party effects are minimal. The definition of water-rights hag ‘been
eccompanied by the development of strong and compulsory user organizations that inchide all users of the same
source. Transfers within the agricultural sector are the most frequent transfers taking place. These transfers are
short-term transactions and consists in water rental, water swap or permanent transfers of water rights between
| farmers, Second:are trandfers from the agricultural sector (o the, urban sector that usually involve transfer of water
tights. Although the legal framework that favor water markets have been implemented more than 15 years ago,
 there has been so far no compnehemwe study on the funictioning, problems and impact of these markets. s

“The 1991 broug’ht Water Bank in California (Howitt, 1993; Bhatia ct al, 1995)

The Water Bank in: Califoriiia was established in 1991 as a means to tackle supply problems occasioned by the
-aeVers drought that ‘was taking place since 1987. The Water Bank was created very rapidly (afound 4 weeks) as an
_emergency institution and played the tole of a short-run water market at relatively low o?eraung cost (8% of the
water purchase costs). The Bank purchased water at a fixed price of US$ 100 per 1000 o’ from February 10 April
.1991; The main sources of water purchase were fallowing of land, exchange of surface rights for groundwater
tights and purchage of water that was in excess in some districts. The water purchased (in fact, equivalent to an
temporary expropriation of water rights-with financial compensation) was then sold by the Water Bank at a fixed
price of US$: 140 per 1000 x’. plus transportation costs, Analyzing exporting sites and time of trade minimized
environmental externalities. Farmers were the main water sellers, but also participated in water transactions as
purchesers, However,  municipalities wére the major purchasers, The Water Bank allocated some water to
environmental use and-instream: flows. AHl water initially purchased by the Water Bank was not sold and a portion.
was, Ieft in-storage and carried over to 1992.The transfers of water from the agnculmral sectar to the urban sector
mainly has led to an overall economic benefit. However, negative indirect economic impact of water transfers have
been estimated for districts that had been exporting water, mainly due to the high concentration of selling areas
within the State of California. Als6, negative indirect effects on soils and wetlands were réported.
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Possible reasons advocated to explain the constraints developed to limit external transfers include:

- The respect of community cohesion and indirect negative economic impacts;

- Equity concerns with water seen as a common resource to be shared equitably among members
of the organization, and that cannot be transferred outside of the community;

- The avoidance of transfers that would lead to conservation or long-term loss of water for
members of the community;

- Inadequate incentive structures that make the sharing of transfer benefits difficult among the
members of the organization;

- Technical problems in the operation of the irrigation system with lower water supplies;

- Theneed to cover the organization’s fixed costs with a lower number of members;

- Members’ interest in preserving restrictive markets and low prices; and,

- Managerial opposition related to the self-interest of managers and boards of organizations that
favor large organizations and budgets and avoid controversial issues such as external water
transfers.

In summary, the large number of transactions that take place within many irrigation systems
without a complex legal system defining water rights shows that there may have been an
overemphasis in the literature on problems related to the legal aspects and definition of water rights.
It is important to note that the definition of water rights does not necessarily mean actual ownership
right (Simpson, 1992). Usnfructuary rights or contractual rights of use may already provide encugh
certainty in water entitlements required to develop water transactions. Although the importance of
well-defined and enforceable water rights is recognized for the development of long-term water
markets, they are probably not a necessary condition for short-term water markets to function and
still yield refatively high efficiency gains (Howe et al., 1986).

2.3 Existing water markets: a diversity of situations for a single objective?

The purpose of this section is to investigate the impact of (existing)} water markets that function
under various physical and socio-economic environments. From the theoretical point of view, as
discussed in the first section of this chapter, water markets are expected to promote allocative
efficiency and increase economic efficiency. However, the presence of market failure could lead to
private gains for participants in water transactions, but negative overall benefits for the society, that
would justify the legal constraints that are often put on water transactions.

Studies that have analyzed existing water markets in terms of their overall economic impact are
rare. In fact, the importance of the legal and statutory issues in the literature is rather surprising as
compared to the limited economic analysis of existing markets. Market analyses include
information on the type and intensity of transactions, and often specify prices that have been paid
for purchased water, but usually fail in assessing the benefits of existing water markets. Those are
usually investigated in analyses that focus on the potential for water market development in areas
that currently restrict these transactions (Saliba, 1987). Table 2.1 (see next page) summarizes
economic-related information that has been gathered from the literature for mostly institutionalized
water markets. The relationship between localized and informal water markets and economic
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impact is further investigated below, using the example of water markets in irrigation systems in
Pakistan,

Table 2.1 clearly shows how little information is avatlable for the analysis of the economic impact
of water transactions. Also, economic gains reported in absolute terms make difficult a comparison
between the case studies presented. And market prices are often reported in different units that are
difficult to homogenize because of the lack of information on the quantities of water effectively
reallocated. For example; prices in the Chile case are expressed in US$ per L™, thus per unit of
flow rate; while prices in the Colorado-Big Thompson project are reported for an allocation share
defined for average years but with a reported temporal variability. Overall, however, market prices
reported in the literature appear significantly higher than water charges reported for the different
sectors of the economy and paid by water users to government departments, public authorities or
private companies (Bhatia et al., 1994),

The analysis of the functioning of water markets in the Southwestern States of the United-States by
Saliba (1987) is probably one of the few studies that discusses the efficiency of existing water
markets. The study concluded that existing water markets in these States were functioning relatively
well in allocating water between agricultural, municipal and industrial uses. However, little
information was provided regarding the economic impact of the reallocation of water resources
throngh market mechanisms. In a few studies, the impact of water markets on economic efficiency
was questioned, because of the involvement of speculative investors in water transactions
(Michelsen, 1994), or because of the low water use efficiency of water purchasers (Thompson,
1993).

Another study (Howitt, 1993) investigated in detail the direct and indirect impact of water transfers
that took place within the framework of the 1991 Drought Water Bank in California. In the case of
Chile, that is often cited as the example of institutionalized and well-functioning water markets,
information on the impact of water markets is scanty. Increases in agricultural production and
productivity that have been observed for the last 10 years are claimed to result from water market
development (Gazmuri, 1994). However, the significance of drasiic input and output price changes
and the general liberalization of the economy that took place in Chile simultaneously make the
estimate of the marginal impact of water market impossible with aggregated economic information
for the country. Moreover, recent studies (Hearne, 1995; Bauer, 1997) have shown that existing
water markets were not as developed as what had been described in most of the publications on
water markets in Chile.

In the case of Pakistan, where localized water markets have developed within the irrigation system,
the impact of tubewell water markets on agricultural production and productivity have been
investigated in a few cases. Most of these studies are micro-level studies that have emphasized the
positive impact of tubewell water use (whether for tubewell operators or tubeweli water purchasers)
on agricultural production and productivity. In the 1970s, for example, Freeman et al. (1978)
estimated that tubewell water purchases increased crop vields by 17%, 50% and 43% for wheat, rice
and cotton, respectively, as compared to canal water use only. Renfro (1982) also stressed that
tubewell water purchases influence cropping intensities, the percentage of cultivated are under
crops with high water requirements, and gross farm income per unit area. More recently, Meinzen-
Dick (1996) showed that each extra purchased groundwater irrigation application increased wheat
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vield by 44 kg.ha™', versus a marginal impact of only 31 kg.ha"! for canal irrigation application, but
still less than 48 kg.ha'' obtained from an extra application of tubewell water by the tubewell
owners, The same study stresses the significant impact of tubewell water purchases, especially in
conjunction with canal water use, on household gross margin per season.

In all studies on water markets in Pakistan, however, the agricultural productivity of tubewell water
remained lower for tubewell water purchasers than for tubewell owners that control water
resources, This may reflect the existence of incfficient existing water markets, with issues at stake
related to unreliability of canal water supplies, monopoly power of tubewell owners, lack of
information, high transaction costs that would be involved to develop transactions with farmers
from other social groups, or limited infrastructure that reduce the potential for sales. Recent studies,
however, have shown that the gap between tubewell owners and tubewell water purchasers is
decreasing over time (World Bank, 1996b).

Overall, it is important to re-emphasize that literature on the functioning and impact of existing
water markets is rare. The focus on potential and hypothetical water markets needs to be balanced
by research on already functioning markets (Howe et al., 1986; Saliba, 1987), to better assess the
potential of water markets under real-life situations.
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2.4 Conclusion of the literature review on water markets

Although the importance of market failures is fully recognized, markets may still represent the best
options available to address existing issues in the water sector (Howe et al., 1986; Young, 1986). In
fact, market failures are to be weighted against failures of other approaches or interventions
developed to reach specific objectives and more particularly economic efficiency. Large public
systems and government intervention, for example, have been prone to what the literature defined
as non-market organizational failure resulting from their monopoly position, but also from
internalities related to private goals of agents in a public organization (Young, 1986, FAQ, 1994).
Examples of rent-seeking behavior, poor management efficiency, large third-party effects of public
policies, such as environmental damages in large imrigation systems, are well illustrated in the
literature on publicly managed irrigation systems. Also, the high transactions costs required for
water markets to function may still be lower than transaction costs that would be required for public
centralized institutions to collect information to implement efficiency pricing and reach economic
efficiency.

The fact that water markets have failed to develop in many areas (Gould, 1989) or function at the
margin with a low number of transactions and small volumes transacted (Young, 1986), is often
stressed in the literature. In this context, the importance of impediments on water market
development, such as high negative third party effects, hurdles imposed by the legal system to water
transactions, the absence of well-defined water rights, or high transaction costs, is fully recognized.
Also, high initial transaction costs may be required to establish the environment that would favor
water market development (Young, 1986; FAO, 1994). However, it is important to stress that water
markets still function under conditions that are seen as unfavorable by the economic theory, and can
be a viable alternative for managing water resources (Rosegrant and Gazmuri, 1994).

The literature review has stressed the importance of issues that will be further investigated in the

context of the analysis of existing and potential water markets in Pakistan, that include:

- The potential for water reallocation among users through market mechanisms, illustrated by
differences in the marginal value product of water for different users.

- The definition of water rights that is expected to influence market reallocation.

- The importance of direct or indirect externalities that would result from the reallocation of
water within an irrigation system.

- The adequacy of the existing infrastructure to reallocate water according to the market. There is
little evidence that various infrastructures are constraining existing water markets, whether
because markets are localized, or because low volumes of water are effectively transferred.
However, existing infrastructure may be an important factor constraining the development of
water markets when changes in infrastructure required for these markets to operate would be too
costly

To analyze the functioning and impact of existing and potential water markets in Pakistan, and
address the research issues proposed above, a methedological framework is developed and
presented in Chapter 3. This framework considers the economic dimension of irrigation water, the
physical constraints that may arise as a result of the existing infrastructure, the interdependency
between water users, and the relationship between water and the physical environment.
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Chapter 3

An integrated approach to assess the potential for water
market development in the irrigation sector

The main objective of this chapter is to present the analytical framework that has been developed to
assess the potential for water market development in the irrigation sector in Pakistan. The proposed
framework, or integrated approach, has a larger scope than the analysis of water markets, as it aims
at assessing the impact of a wide range of interventions in the irrigation sector (Garin et al., 1996).
This results from the combination of research efforts to investigate the relationship between
irrigation management and salinity and sodicity (Kuper, 1997) and the present study to analyze the
functioning and impact of existing and potential water markets. This chapter presents the main
elements that compose the integrated approach, and discusses the application of the approach to the
analysis of water markets in Pakistan.

3.1 Main elements of the integrated approach

The terms integrated management, integrated approach or integrated models have recently
received much attention in the field of water resources, and further attention on integration is
expected in the future (Shaw and Bellamy, 1996). This phenomenon has its roots in increasing
environmental concerns, competition over water resources among different uses (Witter and
Bogardi, 1994), the high degree of interdependency between users (Glasbergen, 1990), and the
recognition of failures of past non-integrated approaches that did not yield the expected impact
(Margerum and Born, 1995). The three terms share the same mulii-disciplinary and holistic
dimensions. They heavily draw on systems theory and its use for identifying and implementing new
policies. They promote the investigation of the complexity of a system, defined as a network of
objects or sub-systems that are in interaction with each other (Le Moigne, 1995), each sub-system
transferring mass, energy or information inputs into specific outputs (Belouze, 1996).

The differences between these terms can be structured into a hierarchy, where integrated tools are
developed in the context of an integrated approach to support the integrated management of water
resources, The integrated tool is a means to investigate a complex system and simulate the impact
of interventions on the output of the system. Individual process-based models are integrated to
provide a means to cxamine the overall consequences of various what-if scenarios before
management options are implemented (Shaw, 1996).
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The integrated approach aims at the development of a platform or shared understanding and
knowledge between actors and researchers to identify potential interventions and evaluate these
interventions. It relies on the requirements of integrated management and actors to investigate a
complex system, and includes the development of multi-disciplinary integrated models to identify
more appropriate policy options than those drawn from personal preference and expert advise
(Shaw, 1996).

Integrated water management aims at the implementation of those interventions that have been
accepted by all {or a large number of) users. It relies heavily on the analysis of institutions, actors,
and natural and utilitarian functions of water resources systems (Glasbergen, 1990; Witter and
Bogardi, 1994). Information technologies, conflict resolution and negotiations, institutional and
legal arrangements between actors are the main elements of an integrated management framework.
The systems approach to water management provides a method of gaining a comprehensive insight
into the processes to be managed and clarify for all actors how their various interests are
intertwined (Glasbergen, 1990).

Without making an exhaustive review of examples of integrated approaches and models applied to
water resources and irrigation management, it is important to note that they represent a large
heterogeneity of approaches according to the system analyzed (a farm, an irrigation scheme, a
country), the disciplines considered (hydrology, hydraulics, agronomy, economy, sociclogy), and
the models developed (simulation, optimization, stochastic, empirical),

Integrated approaches reported in the literature, however, have difficulties in integrating disciplines
effectively. Often, one discipline is favored over other disciplines that are then summarized into a
limited number of constraints to the processes of interest for this discipline. More particularly, the
effective integration between hydrology and economics, that requires an early involvement of both
economists and biophysical experts in research planning and option development, remains rare
{Goldsmith, 1986; Srinivasulu et al., 1997; Faisal et al., 1997}. Also, integrated approaches are
often applied to limited geographical areas or aggregated areas, as a result of the limited availability
of information and difficulties to investigate the spatial variability of the processes investigated.

The elements of the integrated approach as developed and used in the present study and in Kuper
(1997) are presented in Figure 3.1. Among those, five elements (gray boxes in Figure 3.1) are seen
as essential and will be detailed in the following sections of this chapter:

- The representation of the irrigation system is the first step to investigating the complexity of a
system where a large number of inter-linked biophysical and decisional processes take place;

- The investigation of the main bio-physical and decisional processes, by analyzing the existing
situation and developing simulation tools to test the impact of different interventions on the
output of these processes;

- The analysis of the spatial variability of the main variables and parameters that intervene in
these processes;

- The operationalization of the integrated approach, by linking simulation models, optimization
models, and databases that take inte account the spatial diversity, into an integrated model; and,

- The development of a performance matrix that considers the multiple dimensions of irmigation
system performance that result from proposed interventions in the irrigation sector, that is used
to compare and evaluate potential interventions.
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Figure 3.1. The integrated approach: analytical framework to assess the impact of management
interventions on irrigation system performance.
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As mentioned above, interactions with actors involved in the management of the irrigation system

are an important element of the integrated approach (Garin et al. 1996). Such interactions are

required:

- To build the representation of the irrigation systern;

- To assess current irrigation system performance;

- To identify constraints and potential options for improvements (interventions);

- To identify the major biophysical and decisional processes that are to be investigated by
researchers; and,

- To spell out information requirements for potential users of the integrated approach.

However, interactions with actors that have taken place during the development of the integrated

approach are not described in the present thesis. The same holds true for the institutional set-up

required for implementing the integrated approach in a real-life situation. For the two case studies

undertaken so far, potential users of information are: policy makers to support the selection of

appropriate irrigation sector policies and allocate scarce financial resources in an optimum way; and

irrigation system managers whose objectives are the improvement of the operation of the canal

system or the minimization of complaints from water users.

