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ABSTRACT

Kuper, M. 1997. Irrigation management sirategies for improved salinity and sodicity control. Ph.D.
thesis, Wageningen Agricultural University, The Netherlands. 239 p., 86 figs., 72 tables, 3 appendices.

An integrated approach is developed o assess a priori the effects of irrigation management interventions
on soil salinity, sodicity and transpiration. The approach is tested for a 75,000 ha irrigation system in
Pakistan, where canal and groundwarer are used conjunctively. The main hypothesis is that by
reallocating good quality canal water, the use of poor quality groundwater can be restricted, thus
combating salinity and sodicity and mitigating their effects on crops. The study has three components.
Firstly, interventions in canal water deliveries to tertiary units are analyzed using an unsteady state
hydraulic model, based on the St. Venant equations, and linked with a regulation module, which captures
the operational decisions of the irrigation agency. By changing the operational rules at the main canal,
and by redimensioning the outlets in secondary canals, the water can be distributed equitably to tertiary
units or delivered to those units that require it for salinity control. Secondly, the impact of irrigation on
salinity, sodicity and transpiration is assessed for farmers' fields, using a combined soil water flow and
solute transport model, based on Richard's equation and the convection-dispersion equation, and a
regression equation, based on the irrigation quality and soil texture. A curvilinear relationship with a
decreasing tangent was found between the irrigation quantity and soil salinity. Increases in the EC of the
irrigation water result in a parallel curve with higher salinity levels. Adapting the irrigation quantity and
quality to the existing soil types and depth to groundwater table can, therefore, reduce salinity and
sodicity, thus avoiding soil degradation, which already occurs at an ESP of 4%. Thirdly, both
components are combined with a parallel, socio-economic study, where farmers' decisions related to the
crop portfolio and acquisition/application of water, were captured in Linear Programming models. The
individual models of both studies are interfaced to develop a tool, capable of quantifying the effect of
irrigation management interventions. For a secondary canal’serving 14,000 ha, it is shown that the area
threatened by sodicity is reduced by 40% by reallocating canal water, without affecting the agricultural
production. The results of the developed tool should not be taken as accurate predictions, as there are
likely to be unforeseen events due to the complexity of irrigation systerns. Instead, the approach should
be evaluated for its effectiveness in supporting actors' decisions in irrigation system management, by
enhancing their understanding of the effects of interventions on salinity, sodicity and agricultural
production. The application of the approach, in two case studies, shows that it allows the investigation
of a wide range of policy and management interventions, and captures adequately the complexity of an
irrigation system, thus providing indications about its transferability. However, the tools should be
applied as part of an integrated concept, which includes phases of diagnosis, identification of relevant
processes and parameters, and discussions with actors.

Keywords: irrigation management, integrated approach, canal regulation, soil salinity, sodicity, soil
degradation, modélling




PREFACE

One cannot but feel priviliged for having had the opportunity of working and living in Pakistan. Working
in the irrigation systerns stretching the piains of the Indus and its tributaries, where efforts of many focus
on the use of that precious resource water, is exciting. Perhaps, the strongest sensation one feels is the
presence of the past, with the rich tradition of irrigation in the Indus Basin. This sensation is apparent
when visiting the remains of Moenjodaro or Harappa, but is also never very far away in discussions with
irrigation engineers, who relate to the concepts of Kennedy, Lacey and others. A careful reading of the
not so recent publications, e.g. those published by the Punjab Engineering Congress at the beginning of
the century, frequently showed that contemporary issues were not new and had been extensively
discussed in the past'.

Working in an environment with such a rich history offers great opportunities to learn, many a time
leading to long discussions about the concepts of irrigation. The ingenuity of solutions that have been
discussed, developed, implemented and adapted to problems associated with irrigation in the Indus
Basin, is amazing. An obvious example is the empirical design of channels to minimize the silt deposition.
At the same time, a historical perspective can be a handicap, when the irrigation sector remains static
and the associated paradigms constrain people in developing new concepts. It provided in any case an
extra challenge to develop an innovative approach that makes sense to all concerned.

Irrigation cannot be separated from society and living in Pakistan has been enriching. It appeared at times
to be a three-dimensional experience. The third dimension was not only attained when leaving the flat
irrigated plains for the Karakoram mountains, but was also obvious in daily interactions outside the
scope of irrigation management. Locking at it from the outside, irrigation became one of the pieces of
a larger puzzle. Whether or not I have been able to structure these pieces into something more coherent
is perhaps not very important, as the puzzle should keep some of its surprises.