The following sections describe the application of the integrated approach to the analysis of water
markets in one irrigation system in Pakistan, This application, along with the case study by Kuper
(1997), verifies the pertinence of the proposed framework to investigate issues related to assessing
the impact of interventions in the irrigation sector on irrigation system performance.
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3.2 Representation of an irrigation system in Pakistan

Since the construction of the first irrigation system by the British in 1867, irrigation development in
Pakistan has concentrated on the construction of large scale irrigation systems in the plain of the
Indus River and its tributaries, namely the Sutlej, Beas, Ravi, Chenab, and Jhelum Rivers. Afler
Independence in 1947 and the Indus Basin Treaty signed with India in 1961, the Government of
Pakistan continued to further develop the Indus Basin Irrigation System, resulting in the largest
contiguous irrigation system in the world. Overall, around 30% of the irrigated area of the country
are part of the Indus Basin Irrigation System, the bulk of which is contained in the Punjab and
Sindh Provinces. The remaining area is irrigated through small-scale traditional irrigation systems,
mainly located in the Balochistan Province and the North-West Frontier Province.

Although there is a large variability in the social, economic and physical conditions within the
Indus Basin Irrigation System, the canals and infrastructure are similar with homogeneous rules,
regulations and institutional setup for the operation and maintenance of the irrigation network. The
irrigation system as defined here includes processes taking place from the canal water inflow point
of the irrigation network up to the production of agricultural products, which is the main objective
or purpose of the system defined.

Referring to the nested representation of an irrigation system developed by Small and Svendsen
(1990), both the irrigation and irrigated agriculture systems are considered. Higher levels of the
nested representation, such as the economic system, are not included in this study, as those would
require investigating processes related to input and output markets, household decisions not directly
related to agricultural production, and general economic development and welfare of the area. Also,
the spatial boundaries of the irrigation system are defined here as the limits of the area commanded
by one main canal. Thus, other storage and conveyance infrastructure, such as dams and link canals
located upstream in the Indus Basin Irrigation System, are not considered here.

Figure 3.2 presents a schematic representation of an irrigation system with biophysical processes,
actors, decisional processes, and factors from the external environment influencing these processes.
The figure is further explained in the following paragraphs. Information and financial flows
between sub-systems that are considered in systems approaches and economic and financial
analysis, have not been represented in Figure 3.2 for the purpose of clarity.

Biophysical processes

Following the flow of water, the inflow at the head of the main canal (CWai) is delivered to the
head of secondary canals or distributaries (CW4, CWy). Canal water is then distributed to tertiary
canals or watercourses (CWaei, CWig, CWyq) through ungated outlets. Below the watercourse
head or mogha, surface water is shared between farmers (CWg, CWy, CWpg) through a 7-day
rotation of water turns or warabandi. Water is distributed based on the warabandi schedule with one
farmer only using the full canal water supply at a time. Each farmer uses his own water tumn, or
trades water turns (+/-} with other water users.
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As a result of the inadequacy and unreliability of canal water supplies, farmers also use
groundwater (TWg), whether pumped by their own tubewell or purchased from neighboring
tubewell owners. During the season, canal and tubewell water are allocated to the various fields of
the farm ((CW, TW)g, (CW, TW)y, (CW, TW)y) based on previous irrigation events, rainfall,
characteristics of the fields, and farm strategies and priorities. Eventually, water is applied to fields
and crops. Irrigation practices along with capillary rise from the shallow groundwater (CRg, CRg,
CRa) will result in a specific evapotranspiration (ET} and crop yield at the ficld scale. At the same
time, the use of irrigation water has an impact on the physical and chemical processes that take
place within the soil profile and influences the evolution of salinity and sodicity.

From the head of the main canal system to the field, losses take place at different levels: seepage
along the main canal (Lman) and distributaries (L4}, operational and seepage losses along
watercourses (L), seepage losses along the farm channels and percolation losses at the field level
(Lrs). These losses directly feed the underlying aquifer from which tubewell water is pumped.
Other non-bencficial losses (NBET) directly evaporate to the atmosphere and are lost to irrigation
{Perry, 1996). Also, infiltrated water carries salts that directly influence the quality of groundwater,
and eventually farmers’ irrigation practices, field salinity and agricultural production.

An important element of all water-related variables specified at different scales of the irrigation
system is their multi-dimensional nature. Water supplies can be defined in terms of quantity,
variability, timeliness, reliability or quality (Svendsen and Small, 1990). These dimensions are to be
considered simultaneously as they influence the biophysical and decisional processes that take place
within the irrigation system.

Actors and decisional processes

Allocation, scheduling and distribution of surface water at the main canal are organized by officers
of the provincial irrigation departments, with local gate operators manipulating cross regulators and
distributary head gates to follow allocation and scheduling plans. At the distributary level,
maintenance activities such as desilting of the canal or remodeling of watercourse outlets are the
main tasks performed or supervised by staff from the irrigation departiment to ensure equitable canal
water supplies to outlets. In some cases, farmers intervene also in the management of the main
system, whether in its operation or by modifying part of the physical infrastructure (Rinaudo et al.,
1997a). These interventions, however, are illegal and may lead to court cases and fines for
concerned farmers. For more information on the operation and maintenance of irrigation systems in
Pakistan, see Kuper (1997).

Below the mogha, the warabandi schedule has usually a 7-day period, with water turns being fixed
for a specific time of the week for each farmer (pakka warabandi) or following a more flexible
schedule that takes into account the variability in water flows in the distributary (kaccha
warabandi). The warabandi can be official and recorded in the irrigation department records.
However, the warabandi schedule is often updated and agreed upon by farmers at the beginning of
each season as a result of regular negotiations among water users of a given watercourse command
area (Bandaragoda and Rehman, 1995).
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Figure 3.2, Representation of an irrigation system in the Indus Basin — Biophysical processes,
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actors, decisional processes and the external environment (adapted from Garin et al. 1996).
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The tasks of irrigation department officials below the mogha remain limited to the assessment of
area and crop-based water charges (abiana), and to the resolution of conflicts that may emerge
between farmers regarding the allocation of canal water turns or the path of the watercourse within
the command area of tertiary units.

Other water management activities undertaken by farmers below the mogha include canal water
distribution, trading of canal water turns, watercourse maintenance, drainage of surplus water
whenever required, tubewell installation, operation and maintenance of private tubewells, and sale
and purchase of tubewell water. These water management activities involve different levels of
informal organization, from a single individual for the installation of a private tubewell, to all
farmers cultivating land within the watercourse command area for the determination of the
warabandi schedule at the beginning of each season.

At the farm level, decisions are numerous regarding the use of water and other inputs (Strosser and
Rieu 1997). At the planning stage, based on expected water supplies and production strategies,
farmers identify an appropriate cropping pattern for the coming cropping season or year. Then,
water and other farm inputs such as labor, fertilizers and pesticides are applied to the fields
according to crop requircments and farm constraints. In some cases, non-farm activities may
significantly influence farming practices and farm strategies.

Biophysical and decisional processes are closely inter-related. By their nature, decisional processes
influence the state of the biophysical irrigation system. At the same time, biophysical variables and
parameters influence actors’ decisions. Examples of such feedback loops include the role of water
levels in the main canal for operational decisions of gauge readers, or the influence of salinity and
sodicity on farmer’s choices in terms of crops and appropriate irrigation practices. In fact, from a
systems analysis point of view, the importance of feedback loops is a fundamental element
influencing the level of complexity of a system (Le Moigne, 1995; Belouze, 1996). For concerns of
simplicity and clarity, although their importance s recognized, these feedback loops have not been
included into the representation of the irrigation system presented in Figure 3.2.

External environment

Along with feedback loops, the importance of interactions with the external environment influences
the level of complexity of a system and the difficulty in comprehending this system (Le Moigne,
1995; Belouze, 1996). In the case of the irrigation system considered, decisional processes are
influenced by the external environment, defined here as all what is not the irrigation system itself
but influencing processes within the system. The institutional and legal framework, irrigation sector
policies and agricultural sector policies influence farmers’ decisions regarding cropping pattern, and
the implementation of rules and regulations by irrigation department officials. At the same time, the
climate, as well as the status of the aquifer, influence decisional and physical processes. Rainfall
may influence the operation of the irrigation system, as the irrigation department staff may follow
specific (emergency) distributional rules under high rainfall situations. Also, changes in the level of
the aquifer, resulting from water movements that take place at scales larger than the irrigation
system considered, will have an impact on tubewell pumpage costs and farmers’ decisions
regarding tubewell water use. And changes in the groundwater-table depth will impact on capillary
rise and directly influence the accumulation of salts within the root zone.
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Summary

A representation of the irrigation system is proposed, taking into account biophysical and decisional
processes, actors and the external environment. The representation facilitates an understanding of
the complexity of the irrigation system and the identification of relationships between individual
processes and variables. The representation provides an adequate basis to select the main processes
that will be investigated for the analysis of the functioning and impact of existing and potential
water markets. These processes are presented and discussed in Section 3.3. Section 3.4 further
emphasizes the importance of the economic dimension of water in the analysis of water markets for
the analysis of the processes selected.

3.3 Main biophysical and decisional process for analyzing water markets in
Pakistan

The basis for the selection of processes is the confrontation between the representation of the

irrigation system presented in Figure 3.2 and the specific research objectives identified for the case

study being considered. As specified at the end of Chapter 1, the present study focuses on the
following elements:

- The functioning of existing and potential water markets, in terms of volumes of water
exchanged and market equilibrium prices. Factors that may constraint/promote water markets
are identified in this context.

- The impact of water markets on agricultural production, and the potential role of water markets
for increasing agricultural productivity,;

- The impact of water markets on the (physical) environment, for example the soil or the aquifer
underlying the irrigation system; and,

- The technical feasibility of potential water markets, in terms of infrastructure, organizational
and operational requirements.

Table 3.1 summarizes the different processes selected for the analysis of water markets in Pakistan.
Each process is then described in the following paragraphs of this section. It is important to specify
that the main emphasis of the case study is on long-term planning decisions and allocation of
surface water and groundwater among different users. The analysis of the impact of existing and
potential water markets is undertaken by comparing separate equilibriumn situations. However, the
analysis of the functioning of existing water markets will also investigate short-term decisions
related to the distribution and use of both canal and tubewell water.

3.3.1 Analysis of existing water markets

Allocation and distribution of irrigation water within the watercourse command area

Canal water supply is initially allocated to individual farmers through the warabandi schedule. This
schedule may already include specific canal water transactions that arc taking place for longer time

periods, such as the season or the year. Once a specific farmer receives canal water, the farmer may
need longer water tumns, or may be in a position to give or sell his turn to other farmers.
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As a result of canal water transactions, each farmer will receive a given quantity of canal water at
the farm that is not only influenced by his final canal water turn, but also by the watercourse head
discharge and conveyance losses between the watercourse head and the farm. As both the discharge
and the conveyance losses influence the final outcome of the transaction (i.e. the volume effectively
received at the farm gate), they are expected to influence canal water transactions and farmer’s
willingness to participate in such transactions. To estimate quantities of canal water effectively
received by farmers and transferred between water users is, however, a difficult task, because of the
high variability in canal water discharges at the watercourse head or farm gatc and the high
information requirements to obtain accurate discharge estimates.

In practice, as will be described in Chapter 6, little sale and purchase of canal water take place
within watercours¢ command areas. Limited canal water transfers may be related to small
differences between the marginal value products of individual fammers that already use tubewell
water extensively. The lack of reliability of the canal water, its better quality, the social role of
canal water in local societies, and the link between water and land ownership that forbid the
participation of non-land owners into the transfer of canal water tums are other aspects that may
constraint canal water transactions. Thus, the analysis of existing canal water sales and purchases
rapidly moves away from a purely technical analysis of allocation and distribution, to a more
complex issue where socio-economic facters play an important role.

The analysis of allocation and distribution of groundwater within the watercourse command area
requires a further move away from purely technical issues and greater insights into economic issues.
Tubewell ownership, influenced both by the relative water scarcity in the area considered and
farmers’ potential to invest in tubewells, becomes an important factor explaining access to
groundwater resources. It is clear that tubewell water markets have improved the access to
grounkiwater resources for tubewell water purchasers. However, quantities effectively transferred
through the market are not well known.

Supply and demand curves for tubewell water provides a powerful means of investigating the
allocation and distribution of tubewell water. These curves relate the quantity of tubewell water a
farmer or group of farmers is willing to purchase/sell to the price of this water. The comparison
between the equilibrium point in terms of quantity and price estimated by the confrontation of these
curves, and the current price and quantity transacted on existing markets, is a means to evaluate the
allocative efficiency of these markets. Figure 3.3 presenis examples of supply and demand curves
for tubewell water.

Tubewell owners are not expected to sell water for a price below tubewell operation and
maintenance costs. In fact, tubewell water prices equal to these costs have often been reported for
existing tubewell water transactions (Strosser and Kuper, 1994). Although this would make the first
part of the supply curve horizontal at the level of these operation and maintenance costs, a slight
upward curve is kept in Figure 3.3 to account for increased service costs and probability of tubewell
breakdown. If the demand increases, thereby boosting prices, tubewell owners will start reducing
their own tubewell water use to increase tubewell water sales. Above a certain price, the technology
and the capacity of the tubewells in the command area limit the total quantity of tubewell water that
can be sold in the market.
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Figure 3.3. Supply and demand for tubewell water in the command area of one tertiary unit - P is
the tubewell water price, (J the quantity of tubewell water, O, the maximum quantity of tubewell
water that can be pumped with the existing tubewell capacity, and Q. the quantity sold on the
market at equilibrium price P..

Supply curve

Pe

Relationship between irrigation water supply and agricultural production

The relationship between irrigation water supply and agricultural production are analyzed at two

levels:

- At the farm level: based on expected canal water supply, a farmer will specify his cropping
pattern to meet his objectives (auto-consumption, maximization of profit, etc). Access to, and
cost of, other resources such as labor, tubewell water, credit, are considered in farmers’
decisions.

- At the field level: water applied will influence crop growth and eventually crop yields. Other
inputs such as fertilizer or pesticides, along with seil characteristics and proximity of the
groundwater aquifer, are also expected to influence crop vields.

The analysis of the relationship between irrigation water and agricultural production is the
backbone in the application of the integrated approach to the analysis of water markets. This
analysis simultaneously supports the development of supply and demand curves for tubewell water
required to investigate the allocation of tubewell water and the intensity of current tubewell water
markets. Information is also provided about the impact of water transactions on agricultural
production and productivity. Farmers® participation in water transactions will influence their
expected irrigation water supply, thus their decisions related to cropping pattern. For tubewell
owners, participation in canal water markets may also influence tubewell water sales and thus
tubewell water markets.

According to the type of transactions, different dimensions of water supply performance may be
modified, such as the total quantity available for the crops, the timeliness of irrigation water
supplies, the quality of irrigation water applied to crops, etc. This may, in turn, affect the
productivity per unit area for a given crop, influence the cropping pattern sclected by farmers, or
improve the overall irrigation application efficiency on the farm.
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Linking water markets and the environment

As they modify the allocation and distribution of canal water among users, and also the use of
groundwater by non-tubewell owners, changes in the quantity and quality of irrigation water
received by different water users will occur as a result of existing water markets. Under specific soil
and groundwater table depth conditions, such changes may impact on the salinization and
sodication process, i.e. redistribution of salts within the soil profiles, concentration or precipitation.
High quantities of sodium in the soil profile will have a negative impact on the soil structure and
aggregate stability, with possible degradation of the soil structure by physical and chemical
processes that will negatively impact on the infiltration and hydraulic conductivity.

With the development of water markets, the balance between recharge to the aquifer and extraction
from the aquifer through tubewell pumpage may also be modified. Although it is clear that tubewell
water sales have increased tubewell water extraction without significantly influencing the various
elements of the recharge to the aguifer, their impact on the net recharge to the aquifer is to be
assessed. If the system is not in equilibrium and mining of the aquifer takes place, then the
sustainability of the existing management of water resources is to be questioned. Tubewell
pumpage costs will be expected to increase, thus mainly affecting resource-poor farmers. Also,
shallow tubewells may become dry and require extra investments in tubewell bores that may be too
expensive as compared with the financial resources of some of the current tubewell owners.

3.3.2 Potential for water market development

Existing water markets function within the command area of tertiary units only. The potential for
water market will also be investigated at other scales of the irrigation system as illustrated on Figure
3.4, Water markets may develop between groups of farmers belonging to two different tertiary units
(A), or between groups of farmers from two distributary command areas (B). Also, one may
envisage water transactions taking place between individual farmers located along tertiary units off-
taking from the same or different distributaries (C). In the scenarios developed for the analysis of
potential water markets, canal water iransactions only are considered between tertiary and
secondary units of the irrigation system. It is assumed that tubewell water markets continue to
function below the watercourse head, but that exporting tubewell water outside of the watercourse
command area is not possible for technical and organizational reasons.
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Figure 3.4. Potential for water market development in an irrigation system in Pakistan.
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Impact of potential water markets on agricultural production and on the physical environment

The analysis of the potential for water markets development at higher levels of the irrigation system
is also based on the analysis of the processes presented in Section 3.3.1. Central to the analysis is
the establishment of the relationship between the quantity of canal water allocated and its marginal
value product for different users and areas. The confrontation between such relationships will
highlight the existing heterogeneity in the marginal value product of canal water within the
irrigation system investigated, which will stress the potential for canal water reallocation through
market mechanisms.

Processes that relate water to agricultural production described in section 3.1.1 will also be used for
the analysis of the potential for water markets and their impact on agricultural production.
Similarly, processes described in section 3.1.1 are used for the analysis of the potential impact of
water markets on the sustainability of irrigated agriculture.

The reallocation of surface water among water users and the resulting changes in farmer’s marginal
value product of water may induce long-term changes in irrigation practices and the technologies
developed and applied by farmers. The development of water markets is expected to increase
farmer’s incentives to save water to offer higher quantities for sales and thus increase the overall
farm income. However, this change in technology and practices is not investigated in the present
study.
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Water allocation and distribution at main and secondary canal levels: investigating the technical
feasibility of potential canal water markets

Although the analysis of the technical feasibility of water markets does not require specific
attention within the watercourse command area, as a result of the system design and its simple
allocation and distribution rules, the situation is different for the analysis of water market
development between higher units of the irrigation system. As illustrated in Figure 3.4, transfers of
canal water are proposed between and within distributaries, while the irrigation systern has not been
designed for such transfers. Thus, physical limitations are expected with the existing infrastructure.

The analysis of the physical process of water flow from the head of the irrigation system to the head
of tertiary units is an important aspect that will provide information on the physical limitations of
the existing irrigation system. Issues at stake relate to:

- The capacity of the primary and secondary channels to carry and distribute volumes of canal
water reallocated through market mechanisms. This may be important for areas that have
purchased extra canal water, and for areas-that have sold part of their allocation and that may
face technical difficulties in distributing the remaining water within the area, For example, the
existence of freeboard constraints for some channels may limit the reallocation of surface water
from one area of the irrigation system to another.

- The adequacy of the contro! structures to distribute canal water supplies according to the
allocation through markets. At the main system, cross-regulators and gates at the head of the
major distributaries provide some flexibility in reallocating water between distributaries.
However, no such control structures exist along distributaries,

Changes in the operation of the canal system, or in the infrastructure, may be required to reduce or
eliminate the major physical constraints on canal water reallocation between watercourses and
distributaries. In fact, changes in infrastructure, operation of the imrigation system, and institutional
arrangements may result in important initial transaction costs that are too high when compared with
the potential benefits obtained from the reallocation of surface water supplies.

The following section further discusses some of the processes identified so far, emphasizing the
economic focus that underlies the analysis of water markets. Overall, the analysis of water markets
will put a greater emphasis on economic issues as compared to the analysis of more traditional
supply-based interventions and irrigation management. While in the present setup, allocation
decisions are taken by the manager of an irrigation system, the analysis of the potential for water
market development starts from the water users.

3.4 Selected research issues related to the analysis of existing and potential
surface and groundwater markets in Pakistan

Understanding the functioning and organization of existing water markets: actors

In theory, and with no or limited transaction costs, an efficient allocation of water through market
mechanisms would lead to an equalization of the marginal value products of water between water
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users that participate in these markets. In practice, transaction costs may be significant, and specific
socio-economic, organizational and physical constraints may limit the functioning of existing water
markets, Issues related to the functioning of existing water markets within the command area of
tertiary units, that will be investigated in the present study, include:

s The factors that influence the functioning of water markets: Variability in type and intensity of
water transactions has been reported in the literature (WAPDA, 1990; Renfro, 1982; Meinzen-
Dick, 1996; Rinaudo et al., 1997b). However, the factors explaining this variability have not
been systematically identified. Those may include the composition of the farm population that
influence the demand for irrigation water, and the characteristics of irrigation water supplies.

s The identification of participants in water markets. Participation in water transactions is an
important issue that relates to the share of potential benefits related to such transactions among
water users. In fact, the wealth concentration effect of water reallocation is central to
controversies related to water market development (Shah, 1985; Carruthers, 1995, cited in
Richard, 1996).

o The organization of existing water markets. Organizational issues relate to the type of contracts
developed between participants that specify the terms of the transactions. These contracts may
be formal or informal, for long-term or short-term transactions (Meinzen-Dick, 1996; Rinaudo
et al. 1997b). Prices are an important element of these contracts. Their spatial and temporal
variability in relation with changes in water scarcity is an important element in analyzing the
efficiency of existing water markets.

An important issue relates to the relative monopoly power of tubewell water sellers. Although
tubewell water prices equal to tubewell operation and maintenance costs have been reported in the
literature (Strosser and Kuper, 1994), some tubewell owners offer tubewell water for sale at prices
higher than the operation and maintenance costs of their tubewell. Whether the extra cost considers
investment and replacement costs, or results from the monopoly power of tubewell sellers, is
unclear. With a limited number of tubewells in a watercourse command area, a monopoly situation
may develop, while a larger number of tubewells may lead to competition between tubewell
owners. At the extreme, the number of tubewells/tubewell owners may be so high that tubewell
water purchasers are in a monopsony situation.

Canal water purchaser or canal water seller?

The analysis of the potential for canal water reallocation among farmers starts from an initial canal
water allocation, related to the duration of farmer’s water tumns, or to a given authorized discharge
at the head of tertiary and secondary canals. According to the outcome of the market, farmers may
decide to sell or purchase canal water. If the quantity allocated by the equalization of the marginal
value products among users is lower than the initial allocation, the farmer would become a seller.
At the opposite, he would become a purchaser if his final canal water allocation obtained through
the market is higher than his initial allocation. Thus, a single relationship between the quantity of
canal water allocated and its marginal value product is seen as more appropriate than separate
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supply and demand curves. The market allocation would be obtained by confronting such
relationships developed for different water users.

An interesting issue relates to the scale of the irrigation system that represents the highest potential
for water markets in terms of impact on agricultural production and overall economic efficiency
gain. It is expected that differences between marginal value products aggregated for large areas (for
example distributary command areas) will be smaller than differences between marginal value
products estimated for individual farmers. In some cases, however, major differences may exist
between farming systems found along two distributaries, thus leading to significant gaps between
the aggregated marginal value products for these distributaries.

Canal water market, conjunctive use and impact on the physical environment

As emphasized in Figure 3.5, the presence of private tubewells in the command areas of specific
hydraulic units influences the relationship between canal water allocation and its marginal value
product. :

Figure 3.5, Relationship between canal water allocation, Marginal Value Product (MVP) of canal
water, tubewell water use and potential for canal water reallocation for two watercourse command
areas WC, and WCs,. 0, and O, = canal water allocation to WC, and WCy; Oy = initial canal water
allocation to WC, and WCy; Q. = market allocation to WC,; O = tubewell water use; TWC, and
TWC, = unitary tubewell operation and maintenance costs for WC, and WCy; TWimax, and TWmax,
= maximum quantity of tubewell water available for WC, and WC,; P, = equilibrium market price
for canal water.
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Figure 3.5.a presents the relationship between canal water allocation and marginal value product of
water for a watercourse WC,, where private tubewells have been installed and are operated with
operation and maintenance costs per unit of tubewell water equal to TWC,. Figure 3.5.b
complements Figure 3.5.a with the relationship between canal water allocation and tubewell water
use. The assumption made here is of a 1 to 1 substitution rate between canal water and tubewell
water. Also, it is assumed that tubewell water is priced at tubewel]l operation and maintenance costs
as long as tubewell water use is not constrained by the availability of tubewell water.

Starting from a high canal water allocation in Figure 3.5.4, the allocation is reduced and leads to an
increase in the marginal value product of canal water. As soon as the marginal value product of
canal water is equal to the tubewell operation and maintenance costs, TWC,, farmers compensate
any reduction in canal water by an increase in tubewell water use (Figure 3.5.b). Thus, the marginal
value product of canal water remains constant and equal to TWC, (Figure 3.5.a). However, once
tubewell water is used at its maximum quantity, TWmax, (Figure 3.5.b), a reduction in the quantity
of canal water is accompanied by a similar increase for the marginal value product of both canal
water and tubewell water (Figure 3.5.a).

The transfer of canal water between two watercourses is also illustrated in Figure 3.5, using the
example of two watercourses WC, and WC, with different average tubewell operation and
maintenance costs, TWC, and TWC,, but the same initial canal water allocation, (. The
confrontation of the relationships between canal water allocation and its marginal value product
shows that a reallocation of canal water would take place from WC,, to WC,, as the marginal value
product for WC, at O (equal to TWC,} is greater than the marginal value product for WC, at Oy
(equal to THC,). As illustrated in Figure 3.5.e, the market would allocate a quantity Q. to WC,, and
a quantity 2*Qg-0, to WCy, at a market P, equal to TWC; in this example, Figure 3.5.f shows that
WC, has compensated for the decrease in canal water allocation by an increase in tubewell water
use. Overall, the reallocation of canal water would be expected from watercourses or distributaries
with low tubewell operation and maintenance costs to watercourses or distributarics with high
tubewell operation and maintenance costs.

The way Figure 3.5.e and Figure 3.5.f are constructed require specific comments, as it differs from
what is usually presented in the economic literature. Figure 3.5.¢ presents the marginal value
product of canal water for WCa and WCh as a function of the aliocation to WC,, while Figure 3.5.f
presents tubewell water use for WC, and WG, as a function of the same allocation to WC,. As it is
assumed that the total canal water allocation to both watercourses is fixed at 2*Qy, the canal water
allocation to WC, is equal to 2*(p minus the canal water allocation to WC,, and is read from the
right to the left of the x-axis for both figures.

Figure 3.5 highlights also the impact that canal water markets may have on the environment via
changes in tubewell water use. As a resuit of canal water reallocation, tubewell water pumping is
modified in each watercourse (Figures 3.5.b, 3.5.d and 3.5.f), leading to an impact on salinisation

and sodication for each watercourse. Also, the cumulative quantity of tubewell water pumped by
the two watercourses will be modified as illustrated by Figure 3.6.f, influencing the net recharge to

the aquifer.
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supply and demand curves. The market allocation would be obtained by confronting such
relationships developed for different water users.

An interesting issue relates to the scale of the irrigation system that represents the highest potential
Jor water markets in terms of impact on agricultural production and overall economic efficiency
gain, It is expected that differences between marginal value products aggregated for large areas (for
example distributary command areas) will be smaller than differences between marginal value
products estimated for individual farmers. In some cases, however, major differences may exist
between farming systems found along two distributaries, thus leading to significant gaps between
the aggregated marginal value products for these distributaries.

Canal water market, conjunctive use and impact on the physical environment

As emphasized in Figure 3.5, the presence of private tubewells in the command areas of specific
hydraulic units influences the relationship between canal water allocation and its marginal value
product.

Figure 3.5. Relationship between canal water allocation, Marginal Value Product (MVP) of canal
water, tubewell water use and potential for canal water reallocation for two watercourse command
areas WC, and WC,,. 3, and @, = canal water allocation to WC, and WCy; Oy = initial canal water
allocation to WC, and WCy,; (0. = market allocation to WC,; Q. = tubewell water use; TWC, and
TWC;, = unitary tubewell operation and maintenance costs for WC, and WCy; TWmax, and TWmax,
= maximum quantity of tubewell water available for WC, and WCy; P, = equilibrium market price
for canal water.
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Figure 3.5.a presents the relationship between canal water atlocation and marginal value product of
water for a watercourse WC,, where private tubewells have been installed and are operated with
operation and maintenance costs per unit of tubewell water equal to TWC,. Figure 3.5.b
complements Figure 3.5.a with the relationship between canal water allocation and tubewell water
use, The assumption made here is of a 1 to 1 substitution rate between canal water and tubewell
water. Also, it is assumed that tubewell water is priced at tubewell operation and maintenance costs
as long as tubewell water use is not constrained by the availability of tubewell water.

Starting from a high canal water allocation in Figure 3.5.a, the allocation is reduced and leads to an
increase in the marginal value product of canal water. As soon as the marginal value product of
canal water is equal to the tubewell operation and maintenance costs, THWC,, farmers compensate
any reduction in canal water by an increase in tubewell water use (Figure 3.5.b). Thus, the marginal
value product of canal water remains constant and equal to TWC, (Figure 3.5.a). However, once
tubewell water is used at its maximum quantity, TWmax, (Figure 3.5.b), a reduction in the quantity
of canal water is accompanied by a similar increase for the marginal value product of both canal
water and tubewell water (Figure 3.5.a).

The transfer of canal water between two watercourses is also illustrated in Figure 3.5, using the
example of two watercourses WC, and WC, with different average tubewell operation and
maintenance costs, TWC, and TWC,, but the same initial canal water allocation, (. The
confrontation of the relationships between canal water allocation and its marginal value product
shows that a reallocation of canal water would take place from WCj, to WC,, as the marginal value
product for WC, at 3y (equal to TWC,) is greater than the marginal value product for WG at Op
(equal to TWC)). As illustrated in Figure 3.5.e, the market would allocate a quantity 2, to WC,, and
a quantity 2*Qyp-Q. to WC,, at a market P, equal to TWC,, in this example. Figure 3.5.f shows that
WG, has compensated for the decrease in canal water allocation by an increase in tbewell water
use. Qverall, the reallocation of canal water would be expected from watercourses or distributaries
with low tubewell operation and maintenance costs to watercourses or distributaries with high
tubewell operation and maintenance costs.

The way Figure 3.5.¢ and Figure 3.5.f are constructed require specific comments, as it differs from
what is usually presented in the economic literature. Figure 3.5.¢ presents the marginal value
product of canal water for WCa and WCb as a function of the allocation to WC,, while Figure 3.5.f
presents tubewell water use for WC, and WC,y, as a function of the same allocation fo WC,. As it is
assumed that the total canal water allocation to both watercourses is fixed at 2*(y, the canal water
allocation to WC, is equal to 2*(; minus the canal water allocation to WC,, and is read from the
right to the left of the x-axis for both figures.

Figure 3.5 highlights also the impact that canal water markets may have on the environment via
changes in tubewell water use. As a result of canal water reallocation, tubewell water pumping is
modified in each watercourse (Figures 3.3.b, 3.5.d and 3.5.1), leading to an impact on salinisation
and sodication for each watercourse. Also, the cumulative quantity of tubewell water pumped by
the two watercourses will be modified as illustrated by Figure 3.6.f, influencing the net recharge to
the aquifer.
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Technical constraints on reallocation of surface water

Figure 3.6 illustrates how specific physical constraints would limit the development of canal water
markets. Figure 3.6 presents the Marginal Value Product of canal water for two distributaries,
Distributary A and Distributary B, as a function of the canal water allocation to Distributary A.
Similarly to Figure 3.5.¢, the allocation to Distributary B is obtained by deducting the allocation to
Distributary B from the total allocation 1o the two distributaries, and is read from the right to the left
along the x-axis. For simplification purposes, the figure uses the example of two distributaries that
have the same initial canal water allocation (y, and that do not have any tubewell water use in their
command area. The physical infrastructure limits the canal water allocation to Distributary A from a
minimum allocation O, to a maximum allocation . It is assumed that Distributary B does not face
any physical ¢onstraint.