1 wish to dedicate this thesis to Zaigham Habib and Mushtaq Ahmed Khan.

A completely different example was shown to me by Fawzi Khawaja after our establishment of
the Lahore Rughy Football Club in 1992, According to newspaper clippings, rugby had been
established in Pakistan in 1928, 1953 and again in 1992_...
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Stellingen/Propositions

Behorend bij het proefschrift "Irrigation management strategies for improved salinity and sodicity
control” door Marcel Kuper.

1. The combined use of the terms waterlogging and salinity and their qualification as a twin menace is

misleading,
Mehta (1940); Choudry (1979); Kijne and VanderVelde {1992); This thesis

2. A model representing a complex system, e.g. an irrigation system, should be evaluated for the insights
it provides in the functioning of the system and in the comparative effect of policy and management

interventions, and not for the accurateness of its predictions,
This thesis

3. If one is interested in improving the performance of an irrigation system, the analysis of physical
processes, assuming ideal human management, or the analysis of human behaviour, considering the
physical environment as an external factor, is not sufficient. In addition, a common platform should be

developed, quantifying the physical impact of human interventions.
Strosser (1997); This thesis

4 In continuation of the economic principles related to the functioning of markets, the spatial
heterogeneity of physical parameters can be considered an important asset in the management of an
irrigation system, allowing a more innovative allocation of irrigation water.

Peasant econornics, Ellis (1988); This thesis

5. Archaeologists today in Mohenjodaro are fighting a similar battle that farmers were 4000 years ago
i keeping soil salinity within acceptable limits.
Mohenjodaro and the Indus civilization, Marshall (1973)

6. L'objet de la vérification d'une proposition n'est pas la proposition elle-méme, mais sa valeur de vérité.
Encyclopacdia universalis (1985); Konikow and Bredehoeft (1992)

7. C'est trop facile, de faire semblant
Grand Jacques, Jacques Brel (1955)

8. Een proefschrift, ook één in de exacte wetenschappen, moet naast een wetenschappelijke ook een
literaire waarde hebben.

9. Rugby mazkt meer kapot dan drank goed kan maken
pers. meded. J. Wijdeven (1987)

10. BuAnooe, BoAcooo
Anabasis, Xenophon (4° eeuw voor Christusy
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1.1 Salinity and sodicity in the Indus Basin

CHAPTER 1

INTRODUCTION

1.1 Salinity and sodicity in the Indus Basin

The Indus Basin: a conjunctive use environment

The contiguous Indus Basin irrigation system irrigates an area of about 16 million ha, diverting annually
about 128 billion m* of surface water to 43 canal systems (Badruddin, 1996). It is only in the last 30
years that extensive public development of Pakistan's groundwater resources has taken place through
vertical drainage schernes, entailing the installation of about 16,000 public tube wells, serving also to
increase irrigation supplies. Increased cropping intensities, government subsidies and the example of the
public tube wells, have prompted farmers to install a lJarge number of private tube wells. These wells are
generaily shallow (20-50 m deep) and have a capacity of about 30 1s™". Presently, an estimated number
of 500,000 tube wells' are providing approximately 30-40 % of the irrigation water at the farm gate
{Nespak/SGI, 1991). A recent survey showed that out of 1200 farms, 90% had access to tube well
water, either through ownership or through water markets (PERI, 1990). The fact that the Indus Basin
is a conjunctive use environment is not a new phenomenon. At the turn of the century, an estimated
number of 350,000 hand- and dug wells existed in the Punjab (including what is now Indian Punjab) and
the North-West Frontier Province, contributing supposedly about 40% of the total irrigation supplies
{Indian Irrigation Commission, 1903}. Ironically, it was the development of large-scale canal irrigation
in the beginning of this century that made these irrigation wells superfluous.