Figure 3.6. Impact of physical constraints in canal water allocation to Distributary A on canal
water reallocation between Distributary A and Distributary B. (s = initial allocation to Distributary
A and Distributary B; 0; and @, = minimum and maximum possible allocations to Distributary A;
(. = equilibrium allocation to Distributary A with no physical constraint; P, = equilibrium price
with no physical constraint; MVP = Marginal Value Product of canal water,
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Figure 3.6 shows that the equilibrium points (Q., P} for Disiributary A and (2*Qy-0., P,) for
Distributary B cannot be reached because of the constraints in allocation to Distributary A. Instead,
Distributary A will use {;, thus more than the quantity {). that would be obtained in a
unconstrained market. As a result, the quantity (Qp-0Q) will be transacted on the market between the
two distributaries instead of the quantity (Qp-Q.). With this figure, it is not possible to specify the
final equilibrium price that would be established for this transaction. The equilibrium price will be
lower than Pz and higher than P, the two prices obtained at the intersection between the Marginal
Value Product curves of each distributary and the vertical line of the minimum allocation fo
Distributary A, and will depend on the relative “bargaining power” of the two distributaries
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Summary

In summary for this section, two important elements that have been discussed in the context of
irrigation sector policies in Chapter 1 are re-emphasized. Firstly, as the case study investigates
water markets, more emphasis is given to economic issues and the demand of irrigation water.
Secendly, although the economic issues and the demand for water have a central role, it remains
necessary (o investigate supply-related issues to incorporate the existing situation and hydraulic
reality into the analysis.

So far, research issues related to individual processes only have been examined. The following
section concentrates on the operationalization of the integrated approach that combines these
processes. In this context, different simulation models are developed and linked for the analysis of
the functioning and impact of existing and potential water markets.

3.5 Operationalization of the integrated approach
3.5.1 Development of simulation and optimization models

Simulation and optimization models have been developed for the analysis of the decisional and
biophysical processes selected for the present study. Models are developed to understand processes,
to identify constraints that influence the output of these processes, and to estimate the impact of
selected interventions on this output. Table 3.2 summarizes the main features of these models.

The development of the farm and watercourse stochastic linear programming models is the main
focus of Chapter 5 of this thesis. Other models presented in Table 3.2 have been developed by
Kuper (1997) for the analysis of the relationship between irrigation system management and
salinity/sodicity, and by van Waijjen (1996) for the analysis of the net recharge to the aquifer.
Appendix 1 summarizes information on the development of these medels, namely the SWAP93
model, the empirical sodicity equation and the water-balance model. Appendix 2 briefly describes
the main features of the operation and maintenance of the canal network, and presents the
hydrodynamic SIC model that has been calibrated and validated for selected canals, and the water-
balance model. For more insight into these physical processes and the application of these models
in the context of the Pakistan, see Kuper (1997) and van Waijjen (1996).

The different simulation and optimization models presented in Table 3.2 have been used
individually to analyze selected biophysical and decisional processes. They are also linked for
investigating the functioning and impact of existing and potential water markets. Issues related to
linking models and assessing the impact of interventions on irrigation system performance for large
irrigation systems are discussed below.

35.2 Time and spatial scale issues

The different biophysical and decisional processes that are considered and analyzed take place at
different spatial scales of the irrigation system. The interaction between water, soil and the plant
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takes place within the root zone at the field scale, while the allocation of canal water is considered
within the tertiary unit command area or within the farm boundaries. The basic spatial unit
considered for decisions related to the relative importance of crops in the cropping pattern is the
farm. And the allocation of canal water between different distributaries takes place at the irrigation
system fevel.

In theory, one may identify the smallest spatial unit, equivalent to the Representative Elementary
Area used in hydrology (Woods et al, 1995), for which all variables and parameters are
homogeneous for the processes considered. Then, simulation models can be applied to such units.
In practice, however, as a result of spatial distribution of the main parameters that influence
processes and the absence of systematic spatial structure of these parameters, a very high number of
units would be identified leading to cumbersome processing of information and a very long time for
model simulation. Thus, for very practical reasons, sensitivity analysis of key parameters is required
to identify the most important ones for which spatial variability is to be considered, which can help
in identifying an intermediary spatial scale for the purpose of integration.

The investigation of water markets makes the farm the central element and the unit of analysis
where decisions are taken regarding {re-)allocation of irrigation water and participation in water
markets. Based on farmers’ production strategy and constraints, a decision is taken whether to
purchase or sell irrigation water. In turn, this decision will be translated into changes in agricultural
production and in the physical environment. And decisions of individual farmers aggregated at the
scale of the tertiary or secondary unit will lead to changes in operation of the irrigation system.

Although the farm is selected as the basic decisional unit for the analysis of water markets, the farm
is not accurately positioned within the irrigation system because of related high information
requirements. However, the interdependency between farmers resulting from their position along
the irrigation network is considered, and the appurtenance of a farm to a given watercourse
command area is recorded. This implies that the characteristics of the physical environment cannot
be specified for individual farms. Only average variables describing the physical environment can
be defined for all of the farms belonging to the same watercourse command area.

As farms often cultivate land in several watercourse command areas, the analysis of existing water
markets within the watercourse command area may incorporate farmers’ decisions only partially.
Also, problems in the development of economic models may arise, as water constraints are usually
estimated for a tertiary unit, or for the area cultivated by a farmer within this command area and
served by a given warabandi turn, and not for a farm.

Different time steps are associated with the processes considered. Farmer’s decisions regarding re-
allocation of canal water and cropping pattern are taken every year, while scheduling and
application of irrigation water are weekly or monthly-based decisions. At the same time, in order to
compensate for the variability in canal water supply and the unpredictable rainfall, short-term
decisions in the order of magnitude of an hour are taken by farmers while effectively irrigating their
ficlds. The analysis of the biophysical processes within the root-zone often uses much shorter time
steps to estimate changes in the soil salinity profiles as a result of irrigation practices. On the other
hand, salinization and sodification processes are slow processes that may take 5 to 10 years to
develop and significantly affect the soil and crop production.
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Since farmers’ planning decisions are seen as central to the analysis of the potential for water
market development in irrigation systems, the year with two scparate crop seasons has been selected
as the planning period. And the month has been selected as the basic time unit for allocation
decisions within this planning period. The month represents approximately the time interval that
separates two successive irrigation events for a given crop. It is seen as a more adequate time period
than the vear or the season to represent irrigation water constraints.

3.53 Spatial heterogencity

Directly related to the decisions on spatial scale is the spatial heterogeneity of parameters and input

variables listed in Table 3.1. As water markets may take place between different parts of the

irrigation system, investigation of the spatial variability in key parameters that are expected to

influence water market development and their impact is required. Spatial heterogeneity may be

considered for:

- The secio-economic characteristics of a farm population;

- The access to input and output markets, as it will influence crop choices and level of
mtensification;

- Irrigation water supply constraints, whether canal water supplies or access to groundwater
resources; and,

- The characteristics of the physical environment, such as groundwater quality, groundwater table
depth, and soils, that wiil influence the impact of irrigation water on salinity, sodicity and net
recharge to the aquifer.

The analysis of the spatial heterogeneity is a common difficulty in the analysis of complex systems
as it is not possible to analyze separately each unit or representative elementary area mentioned
above, or in the case study considered herein, all the farms of the irrigation system investigated.
Expert knowledge is used to better understand the structure (if any) of the spatial heterogeneity.
Classification techniques and typologies are developed to tackle the heterogeneity issue and identify
types, classes or patterns that summarize the heterogeneity of the different variables considered for
the whole area. And aggregation techniques are used to reduce the number of units considered and
prioritize among variables and parameters.

It is important to stress that spatial heterogeneity is required for water market to develop, as
differences in marginal value product of water between users is a prerequisite for reatlocation of
canal water. Variability in socio-economic characteristics and access to cutput markets will directly
affect the marginal value product of farmers and is expected to influence the potential for water
market development within the irrigation system. Also, the spatial variability in physical parameters
such as groundwater quality, soils and groundwater table depth will affect the impact that water
markets would have on salinity and sodicity,

The spatial heterogeneity of parameters and variables can be separated into a general trend or
gradient for the irrigation system as a whole, and a short-distance spatial variability. The second
type of variability will be of importance for the analysis of existing water markets within the
tertiary unit command area, while larger-scale general trend will be considered for the analysis of
the potential for water market development at higher scales of the irrigation system.
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3.5.4 Linking simulation models to assess the impact of water market scenarios

As mentioned above, the models developed for the analysis of individual processes are linked for
assessing the impact of water market scenarios on the agricultural production and on the
environment at different scales and hydraulic units of the irrigation system. A modular approach has
been selected where models remain independent one from another and can still be used
independently. This is referred to as a transparent modeling approach by Shaw (1996) that atlows
users to trace inputs and outputs throughout the chain of processes, and is preferred to a black box
approach. Elements considered while developing links between models and operationalizing the
integrated approach include the following.

s The coherence between the different models developed in terms of the level of complexity, and
the adequacy of the output of some models that is used as input for other models.

o The need to adapt some models that have been developed at a small scale for use at a larger
scale. Upscaling is a major issue for parameters and processes that are non-linear in relation
with other parameters, not only for hydrology (Bloschl and Sivapalan, 1995) but also for social
sciences. More generally, scaling will be required when the modeling scale is much larger or
much smaller than the observation scale. Upscaling has been performed for the SWAP93 model,
initially calibrated and validated at the field scale, then used at the watercourse scale. Also, a
similar approach has been used for the empirical equation linking soil sodicity with groundwater
quality and soil parameters (see Appendix 1 and Kuper (1997)).

o The need o limit the overall computational time required for applying the integrated approach
to the analysis of one scenario. Simplification may be required in the models themselves. Also,
a limited number of spatial units representing the spatial heterogeneity in the irrigation system
may be selected for application of the models.

s The availability of information for a large-scale irrigation system that constrains the potential
use of the models. Accurate information may be available at specific scales, but not at the scale
at which models were initially developed. Also, the lack of information on important parameters
may lead to a simplification of the models used, or the application of interpolation/extrapolation
techniques to estimate the missing information. The sodicity equation developed by Kuper
(1997), for example, remains very simple, but can be easily applied to other areas as input
requirements are limited. In fact, the balance between model complexity, scale of interest, and
information availability is an issue central to the development of the integrated approach.

Linking models requires the development of a database that considers parameters along with input
and output variables, at different spatial scales. Specific computational procedures may be required
to transform the output of a given model into an appropriate input for another model. Thus, the
operationalization of the integrated approach requires an integrated spatial database that can be
adequately developed within the structure of a Geographic Information System (GIS).
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3.6 Development of a performance matrix for evaluating water market scenarios

The final issue discussed in this chapter relates to the comparison between different water market
scenarios and the evaluation of their impact on irrigation system performance. Although the
discussions above have highlighted the different dimensions and variables that are to be considered
while analyzing water markets, a simple and objective way of establishing a hierarchy between
water market scenarios may be a requirement of potential users of results obtained from the
application of the integrated approach.

Literature on performance assessment is rather prolific and proposes a large number of
indicators that can be used to assess the impact of water markets on irrigation system performance.
Examples of such studies include Snellen and Murray-Rust (1994), Molden and Gate (1994) and
Bos et al. (1994). Elements that favor a large number of performance indicators to evaluate water
market scenarios include:

- The need to evaluate the impact of water market scenarios on indicators that express the
complexity af irrigation systems and stress bottlenecks and constraints that affect irrigation
system performance;

- The investigation of dimensions related to water, agricultural production and environment in
the assessment of the potential development and impact of water markets; and,

- The need to develop a platform for discussion between gctors. Different actors may have
different objectives (Svendsen and Small, 1990; Winpenny, 1994) that are to be considered.
One actor may also have several simultaneous objectives. Such objectives include economic
efficiency, irrigation efficiency, equity, sustainability (Winpenny, 1994). Other aspects
considered while evaluating scenarios include pelitical and social acceptability, administrative
feasibility or technical feasibility.

From a more practical point of view, however, the number of performance indicators may soon be
too large and lead to a cumbersome and impossible comparison between various interventions, A
limited number of performance indicators are required to facilitate the comparison between
scenarios (van Beek, 1995). An extreme option would be the selection of a single indicator, or the
combination of different indicators into a single aggregated performance indicator. Multi-criteria
evaluation methods are examples of techniques that have been developed and applied to rank
scenarios or interventions in the water and irrigation sector (see for example the Electre method).
These techniques rely on the identification of specific weights to be assigned to different
indicator/criteria and on specific computational techniques to transform a series of values for
various performance indicators into a single aggregated value.

The optien favored in this study is the development of a performance matrix that presents the
impact of water market scenarios in a table format for a limited number of performance indicators
related to irrigation water supply, agricultural production, physical environment and equity. This
limited number of indicators is preferred to the application of multi-criteria evaluation methods for
three reasons. Firstly, it is believed that the identification of specific weights for different objectives
as required in these methods is a difficult task. Such approaches pretend objectivity and uniformity
while the attribution of weights remains highly subjective (Becker, 1996). Secondly, the
aggregation of indicators is often not meaningful and the results obtained through such methods are

53



Chapter 3 — An integrated approach

more obscure for potential users of these results. Thus, they do not provide an effective platform
where each actor can relate results and information to its own objectives. Thirdly, to keep separate
performance indicators is of primary importance for investigating trade-offs between objectives.
For example, economic efficiency and equity, or economic efficiency and environmental
sustainability, are objectives that are often opposed without understanding the trade-off (if any)
between these objectives.

For each water market scenario, indicators are computed and analyzed at the level of the farm group
within a tertiary unit command area. These indicators are then aggregated at higher spatial scales.
Watercourse-based performance indicators can also be analyzed spatially using the GIS, used here
as a data management and visualization tool and not as a modeling framework (Shaw, 1996). This
enables the identification of areas that may potentially suffer from water market development. As a
result, selected area-targeted measures may be proposed that would accompany the implementation
of water markets and offset at least partially their (localized) negative impact.

3.7 Summary: operationalizing the integrated approach for the analysis of
water markets in Pakistan

An integrated approach that aims at assessing the impact of interventions in the irrigation sector on
irrigation system performance was presented, and operationalized for the analysis of the potential
for water market development in the irrigation sector in Pakistan. Building on the output of
disciplinary efforts, the integrated approach includes the development of links between different
simulation and optimization models, and between these models and a spatial database developed in
the context of a Geographic Information System. Figure 3.7 presents the use of, and links between,
optimization and simulation models for the analysis of the functioning and impact of water markets
in Pakistan.

Following the flow of information, the starting point in Figure 3.7 is the initial canal water
allocation to different tertiary and/or secondary units. Relationships between quantity of surface
water allocated and marginal value product of water are obtained for these units, using the
stochastic linear programming models. The market allocation is them obtained by confronting these
relationships developed for different units. The technical feasibility of the market allocation is
checked with the SIC hydraulic model. Using the market allocation as input in the stochastic linear
programming models, the overalt farm gross income, cropping pattern and tubewell water use is
obtained. Canal water and tubewell water are then input into the SWAP93, sodicity equation and
water-balance models, to obtain salinity and sodicity levels and the net recharge to the aquifer that
result from the market allocation.
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Figure 3.7. Using optimization and simulation models for the analysis of the potential for water
market development in Pakistan.
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Interestingly, the order of use of the models presented in Figure 3.7 is at variance with the sequence
presented in Figure 5.2 in Kuper (1997). In his study, Kuper (1997) uses the models to analyze
supply-based interventions that modify farmer’s water constrainis that allows him to mitigate
salinity and sodicity. As a result, farmers modify cropping pattern and tubewell water use, which in
turn impacts on salinity and sodicity. The analysis of water markets is just the opposite, which starts
from farmers and their water demand. Farmers® demand is then aggregated at various scales of the
irrigation system and put as an operational target for the management of the canal system.

The following chapter presents the main features of the Chishtian Sub-division, the irrigation
system that has been selected for the analysis of water markets and the operationalization of the
integrated approach. Then, Chapter 5 summarizes the results of the farming system analysis, and
presents the economic models developed at the farm and watercourse levels. As specified above,
the processes related to the flow of surface water from the main canals into the secondary canals,
along with the link between irrigation water, salinity and sodicity, are studied in detail by Kuper
{1997). These elements of the integrated approach are then combined in Chapter 6 and Chapter 7
for the analysis of existing and potential water markets in the Chishtian Sub-division, respectively.
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Chapter 4

Description of the Chishtian Sub-division, South-Punjab,
Pakistan

This chapter presents the main features of the Chishtian Sub-division of the Fordwah/Eastern
Sadigia itrigation system that has been selected for the analysis of water markets in Pakistan. The
Chishtian Sub-division is described in terms of its hydraulic network, physical environment and
farming systems. The final section of the chapter summarizes the different samples selected at
various scales, along with information collected for the present study and the development of
simulation and optimization models used to assess the technical feasibility and environmental
impact of water markets.

4.1 Irrigation system and hydraulic network

Located in the South-Punjab, Pakistan, the Fordwal/Eastern Sadigia irrigation system irrigates a
total Culturable Command Area (CCA) of 593,000 ha. It is delimited by the Indian border on the
East, the Cholistan Desert on the South and the Sutlej River along the Northwest (Map 4.1). Two
main canals, namely the Eastern Sadigia Canal and the Fordwah Canal that off-take from the left
side of the Sutlej River, provide surface water supplies to the irrigated cropland. These canals were
constructed as part of the Sutlej Valley Project initiated in 1926 and incorporated already existing
irrigation facilities, such as inundation canals off-taking from the Sutlej River and Persian wells.

The Fordwah Canal is rather short and is divided after less than 15 km from the headworks into the
MacLeod Ganj Branch Canal and the Fordwah Branch Canal. The Chishtian Sub-division is the last
and largest management unit along the Fordwah Branch. Although the hand-over point from the
upstream sub-division is at km 61, or RD 199', of the Fordwah Branch Canal, the Chishtian Sub-
division starts at RD 245 and commands a culturable area of 67,000 ha. The canal network includes
14 distributaries that serve 503 tertiary units, and 19 tertiary units that directly off-take from the
Fordwah Branch Canal. Table 4.1 presents the main features of these distributaries ordered
according to the location of their off-takes from the head to the tail of the Fordwah Branch Canal.
The layout of the hydraulic network is presented in Kuper (1997).

! The Reduced Distance (RD) expresses the distance from the head of a canal in 1000 feet. Thus, RD 199 is equivalent
{0 a distance of 199,000 feet from the head of the Fordwah Branch Canal.
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Map 4.1. Location of the Chishtian Sub-division of the Fordwah/Eastern Sadiqia irrigation system
in Pakistan,
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A particularity of the Fordwah Branch Canal is that it is a non-perennial canal that receives canal
water supplies during the tharif (summer) season only. However, five of the distributaries of the
Chishtian Sub-division are perennial and receive canal water supplies the year round, because of a
feeder canal that off-takes directly from the Eastern Sadigia Canal and is connected to the Fordwah
Branch Canal at RD 125, The water allocation to distributaries ranges from 0.25 1.s".ha" for
perennial distributaries to 0.49 1.s5".ha’ for non-perennial distributaries. While design irrigation
intensities have been set at 80% (32% in kharif and 48% in rabi (winter)) for perennial
distributaries, and 70% (35% in kharif and 35% in rabi) for non-perennial distributaries.

The sub-division is managed by one Sub-Divisional Officer (SDO) of the Punjab Irrigation &
Power Department (PIPD), being assisted for technical matters by 5 Sub-engineers. Other staff
includes revenue personnel for the assessment of water charges, gauge readers that operate control
structures along the main canal, and a large number of workers {bildars) for the maintenance of the
irrigation system.
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Table 4.1. Main features of distributaries in the Chishtian Sub-division — The status column
distinguishes between Perennial (P) and Non-Perennial (NP) canals. The CCA of the distributaries
includes the CCA of the respective minors, while the area commanded by direct outlets has been
included in the total CCA of the Sub-division.

Distributary Status No of No. of Design discharge CCA
minors outlets (m’sY (ha)
3-L NP 0 6 0.51 1,200
Mohar NP I 15 1.08 1,780
Daulat NP 2 108 592 13,230
Phogan NP 0 9 0.3 890
4-L NP 0 7 04 830
Khemgarh NP 0 9 0.68 2,040
Jagir P 0 9 Q.79 1,900
Shahar Farid NP 1 74 4.33 10,070
Masood P 0 16 1.0 3,280
Soda NP 0 33 218 4,090
5-L P 0 3 0.11 360
Fordwah P 1 87 4.47 14,840
Mehmud P [ 7 0.23 812
Azim NP 3 98 6.91 12,330
Chishtian Sub-division - 8 522 36.3 67,654

4.2 Physical environment

The climate of the Chishtian Sub-division is serm-arld continental, characterized by a very high
potential evaporation rate of more than 2, 400 mm.yr", and by low and highly erratic rainfall with an
average annual rainfall rate of 200 mm.yr” mainly concentrated during the monsoon period from
July to September. Thus, without irrigation, little can be grown in the area. The main soils in the
Sub-division have developed in recent and sub-recent river terraces and are underlain by thick
sediments. The origin of the soils induces a clear spatial structure of the main soils parallel to the
Sutlej River. The main physiographic units of the Chishtian Sub-division are presented in Table 4.2
and Map 4.2. A more detailed analysis of the different soil types is included in Kuper (1997).

Table 4.2. Physiographic units in the Chishtian Sub-division (source: Soil Survey of Pakistan,
1996).

Physiographic unit  Location Soil texture
Basins Lowest part of the flood plains Fine and moderatety fine texture
Level plains Level parts of the flood plains Moderately coarse to moderately fine
texture
Levees Low ridges parallel to an ancient river Moderately coarse texture
course
Sand bars Formed by deposition of sand on the Coarse texture

inner side of a meandering river
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Map 4.2. Physiographic units in the Chishtian Sub-division (Source: Soil Survey of Pakistan,
1997).
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Salinity and sodicity affect part of the soils in the Chishtian Sub-division. A joint survey undertaken
in 1996 by the Directorate of Land Reclamation of the PIPD and IIMI has shown that 20% of the
commanded area is affected by salinity. Large patches of uncultivated areas of generic salinity are
located in the central parts of the Sub-division and have been identified through satellite imagery
(Tabet et al., 1997). Salinity in cultivated fields is also present, although the area affected remain
modest at around 10% of the CCA.

The comparison between salinity surveys that have been undertaken in the past shows a gradual
decrease in saline and highly saline areas in the Chishtian Sub-division (Kuper, 1997). This
decrease is directly related to reclamation of large areas by farmers, as illustrated by increasing
cropping intensities in the area, from 70-80% as per design to more than 140% today. More
recently, however, concerns have arisen regarding increasing sodicity problems in areas irrigated
with a high proportion of poor quality groundwater (Soil Survey of Pakistan, 1996). This
sodification process leads to surface crusts and degradation of the soils that may become
irreversible.

This problem stresses the importance of groundwater quality in an area where conjunctive use of
surface and groundwater is the rule rather than the exception (see below). Using the results obtained
from the analysis of groundwater pumped by approximately 500 tubewells, the average Electrical
Conductivitiy (EC) is equal to 1.1 dS.m™", the average Sodium Adsorption Ratio (SAR) is equal to
3.8 mmol.I", and the Residual Sodium Carbonates (RSC) is equal to 0.4 meq.I”. Overall, there is a
decreasing trend in tubewell water quality from the Sutlej River to the Cholistan Desert. However,
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the spatial variability of the tubewell water quality parameters EC, SAR and RSC remains very high,
even within the command area of a tertiary unit (Kuper, 1997).

Salinization through capillary rise affects only a limited area of the Chishtian Sub-division, as the
groundwater table is generally deeper than 2 m below the soil surface. Areas along the Fordwah
Branch Canal and in the Northwest portion of the Chishtian Sub-division contain a shallower
aquifer (see Map 4.3). However, these areas represent less than 10% of the total CCA.

Map 4.3. Groundwater table depths in the Chishtian Sub-division in October 1993 (information
obtained from the SCARP Monitoring Organization, Water and Power Development Authority).
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4.3 Farming systems and socio-economic features of the Chishtian Sub-division

Although the command area of the Chishtian Sub-division is part of the cotton-wheat agro-
ecological zone of Pakistan, the dominance of the cotton crop during the kharif season is limited.
The main crops cultivated during the kharif season are cotton, rice and sugarcane, with 40%, 28%
and 9% of the CCA, respectively. During the rabi season, sugarcane is also present, but wheat
occupies the bulk of the area with around 65% of the CCA. Fodder crops are cultivated during the
two seasons, and vegetables, orchards and oil seeds are also present. Overall, the cropping intensity,
equal to {cropped area/culturable area)*100, is equal to 91% for the kharif season, and 64% for the
rabi season (Mohtadullah and Manzar, 1997).
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Farms in the area have an average land holding of 7.4 ha, out of which 6.7 ha is culturable. A third
of the area is rented-in, mainly by landowners who want to maximize farm income and amortize
their investments in tubewells and tractors. Less than 10% of the total farm population is composed
of pure tenants, a surprisingly low number in this partly feudal society. However, this low number
of tenants is in accordance with the general trend that shows a significant decrease in the
importance of tenants in the rural economy of Pakistan since the Independence (Nazir and
Chaudhry, 1988).

Labor used on the farm is mainily family labour, especially on small subsistence farms. Only
landlords having large landholdings hire permanent labour. For specific activities, such as
harvesting and threshing of wheat, harvesting of cotton, weeding of cotton fields or transplanting of
rice, farmers hire temporary labour. Thirty percent of the farmers are tractor owners, but nearly all
farmers use tractors for land preparation activities.

Most of the farmers in the Chishtian area have strong, although not always direct links with input
and output markets. Fertilizers and pesticides are widely used by all farmers, especially by farmers
specialized in cotton cultivation. Most of the rice and cotton produce is sold on the market.
Sugarcane is sold to the local sugar-mill or directly transformed on the farm into raw sugar (gur)
that is then directly sold on the market. For wheat, however, the dependency on agricultural
commodity markets is lower. Wheat is mainly produced for auto-consumption but significant
surpluses are usually obtained: 50% of the farmers sell on average 53% of their wheat production.
The main markets for agricultural commodities in the area are Chishtian, Hasilpur and
Bahawalnagar. The Chishtian market is the most important cotton market, while the Bahawalnagar
market at the head of the Chishtian Sub-division is relatively more specialized in the marketing of
rice output {Tahir, 1997). Wheat is important in all markets and is purchased at a procurement price
by government-related procurement companies.

As a result of inadequate canal water supplies, farmers have invested heavily in private tubewells in
the Chishtian Sub-division to tap groundwater resources. Totally, around 4,450 private tubewells
have been installed in the area, equivalent to a tubewell density of 6.4 tubewells per 100 ha of CCA.
These tubewells have an average discharge of 25-30 ls™, with an electric or diesel engine
permanently installed on the tubewell site in the field, or the possibility exists to use a tractor or
transportable engine in the case of Power-Take-Off (PTO) tubewells. On the average, investment
costs of electric tubewells are the highest as compared to diesel and PTO tubewells, but their
operation and maintenance costs are the lowest. Thus, electric tubewells represent the preferred
option for large farmers with no credit constraint and high tubewell water needs.

Tubewells have mainly been installed in the area since 1980-1985, Figure 4.1 illustrates the drastic
increase in the number of private tubewells in the command areas of the 8 sample tertiary units that
have been selected for the detailed analysis of existing water markets (see below). Private tubewells
may be owned by a single farmer (40% of the total) or by joint tubewell owners (60% of the total).
The most common arrangement for joint tubewell owners involves two brothers or other family
members. Overall, around 45% of the farmers in the Chishtian Sub-division own a tubewell
whether jointly or solely. However, as will be described in detail in Chapter 6, most of the non-
tubewell owners rely also on groundwater resources for their irrigation through the purchase of
tubewell water.
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Figure 4.1. Private tubewell development in the command area (total: 1,204 ha) of the eight
sample tertiary units of the Chishtian Sub-division over the period 1970 to 1995.
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Although average farm characteristics and agricultural production provide a general picture of
farming systems within the Chishtian Sub-division, it hides one of the most important features of its
Jarmer population, i.e. its variability and diversity. Basic statistics for selected variables are
presented in Table 4.3 to illustrate this diversity in farming systems. These statistics are computed
using information pertaining to the Kharif 1994 and Rabi 1994-95 seasons, collected through a farm
survey for 560 farmers distributed throughout the Chishtian Sub-division.

Table 4.3. Heterogeneity of the farm population in the Chishtian Sub-division: basic statistics for
selected agricultural production variables for the Kharif 1994 and Rabi 1994-95 seasons. The 0
value in the minimum column for wheat and cotton yields corresponds to crop failure.

Variable Average Standard Minimum Maximum
deviation
Area (ha)
Owned 5.7 14.3 0.0 142.6
Operated 7.4 16.5 0.1 197.5
Cropping intensity (%)
Kharif 91 15 20 100
Rabi 64 20 35 100
Crop yield (kgha™)
Cotton 765 565 0 3955
Wheat 2090 855 0 6425
Input use (kgha™)
Cotton 370 130 65 865
Wheat 360 105 60 800
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This heterogeneity in farming systems can be illustrated at different scales or irrigation units of the
Chishtian Sub-division, Using the same farm survey information, Table 4.4 compares the average
farm area, the importance of land rented-in, the tubewell density, and the relative importance of
different crops in the cropping pattern, for the 14 distributary command areas of the Chishtian Sub-
division.

Table 4.4. Selected farming system and agricultural production variables estimated for the
command areas of the {4 distributaries of the Chishtian Sub-division for the Kharif 1994 and Rabi
1994-95 seasons.

Distributary Farm Area Family Tubewell Whea Cotton Rice  Sugarcane

size rented- labor density (No. tarea area area area

(ha) in{%) (unitha') per 100ha) (%) (%) (%) (%6)
3L 4.3 26 0.32 3.2 59 12 42 4
Mohar 8.7 25 0.27 5.5 35 4 62 3
Daulat 6.1 20 0.40 8.0 60 61 11 4
Phogan 73 3 0.50 4.0 a8 12 49 1
4-L 16.7 16 0.57 3.5 73 31 49 1
Khemgark 16.4 13| 0.40 4.6 50 21 60 3
Jagir 37 24 0.46 35 62 3l 37 5
Shahar Farid 10.1 29 0.24 7.9 42 48 8 18
Masood 9.7 29 0.17 42 45 29 7 34
Soda 55 30 0.28 111 58 31 15 5
5-L 4.6 42 037 8.0 68 51 2 5
Fordwah 59 37 0.24 9.2 59 54 5 12
Mehmud 4.1 26 0.37 28 44 26 13 29
Azim 8.6 24 0.16 9.4 45 45 13 8

Distributary-wise differences in the variables describing farming systems and agricultural

production are partly related to the spatial variability in the physical environment presented in Maps

4.2 to 4.4, For example, the high percentage of area under rice in the upper reach of the Chishtian

Sub-division is directly related to high groundwater table and good access to canal water supplies.

However, socio-economic factors are also to be considered in explaining this spatial diversity. Such

factors include:

- Access to output markets. The relative importance of sugarcane in the Shahar Farid, Masood,
Fordwah and Mehmud distributaries iz explained by the presence of a sugar mill close to the
town of Chishtian. Also, higher areas are grown under fodder and vegetables close to the cities
of Hasilpur, Chishtian and Bahawalnagar.

- Origin and cultural background of the furm population. In the Chishtian Sub-division, a
distinction is made between Jocals (i.e. social groups that were living in the area before the
development of the existing irrigation network) and settlers (i.e. social groups that came to the
area in the context of the Sutlej Valley Project or at the time of the Independence in 1947),
Locals are a heterogeneous population of large landlord and small tenants-sharecroppers
cultivating large areas along the Sutlej River, while settlers are a more homogenous population
of smail to medium size owners-curn-ienants.
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The command areas of distributaries, also, are not homogeneous units in terms of socio-economic
characteristics of the farm population. An example of such heterogeneity is illustrated in Map 4.5
that presents the Kharif 1994 cropping intensity computed for all the tertiary units of the Chishtian
Sub-division. The cropping intensity information has been obtained through the use of satellite
imagery and application of supervised classification techniques (Jamieson, 1995; Ahmad et al.,
1996). The lack of a clear spatial trend for this variable, as compared with the trends illustrated in
Map 4.2 to Map 4.4 for physical variables, stresses the complexity of causes that explain
differences in cropping intensity between tertiary units of the irrigation system, and the importance
of socio-economic factors in understanding these differences.