Salinity: from single to multiple cause

Traditionally, salinity has been associated with irrigated agriculture in the Indus Basin (Framyji et al.,
1984, Ahmed and Chaudry, 1988). Often salinity was considered to be linked with waterlogging and the

According to the Agricultural Census of 1991, a total number of 375,000 tube wells are present
in the Indus Basin. However, only diesel and electric tube wells have been counted, neglecting the
tractor operated tube wells. About a third of the private tube wells is estimated to be tractor
driven (Malik and Strosser, 1993).




rise of the groundwater table, which occurred due to the introduction of large-scale perennial irrigation
in the Indus Basin, However, the Soil Survey of Pakistan (SSP) demonstrated in the 1970s that the
causes of salinity were much more diverse®. Basically, three main causes were identified, Genetic salinity,
due to weathering of parent material, was thought to affect some 4.8 million ha of land under command
{Choudry, 1979). A second source of salinization was shown to be the rise in groundwater tables in the
doabs, which displaces salts and brings them into the root zone through capillary rise. Finally, the Soil
Survey of Pakistan warned about the imminent threat of salinization through the use of poor quality
groundwater by public and private tube wells. The ofien doubtful quality of groundwater was known
for much longer (e.g. Council of the Bahawalpur State, 1900), but became an important issue due to the
massive deployment of tube wells in the Indus Basin.

Sodicity

Another important issue that was bronght to the fore was the distinction that was made between salinity
and sodicity (Choundry, 1979). SSP argued that instead of looking only at the total number of dissolved
salts, it would be better to look at the composifion of the salts. This was further substantiated by a large-
scale survey undertaken by WAPDA, which demonstrated that out of a total number of 63,866 samples
10.7 % was saline, 23.6 % saline-sodic and 3.5 % sodic (Ghassemi et al., 1995).

Measures taken

Measures that have been taken in Pakistan by the Government to control salinity have largely focused
on controlling the groundwater table with the idea to contain the salinization process. These measures
included the prevention of seepage through canal lining (from 1895 onwards), tree plantations, surface
and interceptor drains (from 1930 onwards), irrigation management (lowering of Full Supply Levels,
canal closures from 1930 onwards} and vertical drainage through tube wells from 1940 onwards (Ahmed
and Chaudry, 1988). Vertical drainage was considered to be the most effective measure and the
implementation gathered momentumn, particularly after partition with India in 1947 with the Rasul Tube
Well Project.

‘The Water and Power Development Authority (WAPDA), created in 1958, was entrusted with the
responsibility to tackle problems of waterlogging and salinity in the Indus Basin, notably through large-
scale vertical and horizontal drainage schemes. These schemes, referred to as SCARPs - Salinity Control
And Reclamation Projects - had a dual aim of lowering groundwater tables through the installation of
public tube wells and increased cropping intensities, and of making additional irrigation supplies available
at the farm gate.

In the seventies, researchers recognized the existence of sodic soils, as evidenced in the surveys of
WAPDA and SSP, but more importantly they realized the adverse effects of (bi) carbonates and sodium
in irrigation water hailing from the aquifer. A number of research institutes and universities studied on-
farm salinity control as part of a larger USAID funded On-Farm research project with the technical
support of Colorado State University. Certain recommendations have been made regarding safe limits

There have been earlier papers emphasizing the fact that waterlogging was not the only cause for
soil salinity and sodicity. Mehta (1940), for instance, provided evidence for the existence of
“"alkalinity" in irrigated areas with deep groundwater tables.




1.1 Salinity and sodicity in the Indus Basin

of irrigation water incorporating the effect of (bi-)earbonates and sodivm, gypsum application, salinity-
tolerant crops (e.g. Ahmad and Majeed, 1975; Bakhsh and Hussain, 1975; Muhammed, 1975). However,
their work remained confined to the farm and field level, and no attempt was made to translate the
implications of their findings to a larger, system level, Their recommendations went largely unheeded
in the large scale development projects in the country, which continued to focus on the prevention of
seepage through the lining of thousands of tertiary canals and on the implementation of large-scale
drainage projects on the assumed link between waterlogging and salinity (Muhammed, 1978). This
signalled the inception of a dispute between researchers who understood the complexity of the salinity
issue and engineers who had to come up with practical solutions for a problem affecting millions of
hectares.

The Directorate for Land Reclamation {DLR) of the Punjab Irrigation & Power Department (PID) has
been conducting a yearly visual salinity survey, Thur Girdawari, since 1943 {(Muhammed, 1978). On the
basis of this survey, DLR advises the irrigation agency, PID, on the installation of reclamation shoots,
pipes that offtake from irrigation channels for a period of 3 months in the flood season, kharif. Thus,
extra water is provided to those arcas affected by salinity. In recent years, due to the {remendous
pressure on canal water, hardly any reclamation shoots have been sanctioned by PID,

Interestingly, farmers have been much more diverse in their measures to bring large areas under
cultivation that were hithertofore affected by (genetic) salinity. These range from the application of good
quality irrigation water and taking various biotic, mechanical and chemical reclamation measures.
Farmers are also unremittingly mitigating the effects of high groundwater tables and poor quality
irrigation water in order not to have their soils and crop yields affected. Kielen (1996a) lists a number
of measures, related mainly to changes in the quantity, frequency and ratio of application of canal and
tube well water, to the crop choice and the application of chemical amendments.