Map 4.5. Kharif 1994 cropping intensity for tertiary unit command areas in the Chishtian Sub-
division. This information is obtained through a supervised classification of a SPOT satellite image
of QOctober 1994,
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Finally, watercourse command areas are also heterogeneous units. They contain farms with diverse
agricultural production sirategies and constraints. Also, as illustrated in more detail by Kuper
(1997), they are heterogeneous with respect to soil types, tubewell water quality and groundwater
table depth.

4.4 Sample selection and collection of information
Although the research efforts to operationalize the integrated approach will eventually be

undertaken for the Chishtian Sub-division as a whole, the analysis presented in the following
chapters of the present thesis concentrates on sub-areas of the Sub-division only. The objective is to
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illustrate the main issues related to existing and potential water markets in the Chishtian Sub-
division and Pakistan. The analysis of existing water markets is undertaken in eight sample tertiary
units. And the potential for water market development is investigated between these tertiary units
and between the Fordwah Distributary and the Azim Distributary, the two very tail and largest
distributaries of the Chishtian Sub-division.

The biophysical and decisional processes that have been selected were investigated separately using
different samples and information. In some cases, activities were undertaken simultaneously for
different processes, because it facilitated the organization and implementation of field and office
activities. Simulation and optimization models were calibrated and validated for small areas
representative of different environments. And information was collected for larger areas to
investigate the spatial variability in key parameters, and for use of the simulation models for these
larger areas.

The analysis of existing water markets and the development of farm and watercourse economic
models is based on a sample of eight tertiary units of the Fordwah and Azim distributaries. The
sample watercourses were initially selected to represent a variety of canal water supply, physical
enviropment and socic-economic conditions. Referring to differences in the social and cultural
conditions discussed in the last section, the Azim command area is mainly occupied by locals,
while settlers cultivate the Fordwah command area. Selected features of the sample tertiary units
are summarized in Table 4.5, For simplicity of notation in the following chapters of this thesis, the
four watercourses located along the Fordwah distributary will be named FD14, FD 46, FD 62 and
FD 130, and the four watercourses off-taking from the Azim distributary AZ 20, AZ 43 and AZ 63
and AZ 111.

Table 4.5. Main features of the eight sample watercourses of the Fordwah and Azim distributaries
of the Chishtian Sub-division, The watercourse number refers fo the location of the watercourse
along the distributary expressed in RD, and to the side of the distributary to which the watercourse
off-takes (R for Right and L for Left).

Distributary ~ Watercourse  CCA Number of No. of Average EC of Portion of

number (ha) farmers per tubewells tubewell water  watercourse
watercourse  (per 100 ha) (dS.m™) lined
Fordwah 14R 198 57 7.6 1.93 Yes
45R 180 41 4.0 0.82 No
62R 133 41 8.3 1.04 No
130R 268 49 52 1.21 No
Azim 20L 19 22 34 0.77 No
431 L 66 25 10.6 0.79 No
63 L 121 20 5.0 0.76 No
111L 119 23 6.7 1.02 No

The eight watercourses cover approximately 5% of the total command area of the two distributaries.
All farmers of these tertiary units have been monitored for their irrigation water supply, and have
been interviewed through a farm survey that investigated issues related to farm characteristics,
farming practices, agricultural production and participation in water markets. For the analysis of
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processes, such as the link between water and agricultural production {field and farm levels) and the
link between water and salinity and/or sodicity, sub-samples of farms and fields were selected
within the sample command areas.

Table 4.6 summarizes samples and information collected for the different research components
integrated in this thesis. The resulting database is the primary outcome of the efforts undertaken
jointly for the analysis of the link between irrigation management and salinity and sodicity
presented in Kuper (1997), and the analysis of existing and potential water markets in Pakistan
presented in this study. The data collection methods, the periodicity of data collection and the time
period investigated are specified for each component of the database. Whenever required, specific
elements related to sampling and data collection methods will be further described in sections of the
following chapters.

4.5 Summary

Chapter 4 presents the main characteristics of the Chishtian Sub-division, the irrigation system that
has been selected for the analysis of water markets in Pakistan. The important heterogeneity in
physical and socio-economic parareters that is expected to influence the functioning and impact of
existing and potential water markets is stressed.

A sample of eight watercourses was selected along the Fordwah and Azim distributaries for the
analysis of existing water markets within tertiary units, and the development of simulation and
optimization models. The functioning and impact of water markets at higher scales will be
investigated between these eight sample watercourses, and between the Fordwah and Azim
distributaries. The information and samples used for the different research components integrated in
this thesis are summarized.
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Chapter 5 — Development of farm and watercourse models

Chapter 5

Development of farm and watercourse stochastic linear
programming models

5.1 Methodology

The main objective of this chapter is to present the methodology developed to build farm and
watercourse stochastic linear programming models to analyze the functioning and impact of
existing water markets within the watercourse command area, and assess the potential for water
market development at higher scales of the irrigation system. Figure 5.1 summarizes the different
steps of this methodology that deals with the collection of information, the analysis of the diversity
of farming systems within and between tertiary units, a detailed analysis of decisions taken by
farmers regarding their crop portfolio and groundwater use, and the development of the micro-
economic models. The different steps include:

A watercourse survey, to collect aggregated characteristics of all the watercourses in the area
considered;

The selection of sample watercourses for a detailed investigation of biophysical and decisional
processes, and the analysis of the diversity of farms;

A farm survey to collect information on farm characteristics, farming and irrigation practices,
and constraints on agricultural production for all farms of the sample watercourses;

Building a farm typology: based on the information collected through the farm survey,
homogeneous types or groups of farms with respect to farm characteristics, constraints and
production strategies, are identified. The percentage of area under each farm type is then
computed for each sample watercourse and presented in a figure format with the different farm
types along the x-axis and the relative importance of each type in tenms of area occupied along
the y-axis. The figure of computed percentages is defined as the socio-economic profile of the
watercourse;

Developing farm economic models: representative farms are selected for each farm type.
Irrigation and farming practices, along with agricultural output, are monitored for two cropping
seasons to estimate basic parameters required to build micro-economic models for each farm

group,
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Figure 5.1. Methodological steps to develop farm and watercourse micro-economic models for the
analysis of existing and potential water markets in the Chishtian Sub-division,
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s Developing aggregated watercourse economic models: using aggregated farm group models
and the socio-economic profile of each sample watercourse, watercourse economic models are
developed. These models incorporate links between group models, and specify watercourse-
level constraints that are faced jointly by farmers of a given watercourse command area. These
models are used for the analysis of the functioning and impact of water markets within and
between different tertiary units; and,
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o Classifying watercourses: using the watercourse survey information, watercourses are classified
into a limited number of classes based on their resemblance with the sample watercourses. The
socio-economic profile and economic model of each sample watercourse is then allocated to all
watercourses of its class. Using the total command area of each watercourse, watercourse
economic models for all watercourses are built and vsed for the analysis of water markets
between secondary units of the irrigation system.

In the following sections, the methodological steps related to the analysis of diversity and the
development of micro-economic models are described. More specifically, the diversity of farming
systems within the command area of a limited number of watercourses is first investigated through
the development of a farm typology (Section 5.2). Then, theoretical issues related to the
development of micro-economic models are presented (Section 5.3), before describing their
application to the development of farm group models for the eight sample watercourses of the
Fordwah and Azim distributaries (Section 5.4), and the calibration and validation of these models
(Scction 5.5.). Finally, the analysis of the diversity of watercourses for the Fordwah and Azim
distributaries is presented (Section 5.6). The end-product of this analysis is a classification of
watercourses that, combined with the economic models developed for the eight sampte
watercourses, leads to the development of economic models for all watercourses off-taking from the
Fordwah and Azim distributaries.

5.2 Analyzing the diversity of farming systems and building the farm typology
General issues related to the development of farm typology

In social sciences, because objects are highly singular, it is not possible to reach a high level of
generality without using a classification or typology (Perrot and Landais, 1993a). Classifying
groups of observations or individuals that have common characteristics is by essence part of the
scientific approach that makes different objects comparable, but leaves their particularities intact.

The main objective of a farm typology is to identify homogeneous groups and provide a basis for
extrapolation of research results or recommendations. Broadly speaking, typologies can be applied
for research purposes, for development purposes, or a combination of both. For researchers, the
typology provides a frame for the analysis of farming systems, and a possibility to extrapolate
research results obtained for a limited number of representative individuals to larger areas and
populations. In the context of development interventions, the typology provides a good picture of
the local diversity required to guide development interventions. It also supports the identification of
reference farming practices by working with a few farmers, and the dissemination of improved
practices more adapted to the heterogeneity of a larger farm popuiation (Perrot and Landais, 1993a).
Although diversity is often seen as an obstacle to modernization, its importance is increasingly
recognized as it improves the adaptation capability of a given area to a large range of interventions.

Different methods have been proposed for developing a farm typology. Broadly speaking, one may

distinguish two approaches that stress the differences between research and development. The first
method is based on an a-priori selection of variables that describe farming systems. Information on
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these variables is collected through a farm survey and statistical techniques are applied to some of
these variables to build a typology. The second method is based on a more dynamic and
participatory process. Interviews of key informants are undertaken to identify variables and farm
strategies that are seen as relevant to a typology (Perrot and Landais, 1993b). Farm level
information is then collected and statistical analysis is performed to allocate each farm to these pre-
identified strategies. The results obtained are then discussed with key informants for the
identification of new strategies and data analysis in an iterative manner,

The second method is seen as more transparent as constant interactions take place with various
actors {Perrot and Landais, [993b). The involvement of actors in the development of the typology
leads to a better appropriation of typology results and facilitates their use in extension and
development interventions. However, a large number and diversity of key informants is required.
Also, as the method is resolutely targeted towards intervention, it may create inappropriate
expectations if applied in a purely research context. Also, differences between the two methods in
terms of the typology results may be rather similar if the a-priori variable selection involves local
expert knowledge, analysis of secondary information, and discussions with farmers.

An important issue in the development of a farm typology is the selection of variables that will be
used to differentiate farms and classify them into homogeneous groups. A diversity of information
can be used, such as farm structure, technical practices, agricultural output, future farmer’s projects
and plans. Often, however, structural variables only are selected for the development of a farm
typology as these variables are expected to fully explain production choices and agricultural output
of a farm (Boussard, 1987). It is important to stress that the selection of variables remains
subjective and linked to the final use of the typology results. A typology developed on structural
variables and static characteristics, or so-called extracted typology (Perrot and Landais, 1993a), will
have a limited use for development interventions as variables related to the farm history, spatiat
location and future plans in terms of investments, or potential successor, have been omitted.
Moreover, results of an extracted typology will be less robust as they will be sample dependent.

Another issue relates to the number of classes obtained from the classification procedure. This
number remains arbitrary and is to be specified. The final number of types represents a compromise
between diversity, precision level, time for model computation, and development of typology.
Eventually, one has to choose between minimizing intra-group variability and limiting the number
of groups identified. The number of groups should not be too small as differences between groups
become too obvious and the typology does not provide any extra information or element for
analysis and understanding. At the same time, the number of groups should not be too large as it
becomes difficult to use typology results. Also, each group would rapidly be represented by
samples that are too small. Although 6 to 20 groups is seen as acceptable, preference is given to
typologies of 8 to 15 groups, independently of the size of the population analyzed (Perrot and
Landais, 1993a).
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Selection of variables to build the farm typology for the eight sample watercourses
The development of a farm typology in the present study was undertaken for two objectives:

* The farm is a complex object defined by a high number of elements and complex interactions
between these elements. Thus, the typology helps to better understand farming systems in terms
of the interrelationships between characteristics, constraints and production strategies; and,

» The typology helps to reduce the number of individuals that need to be analyzed in details, and
facilitates the extrapolation of results from these individuals to their corresponding farm group.
Based on the typology results, representative farms are selected for each group and monitored
for two seasons. The information collected is used to build economic models that will be
applied to each farm group as a whole.

The absence of clear development objective in the present research, along with the limited
availability of key informants and experts on farming systems in the study area, has led to selecting
the first typology method described above with an a-priori selection of farm variables for which
information is to be collected. Analysis of farm level information collected in previous farm
surveys, discussions with field staff having significant experience in dealing with irrigated
agriculture and farmers in the area, and informal discussions with farmers, led to the identification
and selection of variables required to describe farming systems in the arca. Farm level information
was collected in the eight sample watercourses selected along the Azim and Fordwah distributaries
through a formal farm survey undertaken in September 1993. All the farmers of the eight sample
watercourses (total of 278) were interviewed using a formal questionnaire that investigates farm
characteristics, farming and irrigation practices, constraints on agricultural production, and
participation in water markets.

A typology based on variables describing fixed farm production factors has been undertaken. The
main assumption behind this choice is that crop choices and agricultural practices can be deducted
from a good description of farm assets, farmer’s attitudes towards risk, and physical environment
(Boussard, 1987). As economic models will be developed for representative farms and then used for
the group with aggregated farm resources, it is important that farms of a same group have the same
strategy and risk aversion (Palacio et al., 1995). Also, fixed production factors such as labor, land,
and (surface) water are to be homogeneous or proportional between farms of a same group to limit
aggregation bias while building economic models for farm groups (Day, 1963).

As a result, variables describing farm agricultural output, such as crop vields or cropping pattern,
could have been ignored in the development of the farm typology. In practice, however, a limited
number of output variables were considered while building the typology. Cotton and crop yields
were used as aggregated proxy for soil fertility. And the diversity of crops was selected to provide
an insight into risk-aversion. Thus, the variables that have been used for the development of the
farm typology are (Rinaudo, 1994):

- Farm characteristics: owned area, land tenure status, family labor, tractor and oxen ownership,

and tubewell ownership;
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- Physical environment. importance of salinity, with cotton and wheat yields used as a proxy for
soil and irrigation water quality;

- Aceess to water resources: tubewell ownership, and adequacy indicator for canal water supply
at the farm level; and,

- Risk aversion: number of crops in the cropping pattern used as an indicator of risk aversion.

As it is difficult to obtain information on canal water supplies through farmer’s interviews, the
adequacy indicator for canal water supply at the farm level was obtained through an independent
data collection effort. Direct measurements of daily water levels for the period May 1992 to April
1993 were used to compute daily watercourse head discharges, using a calibration formula
developed for each outlet. These discharges were averaged for the Kharif 1992 season, and divided
by the respective design discharge of each outlet to obtain a seasonal Delivery Performance Ratio
(DPR), a dimensionless indicator of canal water supply adequacy comparing actual supplies to
design at the head of cach watercourse (Kuper, 1997). This adequacy indicator was then
transformed into a farm level adequacy indicator taking into account the distance from the
watercourse head to the farm and seepage losses long the watercourse,

Classification method and results

To classify farms into farm groups or types, a cluster analysis method was sefected and applied
using the Cluster module of the SOLO statistical software (SOLO, 1988). This module uses the K-
Means algorithm developed by Hartigan and Wong that divides N observations (farms) with P
dimensions (or variables) into K groups (or clusters). The user specifies first the number of clusters
(K). Using standardized variables, individual farms are sorted according to their distance to the
overall mean (gravity center) of the population, For cluster C with (= 1 to (=K, the {1 + (C-1) *
NiK]th farm is chosen as the initial center of the cluster. Then, the algorithm allocates each farm to
its closest center, minimizing the square distance between the farm and the cluster center.

As the cluster module of the SOLO software cannot classify observations with missing dimensions,
farms with missing variables are eliminated from the cluster analysis. Then, these farms are
allocated to the different clusters by discriminant analysis, using the Discriminant module of the
SOLO software (SOLO, 1988). Using the information available for each farm, this module
estimates the probability that a farm belongs to any of the clusters or groups identified, and
allocates each farm with missing variables to the cluster for which the highest probability is
obtained.

Totally, nine groups have been obtained through cluster analysis. A second classification was
performed based on agricultural production variables to assess the variability of these variables
within the nine groups already identified. Two groups presented a large variability in crop yields
and area under sugarcane. Farmers located at the head of the Azim and Fordwah distributaries
recorded larger areas under sugarcane because of their proximity to the sugar-mill. And farmers
located at the tail of the Fordwah Distributary recorded higher cotton and wheat vields as a result of
lighter soils in this area.
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Farm typology and production strategies

The farm strategies that have been identified through cluster analysis are described below. Group
numbers are given to each farm group for simplicity of notation in Table 5.1 that presents selected
characteristics of the nine farm groups identified. Production strategies are differentiated by the
access to, and integration into, input and output markets, the level of intensification and the level of
crop diversification expressed by the importance of crops other than wheat and cotton in the
cropping pattern.

¢ Farms with auto-consumption strategy (Group 1)

The main objective of these farms is to produce wheat for auto-consumption. Limited areas are also
grown under cotton mainly to generate limited cash io purchase inputs on the market. Limited
assets, important cash flow and credit constraints, and limited access to input and output markets
characterize these farms. With 20% of the operated area in the kharif season, fodder has an
important position in the cropping pattern. This stresses the importance of livestock as a production
activity but also as saving means. As a result of credit constraints, saline fields are not reclaimed
and often left uncultivated. Overall, yearly cropping intensity remains low (average 122%). Also,
wheat and cotton yields are low and result from salinity problems and low input use. The group is
rather heterogencous regarding canal water supplies. If canal water supplies are too low, part of the
family may find job opportunities outside the farm and agriculture becomes a secondary activity.

¢ Market-oriented farms with cotton specialization

- Very small owner-cultivators with average operated area of 1.5 ha (Group 2). These farms are
very often the result of farm fragmentation due to inheritance. However, the joint management
of the family resources greatly limits constraints that would have been expected with small
landholding. A large number of farmers, for example, are joint tubewell owners. Joint tubewell
ownership and a very good canal water supply allows these farms to maximize the agricultural
output per unit area and the total output for the farm. High level of intensification, as illustrated
by cropping intensity of 178%, and very high cotton and wheat yields, is obtained.

- Pure tenants with sharecropping (Group 3) or fixed rent arrangements (Group 4). Although
pure tenants along the Fordwah Distributary have smaller operated arcas (4.5 ha) than pure
tenants along the Azim Distributary (6 ha), their strategies are rather similar with a very high
specialization in wheat and cotton production. As a result of perenmial canal surface water
supplies combined with better soil conditions, Fordwah tenants obtain higher yearly cropping
intensities than Azim tenants, and also significantly higher cotton and wheat yields. Good
access to groundwater resources is obtained as part of contracts with landowner-tubewell
OWners.

¢ Diversification in cropping pattern

- Medium size farms with an average operated area and good canal water supply (Group 5).
Farms from this group are rather similar to farms having auto-consumption strategies, with
limited access to input and output markets. Because of their good canal water supply, however,
they are able to cultivate 10% of the area under sugarcane. Yearly cropping intensities are
medium (135%), as a result of the competition over surface water resources between sugarcane
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and other crops. Also, the credit constraints faced by farmers from this group limit their
tubewell water purchases.

Medium size farms (5.9 ha of operated area) with good canal water supply and located close to
a sugar mill (Group 6). As a result of reduced transportation costs from the farm to the sugar
mill, 28% of the operated area is planted under sugarcane. Rice is also cultivated but only when
the canal water supply is very high. Competition over water and inputs remains important and
leads to reduced areas under cotton, wheat and fodder. Thus, the yearly cropping intensity is
medium and equal to 138%, while cotton and wheat yields are medium to low.

Medium size farms (4.4 ha of operated area) with very low canal water supplies and low credit
constraints (Group 7). With operated areas close to the sample average, but a higher percentage
of owned area, these farmers have invested jointly in tubewells (usually joint owners are
brothers) and often tractors. Around 10% of the operated area is planted under sugarcane, for
production of raw sugar {gur), to be sold directly on the local market. Rice and salinity tolerant
fodder crops have been included in the crop rotation to mitigate salinity problems that affect a
significant portion of the operated area. Although relatively high levels of inputs are used,
cotton and wheat yields remain at a medium level as a result of the poor quality of the soils.
Large to very large commercial farms (Group 8 & 9). With very good access to _formal credit,
large farms are able to invest in fractors and single-owner tubewells. The overall objective of
these farms is the maximization of the total farm income. Large areas of land are rented-in and
count for two-thirds of the total operated area. Also, permanent labor complements family labor.
Control over water resources have led to the development of sugarcane cultivation, oilseeds in
some cases, and rice when farmers have invested in cheaper electric tubewells. Although there
are tubewell owners, the larger farmers of this group (Group 9) face some constraints in
tubewell water availability. As a result, they cultivate a smaller portion of the area and record a
yearly cropping intensity of 131%, versus more than 150% for farmers with smaller size farms
(Group 7). The high level of inputs use leads to very high cotton and wheat yields, with 45 to
60% of the total wheat output being sold on the market.

Table 5.1. Main features of the 9 farm groups of the farm typology for the eight sample
watercourse command area of the Fordwah and Azim distributaries. The value % in the Tractor
owner and Tubewell owner rows means that both owners and non-owners of the tubewell or tractor
may be found in the concerned farm group.

Varisble Gr. 1 Gr. 2 Gr. 3 Gr.d Gr.5§ Gr. 6 Gr. 7 Gr. 8 Gr.9
Operated Area (ha) (-OA) 3.5 15 45 3 43 59 44 3.2 26
Area owned (% of OA) 77 g8 30 27 47 3 75 69 50
Saline area (% of OA) 47 3 6 15 7 9 33 10 13
Tractor owner No No No No No No ] Yes Yes
Tubewell owner No Y No No No No Yes Yes Yes

Yearly cropping intensity 122 178 154 140 135 138 145 155 131
(% of OA)

Sugarcane (% of OA) 4 7 6 7 10 28 10 12 11
Rice (% of OA) Q 0 2 0 0 11 8 0 4
Cotton yietd {tha"} 0.6 1.7 1.8 08 0.9 12 1.1 1.4 1.7
Wheat yield (Lha™) 14 27 2.7 16 1.4 1.3 1.7 2.1 2.0
Wheat sold (% of 15 25 40 30 20 10 30 45 60
production)
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Socio-economic profiles for the eight sample watercourses

Table 5.2 presents the relative importance of the farm groups in terms of area cultivated in each
sample watercourse. The vector of percentages obtained for the nine groups for each watercourse is
defined as the socio-economic profile of the watercourse.

Table 5.2. Relative importance of different farm groups for the eight sample watercourses of the
Fordwah and Azim distributaries, expressed as a percentage of the total Culturable Command Area
(CCA) of each watercourse.

Group Fordwah Distributary Azim Distributary Total
FDI4 TID46 FD62 FDI130 AZ20 AZ43 AZ63 AZl11
1 18 0 0 1] 1 1] 0 0 3
2 2 3 3 6 0 4 0 0 2
3 12 10 9 60 3 [t} 0 0 11
4 0 20 0 1] 9 26 19 8 10
5 1 56 44 9 0 1] 4 0 18
6 3 3 0 6 65 4 1 0 7
7 0 t] 0 3 0 16 7 28 7
8 12 8 37 11 0 20 0 0 13
9 0 0 7 5 21 30 (9 64 29
Total 100 100 100 100 100 100 100 100 100

The values presented in Table 5.2 stress the socio-economic differences between the farm
population in the Fordwah and Azim distributaries. Group 3, Group 5 & Group 8 are mainly
“Fordwah” farm groups, while Group 4, Group 6, Group 7 and Group 9 are predominantly located
in the Azim watercourses. On average, Fordwah watercourses host a more diverse farm population,
while Azim watercourses are often polarized between two farm groups that occupy 85 to 90% of
the watercourse command area. Also, Table 5.2 highlights the importance of considering farming
systems at disaggregated scales such as the watercourse. Group 1, for example, occupies only 3% of
the aggregated command area of the eight sample watercourses. However, this group occupies
significant areas in FD 14, and thus is to be considered in the analysis of water markets and
agricultural production in these watercourses. Moreover, Group 1 is composed of farms with small
land-holtdings and represents around 6% of the total farm population.

Summary

A farm typology is developed to analyze the main production sirategies and farm constraints in the
command area of the eight sample watercourses of the Fordwah and Azim distributaries. Nine farm
groups have been identified. The socio-economic profile, that provides the percentage of the
watercourse command area under cach farm group that will be used to build the aggregated
watercourse economic models, are developed for the eight sample watercourses. The following two
sections present selected theoretical issues related to the development of stochastic linear
programming farm models (Section 5.3), and their application to the case of the nine farm groups of
the farm typology (Section 5.4).
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5.3 Theoretical considerations on micro-economic linear programming models
5.3.1 General issnes related to farm decisions and agricultural production

Farmers are central to the analysis of water markets and the link between water and agricultural
production. For a given canal water supply, farmers specify their crop port-folio in terms of the
types of crops and the area under each crop, decide on the quantity of tubewell water required to
complement canal water; and allocate canal water and tubewell water to different crops. To model
these decisions, five important assumptions are made:

o Fammers have a rational behavior and develop a specific strategy to meet their objectives under
a given set of constraints. As a result, farming practices and farmer’s decisions can be
formalized into a set of rules that link farm production constraints, technical production
coeflicients, and farm objective(s);

o Multiple farm objectives is the norm rather than the exception as a result of the integration of
farm activities into a broader household perspective (Ellis, 1989). Although profit
maximization remains the principal objective, other objectives such as risk minimization, auto-
consumption and income stability are considered in order to understand farm decisions and
their outcome;

o Planning decisions are investigated in the micro-economic models that have been developed for
the present research. These decisions are taken prior to the period considered, whether the
season or the year, and are based on expectations of future events. These expectations are
themselves based on the farmer’s past experience, the past experience of neighboring farmers,
and the farmer’s (limited) knowledge of possible changes that may take place for the coming
season or year, or any other time period considered for taking farm decisions;

e [t is assumed that farmers are themselves in a situation of equilibrium that makes the past
experience valid and applicable for the coming planning period. The analysis of farmers’
decisions resulting from the development of water markets will also assume that farmers are in
an equilibrium situation and have a similar knowledge about the availability of water resources,
and the conditions of their socio-economic and physical environment; and,

s Agriculture is a risky business that suffers from variability in specific variables of the
environment, whether physical (for example rainfall) or economic {for example changes in
prices). Rational decisions taken by farmers consider this variability or risk in planning
decisions. This does not alter the notion of anticipation that has been mentioned above.
Farmers® decisions are then based on their knowledge about future states of nature and the
probability of each of these states (Hazell and Norton, 1986; Boussard, 1980).

Linear Programming (LP), and more specifically Stochastic Linear Programming (SLP), has been
selected as the modeling approach to develop micro-economic models to analyze existing and
potential water markets in the Chishtian Sub-division. Quadratic relationships, such as the
relationships between water and crop yield, or estimates of the variance of the income, are
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lincarized. In fact, these lincarisations are expected to provide results comparable to guadratic
programming as demonstrated by Hazell and Norton (1986) in a particular case study.

5.3.2 Theoretical considerations on linear programming and risk
General structure of a linear program

Micro-economic modeling is based on the maximization of a utility function I/ given by the
following equation.

U(X) = f(X,,. X,) for X = {X,,..., X, }, domain of possible activities 6.1

Activities considered by farmers at the planning stage include the relative importance of various
crops in the cropping pattern, the sale and purchase of agricultural outputs, and the sale and
purchase of inputs required to obtain a given level of agricultural production on the farm. The
choice of farm activities is constrained by the fact that the activities selected nced to be physically
possible (i.e. total input use lower than input availability), and the need to consider specific farm
strategies and constraints, such as the need to implement crop rotations to deal with soil salinity.

Further assumptions are required for building linear programming models. Activities are to be
continuous variables, additive and proportional (i.e. to have a constant marginal value product of
the activity with regards to the inputs considered). Under such assumptions, the utility finction
becomes linear for the activities considered (Hazell and Norton, 1986). Also, the constraints are
assumed to be linear. Under such conditions, the linear program can be written in its matrix form as:
Objective

Max UX 5.2

Under the constraints

AX<B
X=20

(5.3)

where (dimensions of the matrices and vectors are specified in brackets)
U = utility function (1,n};
X = matrix of activities (n,1);
A = matrix of technical coefficients (n,m}) that relate the level of activities to constraints; and,
B =matrix of constraints (m,1).

Specific methods have been developed to solve this linear optimization problem and identify its
optimal solution, if any. The most well known method is based on the algorithm of the simplex (for
a clear description of the mechanism of this simplex method, see Hazell and Norton, 1986). The
utility function and constraints being linear, the existence of a solution is ensured under specific
conditions of closed domains. In all cases, however, a unique solution (if any) is ensured. The
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resolution of the optimization problem is more complex when risk is considered in the optimization
problem, mainly as a result of the non-linearity of risk-related parameters and constraints. Solutions
that have been developed io include risk into linear programming models are detailed below.

Risk in the objective function

Risk may be considered for parameters included in the objective function, in the matrix of technical
coefficients or in the matrix of constraints. To include risk in the objective function means that the
farmer maximizes his utility which outcome is stochastic once activities have been selected. Thus, a
choice of activities based on an average situation will not be adapted (Bouzit et al., 1993). With the
assumption that farmers maximize their expected utility, a widely used model is the Mean-Variance
or E,V model (Hazell and Norton, 1986). For a utility function expressed as a function of the farm
revenue, R, and defined by Equation (5.4),

UR)y=1-&*™ (5.4)
the expected utility can be written as a combination of the mean revenue, E(R), and the standard
deviation of the revenue, o (R), if R is normally distributed such as:
1
E(U(R) = E(R)~ 7 Bo’(R) 55
Using similar assumptions and concepts closely related to the E,V model, Hazell and Norton
(1986) proposed the Mean-Standard Deviation or E,c model, This model, based on the work

about the gajn-confidence limit criteria proposed by Baumol (1963), has the following expected
utility function if the revenue is normally distributed:

EUR) =E(R)-bo(R) (5.6)

where $ is a risk-aversion coefficient for the farm considered.
The cumulative function © of the centered reduced normal distribution p(x) is now introduced and
defined as:

b
(b)) = P(x <b) = j p(x)dx Vb 6.7

Using this function, the probabilistic meaning of the risk aversion coefficient,d , can be given:
E(R)~{o(R) is the value of the revenue R that has the probability ®(—¢)of being obtained. For
example, ford = 1.65, the probability is equal to 0.95 or 95%, equivalent to the value obtained for a
one-tail confidence test on the centered reduced normal distribution.

Figure 5.2 iltustrates the choices made by a farmer between two vectors of activities
X, and X, , each one associated with a mean revenue R.and a standard deviation of the revenue o,.

79



Chapter 5 — Development of farm and watercourse models

Figure 5.2. Probability distribution of revenue for two different vectors of activities X, and X, .
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Although the mean revenue R, for the vector of activities X is lower than the mean revenue R, for
the vector of activities X, the farmer will select X as it will provide the higher revenue that he can
expect (R, —¢o, > R, —¢o,)with a given level of probability determined by his risk-aversion
coefficientd .

With a revenue that 1s a linear function of X, the standard deviation term in the objective function
is most often quadratic. Hazell (1971) proposed using the Mean Absolute Deviation (MAD) as an
appropriate linear approximation of the variance or standard deviation term. This approximation is
used when. chronological series or cross-sectional information is available for the stochastic terms.
For the mathematical demonstration of the approximation, see Hazell (1971) and Belouze (1996).
Based on an empirical example, Hazell and Norton (1986) show that the linear approximation of the
MAD for the variance provides optimization results similar to the use of a quadratic function,

Risk in the constraints and technical coefficients
For risk in the constraints and technical coefficients, the farmer specifies a minimum threshold for
which the constraints are to be realized when taking his decisions. Based on Chames and Cooper
(1959), the program can be rewritten by including probabilistic terms into the constraint equations
as presented below:
Objective
Max UX (5.8)
Under the constraints
P(AX<B)2a (5.9)
Xz0

where (dimensions of the matrices in brackets)
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o =matrix of probability thresholds for the realization of constraints as specified by the farmer
{1,m), the equalityc; = 1means that the ™ constraint is deterministic, and the “~” sign is used
for matrices of stochastic parameters and coefficients.