Pakistan's efforts for an integrated approach in salinity control

Large-scale surveys undertaken in the seventies such as the WAPDA Master Planning Survey and the
Soil Reconnaissance Survey by SSP, emphasized the complexity of the nature and the causes of salt-
affected soils in the Indus Basin. In the past many efforts to improve the salinity control were undertaken
in isolation, either through a series of measures at the field level (e.g. Niazi et al., 1989; Siddig, 1995),
or through large-scale drainage projects. Recently, there has been a growing recognition by policy
makers and scientists in the country that much is to be gained by developing an integrated approach,
which would enable to identify appropriate government interventions by testing and comparing several
interventions at different levels of the agricultural sector.

Limited efforts were made through the Command Water Management projects in the eighties, which
emphasized the integration of activities of specialized agencies, but ended up carrying out separate
infrastructural works, such as the lining of channels and installation of tube wells. At the moment a large
World Bank funded project is underway in the Fordwah/Eastern Sadigia (South} area which aims to
reduce problems of salinity through a set of irrigation and drainage works and management
interventions. To prepare for this project a research project is currently underway, in which 13 national
organizations take part, 10 come up with a set of recommendations for irrigation and drainage measures




(Water and Power Development Authority, 1993). The underlying idea of the research is that a set of
interventions in irrigation management targeted towards salinity can minimize the costs of drainage.

In anticipation, the International Irrigation Management Institute (IIMT) in Pakistan has initiated the
development and field application of an integrated approach in a 75,000 ha irrigation system in south-
east Punjab, the Chishtian Sub-division, to assess the effect of policy and management interventions on
agricultural production and on salinity and sodicity. Thus, experience can be obtained in integrating
research activities carried out by different disciplines. This study is part of that integrated approach.

1.2 Statement of the problem

Farmers have managed to bring large areas affected by genetic salinity and/or sodicity under the plough.
At the same time, groundwater tables are declining in large parts of the Punjab, which makes the issue
of waterlogging in relation to salinity control less urgent. However, increased cropping intensities have
induced farmers to tap groundwater resources on a very large scale, threatening to degrade soils through
a sodification process as a result of irrigation with poor quality water (Kijne and Kuper, 1995}. This
relatively recent threat has not received much attention, yet, and research is needed to provide guidelines
for future projects.

Canal water is of excellent quality, and has, obviously, tremendous value for farmers who are dealing
with salinity and/or sodicity. When dealing with genetic salinity, they use canal water for reclamation
purposes, while they mitigate the effect of poor quality tube well water by applying it in conjunction with
canal water. The importance of canal water for farmers was substantiated in a survey conducted by
Kielen (1996a), where farmers singled out canal water as the most important factor for salinity
management. In a modelling exercise, the importance of canal water was further confirmed in ensuring
a long term salinity equilibrium at reasonable levels (Condorm, 1996; Smets et al., 1997). Making more
canal water available to farmers would, therefore, help them in their salinity management.

The amount of canal water available is limited and not all crops in the Indus Basin can be fed by this
water alone. However, not all farmers are faced with the same problem due to an inequitable distribution
of canal water and due to differences in environmental parameters, such as groundwater guality, soils,
etc. In addition, not all farmers have the same opportunities to deal with salinity. This leads to the
assertion that a redistribution of canal water, making it available to those farmers who really need the
water for salinity control, will contribute to minimizing salinity and sodicity, and to mitigating the
effects of salts on crop production. At present, no tools are available to carry out a comparison of
various measures intended to enhance the capability of farmers to deal with salinity. There is an urgent
need for the development of tools and methodologies that would help policy makers and irrigation
managers in assessing the impacts of various measures and to evaluate whether a betier irrigation
management could reduce the need for implementation of high cost infrastructural works.