The constraint specifies that the total requirements for the /™ resource should not exceed its supply
more thana percent of the time (Hazell and Norton, 1986). As for the inclusion of risk in the
objective function, the constraints are not linear. With the assumption that the stochastic terms are
normally distributed, the same linecar approximation of the MAD can be developed. This
approximation will also have a risk aversion coefficient that will increase with the risk aversion of
the farmer and his willingness to respect his constraints. The risk aversion coefficient will lead to a
security margin for each constraint that the farmer selects when choosing his activities

5.3.3 General form of a stochastic linear programming model

Using the approximation of the MAD for the objective and constraint functions, the following
general structure of the stochastic linear programming model is obtained.

Max UX -¢6 (5.10)
Under the following constraints

¢ Inclusion of risk in the objective function

U, -UDX)+D; 20 Ve {l.T} (5.11)
J

2P

_..ZDr =d (5.12)
r o

D20 (5.13)

¢ Deterministic constraints

AX<B, (5.14)
e Stochastic constraints

AX+05,<B, (5.15)
e Stochastic technical coefficients

AX+$5,<0 (5.16)
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> (4, -A)X)+D; 20 Vi=1.T, (5.17)
.
Ty
-21-"5 D, =6, (5.18)
3 t=1
D, 20 (5.19)
where

U =mean utility vector of stochastic utility vector in the objective function U;

X =column vector of activities {X,,...,X,,} )

¢ = risk-aversion coefficient in the objective function;

& = estimated standard deviation of utility equal to ¥MAD at the optimum;

F= nzh(%ﬂ_l) a Fisher coefficient for the objective function with 7’ being the number of
observations of the stochastic utility vector U ;

U, =the * observation of the }* component of vector U and UJ the mean of this j* component;
A, = matrix of deterministic technical coefficients associated to deterministic constraint vector
B,;

A, = matrix of deterministic technical coefficients associated with stochastic constraint vector
B, with mean B, and standard-deviation o, ;

¢, =vector of risk aversion coeflicients associated with stochastic constraint vector B, (with
¢, = ©(a,)and @, the probability threshold to meet constraint B, );

A, = matrix of stochastic technical coefficients associated with deterministic vector constraint
B,

A, =matrix of means of matrix of stochastic technical coefficients A, ;

&, = matrix of estimated standard-deviations of matrix of stochastic technical coefficient A ;

¢, =vector of risk aversion cocflicients associated with stochastic matrix A, (related to
probability threshold «, and the @ function as explained above);

247, -1- k)
stochastic matrix A, and 73 the number of observations for each element; and,
A; =the * matrix of observations of matrix of stochastic technical coefficients 4, .

F = J (5 +ky + T, 7 e a Fisher coefficient with ¥, being the number of elements in the

D, D, = Intermediary terms, equal to the differences between observation ¢ and the mean of

the chronological series available for these observations, for the stochastic components of the
utility vector and for the technical coefficients, respectively.
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5.4 Development of stochastic linear programming models for farms in the
Chishtian Sub-division

Stochastic linear programming models have been developed for each of the nine farm groups
identified by the farm typology and described in Section 5.2. As specified above, the models
investigate planning decisions taken by farmers at the beginning of the year, or season, regarding
the crop portfolio that will be grown on the farm, as well as the quantity of tubewell water required
to complement canal water supplies. Emphasis is given to water related constraints in the models, as
the models will be used to investigate the impact of changes in water related parameters, such as
quantities and prices, on farmer’s decisions.

Selecting activities to build the stochastic linear programming models
The main activities that are considered by the micro-economic models include:

s Type of crops. For the kharif season, farmers can choose between cotton, rice, sugarcane (annual
crop) and fodder. While farmer’s choices for the rabi season include wheat, sugarcane (annuat
crop) and fodder. Wheat is partly used on the farm for household consumption, but may be sold
if there is surplus.

o Farming and irrigation practices for wheat and cotion. Based on expectations in canal water
supply and access to tubewell water resources, tarmers may plan to shift the sowing date and
apply various quantities of irrigation water on crops. Both practices will have an impact on crop
yields. For the date of sowing, choices are to be made between three possible dates for wheat and
cotton. And farmers may choose between three different options of water stress for wheat and
cotton, i.e. 100%, 80% and 60% of the crop water requirements.

o Access to output markets. Cotton, rice and sugarcane are solely sold on the market, while kharif
fodder and rabi fodder are used on the farm for livestock. Wheat is mainty grown for home
consumption. In case of a surplus in wheat production, however, wheat will be sold on the
market.

* Access to input markets. Input uses are fixed for every crop activity considered and do not
require specific input purchase activitics. However, input use will indirectly influence farmers’
decisions as they are accounted for in the gross margins included in the objective function (see
below). The only input use that is left to farmers’ decisions in the stochastic linear programming
models is the monthly quantity of tubewell water used on the farm, whether from the farmer’s
own tubewell at given operation and maintenance costs, or purchased from other tubewell
owners at a given price. For tubewell owners, the sale of tubewell water is also an activity to be
considered that may compete with tubewell water use on the farm.
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Deterministic terms of the objective function

The stochastic linear programming model maximizes the gross income at the farm for crop related
activities, The gross income is defined as the difference between the total gross output of
production and total variable costs. The objective function is defined as presented below:

[Z(gmei) + P, W, + Pow, ZTW:‘: ]
Max o ‘ (5.20)
- [Z(WCJX,) +2, W, + Pry, 2 TW, + Py ZTW,}
jed t !
where

I = Ensemble of cash crops that will be sold on the market with a gross margin gm, (Rs.ha'');
X, = area (ha) under cash crops;

W, = quantity (kg) of wheat sold in the market at price £, (Rskg™y;

TW, = quantity (m”) of tubewell water sold per month (r € {fan,F eb,....Dec }) at price prw.

(Rs.am™). This activity is not considered while building the individual or group models but is
integrated in each tubewell owner model in the watercourse-based economic models;

J = ensemble of crops primarily used on the farm, and cultivated using various inputs that
amount for total variable costs per unit area fvc, (Rs.ha™;

X ; = area (ha) under crops primarily used on the farm;

W, = quantity (kg) of wheat purchased on the market at a price P, (Rskg');

TW, = quantity (m®) of tubewell water purchased per month (¢ € {Jan,F eb,....Dec }) at a price
Prw, (Rs.m™); and,

TW, = quantity {(m’) of tubewell water used per month (¢ € {]an,Feb,...,Dec})on the farm and
pumped from own tubewell at a price p, ( Rs.m™).

The gross margin of a crop that is used in the objective function is obtained by multiplying the crop
yield by the price of the product, and subtracting all variable costs related to input use and farming
practices. As specified above, the only variable costs that are not included in the computation of the
crop gross margin are tubewell operation or purchase costs, as they are specified as separate
activities in the objective function.

In practice, farm models will either include 7/, and 7W, if the farm group considered is composed
or tubewell owners, or 7W  if the group is composed of non-tubewell owners relying on tubewell

water purchases. This is a simplification of the reality, as iitustrated by farmers with large land
holdings that are often tubewell owners and tubewell water purchasers. Also, farmers sometimes
purchase tubewell water at different prices from two or more tubewell owners. This possibility has
not been included in the objective function of the models.
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Deterministic elements of constraints

The activities selected by the farm models cannot take any value as they have to satisfy the various
constraints faced by farmers. These constraints are described below.

¢ Land constraints

The first land constraint specifies that the total area cultivated is lower than the total operated area
of the farm, and this for any period of the year. No difference is made between area operated and
area rented-in for farmers that combine both types of tenure. Investigation of land markets in the
Chishtian Sub-division has shown that farmer’s operated area in the medium term can be
considered as a fixed constraint. The sale and purchase of land is very rare, and the lease of new
areas is possible but limited. The following inequality is included in the models:

>X, <4, (5.21)

keK

where
{X, },.x = arca (ha) under crops grown during the period & considered; and,

A,, = total operated area (ha) of the farm.

The periods k considered include the kharif season, the rabi season, the month of November, the
month of December and the month of May. The last three periods have been included to take into
account the possible competition between cotton and wheat crops during the inter-season. For
example, farmers often extend cotton harvest to obtain higher cotton yield, thus delaying wheat
sowing as a result of competition over land. This has eventually a negative impact on wheat yields.

As the objective function considers only the total variable costs of rabi and kharif fodder crops, a
minirmum area under fodder is required for both seasons. Thus, the following equation is included in
the model for both the kharif and rabi fodder crops:

> F, 2 Fod,, (5.22)

where
F, = area (ha) under a given type of fodder during the season & (rabi, kharif); and,

T

Fod, = minimum area (ha) required under fodder for the season & (rabi, kharif}.

o Water constraint

Obviously, quantities of water required to grow the chosen cropping patiern are to be lower than
quantities of water available on the farm. Water availability depends on canal water supplies and
access to tubewell water, whether their own tubewell water or purchased tubewell water. The
analysis of irrigation practices and farmers’ decisions has shown that seasonal values of supply of,
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and demand for, irrigation water are not specific enough to identify water constraints and
bottlenecks that will affect farmer’s decisions and agriculiural production (Pintus, 1995; Meerbach,
1996). As farmers irrigate their crops roughly once a month, the month is selected as the temporal
unit to specify water constraints. The following monthly inequalities are then included into the farm
models:

> (iwn, X,)-TW,-TW, <cws, Ve {JanFeb,...Dec} (5.23)

where
X, = area (ha) of crops sclected in the cropping pattern;

iwr, = irrigation water requirements {m>ha™) for cropiand month ¢, 7 € {!an,Feb,...,Dec}; and,
cws, = canal water supply (m3) available at farm formonth ¢, t € {Jan,Feb,...,Dec}.

Although farmers may allocate preferentially canal water of good guality to some crops and plots,
this decision is not integrated into the present farm stochastic linear programming model. Canal
water supply and tubewell water use are computed at the farm level and aggregated for each crop,
without distinguishing the relative importance of cach source of water for different crops.

In some watercourses, a specific constraint has been added that limits tubewell water use during the
sowing period of wheat. This translates into the farmers” strategy for limiting the use of tubewell
water of poor quality, as it affects negatively the germination process and thus crop yields. This
constraint specifies a maximum value for the ratio between tubewell water use and total water use
on the farm. Also, monthly tubewell water use constraints have been defined for some farm groups
and watercourses.

e Labor constraint

A rapid appraisal was conducted in the Chishtian Sub-division to investigate the functioning of the
labor market and the possibility of a labor shortage during periods with peak labor requirements.
Farmers, however, did not identify labor shortage as a major constraint. Thus, it is assumed that
labor is not a constraint for the farms considered under the existing situation. However, a counting
variable was included in the models to compute yearly labor requirements at the farm, which offers
the possibility for monitoring the impact of interventions and changes in model parameters on labor
use,

e Multiple farm objectives

Although the maximization of the farm gross income is an important objective for farmers in the
studied area, it is not the only one. Other objectives that are specified in the farm models include the
need to obtain a minimum gross income each year to be able to pay or reimburse for household
expenditures and fixed production costs, or producing wheat for auto-consumption to be able to
feed members of the family from the farm’s own production. Also, the minimization of risk is an
important objective that has been included in the model that is further detailed below.
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The minimum gross income inequality is specified as follow:

[Z(gm.X.% 2 W, + Pry, ZTW:,}
iel f

(5.24)
‘[Z(M,X,-)-FPWPW,, + Py, 2TV, +p,WETW:| >R

Jed t

where
R, = minimum gross income (Rs) for the farm; and,
Other variables are defined as for Equation 5.20.

The minimum quantity of wheat required for household needs is taken into account with the
following inequality.

DX AW, W 2W,, (5.29)
7

where
X', = area (ha) under wheat j defined by specific sowing date and irrigation application;

¥, = wheat yield (kg.ha™) for wheat j; and,
W, = total yearly wheat requirements (kg) for the farm household.

Finally, as specified in the general form of the linear programming model, all activities that are
considered in farm decisions are to be positive. Thus, the following inequalities complement the
constraint inequalities presented above:

X,z0 vielx,.X,} (5.26)

where
X, =quantity of activity i selected by the model, ¥i e {X,...X, }ensemble of all possible

activities.
Taking into account risk in farm models
Risk that is included in the stochastic linear programming models developed for farmers in the
Chishtian Sub-division relates to the variability in monthly canal water supplies received at the farm
gate, the variability in wheat yields, and the variability in cotton gross margins. These different
components of risk are discussed below and formalized for integration into the stochastic linear
programming models.

e Variability in canal water supply
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As highlighted by several studies, canal water supplies received by farmers in the Chishtian Sub-
division and the eight sample watercourses of the Fordwah and Azim distributaries are highly
variable within the month (Kuper and Kijne, 1992; Hart, 1996; Kuper, 1997). With four canal water
turns on average per months, farmers may receive high or low canal water supplies according to the
watercourse head discharge at the time of their canal water tumn. Thus, it is assumed that farmers
consider the variability in canal water supply to select their cropping pattern. And the importance
given to this variability in the planning process is expected to be influenced by farmers’ risk-
aversion and control over groundwater resources. The formalization of the monthly water
constraints to account for the variability in canal water supplies is given below.

Z(z'wr.-.:.Xj) —TW: £ WSt —pouGenss V1 € {an, Feb, .., Dec} 5.27
where
O ., = standard deviation of canal water supply (m3) formonth ¢, V¢ € {Jan,Feb,...Dec};

G, = @'1((1‘“, )} = risk aversion coeflicient related to canal water supply for month ¢,

Yt e {Jan,Feb,...Dec}; and,
Other variables are defined as for Equation 5.23.

s Variability in wheat yields

The variability in wheat yields, as a result of variable climatic conditions and pest attacks, will
directly affect the quantity of wheat available for auto-consumption. Thus, modification are
required for the wheat yield terms in the left side of Equation 5.25. As explained in Section 5.3, this
inclusion of risk involves simplifications in the quadratic terms of vield variances using the method
MAD. Chronological series for T years are usually used for these simplifications. In the case of the
farms investigated in the 8 sample watercourses, such time series were not available, and cross-
sectional data is used to approximate the temporal variability of vields as proposed by Hazell and
Norton (1986) and further developed in Rinaudo (1994). Following the formalization presented in
Section 5.3.3, the MAD approximation that include yield variability in Equation 5.25 is presented
below.

Z (EXJ )+ W,-W, -4,8,2W,, (3.28)
J
2;:’ i“p;~ -6,=0 (5.29)
n=1
S, -7, )+D; 20 Vn=1.N (8.30)
J
D, 20 (3.31)
where

X, = area (ha) under wheat j defined by specific sowing date and irrigation application;

¥, = wheat yield (kg.ha™') for wheat j;
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b, (= e (u v ))= risk aversion coefficient associated with wheat yield;

F =\[(N+ky +1[N+1h

a Fisher Coefficient with &k being the number of stochastic wheat
ANV -1-k,) ’

yield terms in the constraint, and N the total number of observations in the sample;
Y, = n™ observation (kg) in the farm sample of the stochastic variable wheat yield I'f ; and,

i’; = mean (kg) of the N observations in the farm sample of the stochastic variable wheat yield

Unlike Hazell and Norton (1986) that consider different crops with various positive and negative
correlations between yields and gross margins of these crops, only wheat with different sowing and
irrigation practices is considered in Equations 5.28 to 5.31. As the main causes for yield variability
are related to external factors such as unexpected high rains, and virus and pest attacks, two wheat
crops differing only by their sowing date and quantity of irrigation applied will have deviations in
yields entirely correlated with each other. From a farmer’s perspective, if high (low) vields are
expected under a given sowing date and irrigation application, then high (low) vields are expected
for all wheat crops cultivated under different practices.

As a result, the overall standard deviation of wheat yields for the farm can be approximated with the
weighted average of the standard deviations of wheat yields for different sowing dates and
irr