The development of these tools is all the more urgent, because several proposals have been made
recently for tackling the financial and efficiency issues of the irrigation sector in Pakistan by the World
Bank (1994). This includes privatization, improved management, involvement of the irrigators, and a




1.3 Qutline of the study

more market-oriented approach to water, which would increase the awareness of water as a scarce (and
valuable) good. Follow-up discussions with various actors at the provincial and federal levels have led
to an intermediate solution currently endorsed by the Government of Pakistan, i.e. decentralization of
irrigation management with the formation of public authorities, so-called Provincial Trrigation &
Drainage Authorities (PIIDAs) that would be financially autonomous. Involvement of farmers in the
management of parts of the irrigation system is considered and pilot tested in some secondary canals.
Finally, the development of water markets where farmers of groups of farmers could trade water is
considered. These proposed interventions have not been assessed yet for their supposed impact and
debates on the advantages and disadvantages remain at best ambiguous due to the lack of data to
quantify this impact. This underscores the importance to further analyse the functioning of the present
irrigation systems, to clearly identify factors and constraints that explain its current level of performance
and its potential for change.

The objectives of the present study can thus be formulated as fotlows:

- To define the scope for canal irrigation management interventions and assess the impact on canal
water distribution;

- To assess the impact of canal irrigation supplies at the facm and field level on soil salinity and
sodicity and the likely effect on crop production; and

- To develop and apply an integrated approach to assess the impact of canal irrigation
management interventions on salinity and sodicity and on crop production, in the context of an
irrigation system.

1.3 Outline of the study

There are two principal research axes in this study, an intervention-oriented analysis of canal
irrigation system management, and a process-oriented study of salinity and sodicity at the farm and
fieid levels. These studies are then combined by developing and operationalizing an integrated
approach which translates the effect of changes in canal irrigation management on the evolution of
soil salinity and sodicity. The approach is tested in a 75,000 ha irrigation system in south-east Punjab,
Pakistan.

The studies are preceded by a description of the irrigation system, to which the analyses are applied, in
Chapter 2.

Canal irrigation management

In Chapter 3, the hydraulics of canal irrigation are modelled using a hydro-dynamic model, to assess the
effect of hydraulic characteristics on canal water levels and discharges. The model is calibrated/validated
for the present physical conditions. Then, the decision-making process of water distribution, in an
interaction between the system manager and operational staff, is analyzed and the operational rules
governing water distribution are determined, These decision rules are then captured in a regulation
module that is linked to the hydro-dynamic model. This composite model is used to identify existing
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physical and managerial bottlenecks in water deliveries, and assess the comparative benefits of main and
secondary canal management interventions, on the water distribution to tertiary units. This leads to the
formulation of alternative operational rules and maintenance measures, captured in a number of
operational scenarios. These scenarios are simulated and the results are evaluated using performance
indicators,

Salinity and sodicity

In Chapter 4, salinization is studied at the field level, using a soil water-solute transfer model. After
calibration/validation, the model is used to assess the effect of the irrigation regime of farmers on salinity,
sodicity and on crop transpiration, for a range of soils. The sodification process is studied and a
relationship is developed to quantify the risk of sodification as a function of the irrigation regime for
different soil types. Both models are then verified at the level of the tertiary unit, in order to enable the
integration of the analyses with those on irrigation system management, which were treated in Chapter
3. A study is made of the farmers' salinity management to verify the utility of making more canal water
available for salinity control.

Towards an integrated approach

In Chapter 5, an integration of analyses of canal irrigation management interventions at the system level,
and field level studies of salinity and sodicity, is undertaken by developing a common platform in which
physical processes and human decisions that are governing these processes are quantified. This
integrated framework is developed jointly with Strosser (1997), who in a parallel study, studied the
decision-making process of farmers with respect to irrigation water distribution, groundwater use and
crop choice as a function of the farm strategy, farmers' constraints, the physical and irrigation
environment. A common tool is developed, which is applied to two case studies. The first case study is
described by Strosser (1997), who tests the feasibility of developing water markets and their impact on
agricultural production. The second case study, described here, relates to the assessment of the effect
of canal irrigation management interventions on salinity and sodicity. Scale issues will be addressed in
operationalizing this tool. The application of the tool to an irrigation system, will quantify the
comparative advantage of proposed management interventions, but will also enable an assessment of the
utility of the tool.

The thesis is summarized and concluded in Chapter 6.

1.4 Limitations of the study

The study takes place in the 75,000 ha Chishtian Sub-division, an irrigation system that forms part of
the Fordwah/Eastern Sadiqia area in south-east Punjab. The study area is quite representative as far as
the complexity of an irrigation system is concerned, and offers ample opportunity for irrigation
management interventions. Also, irigation-induced salinity and sodicity, the focus of this study, is a real
concern for farmers in the area. Present practices, and their impact, can thus be studied and evaluated.
The choice of the study area, however, also brings with it certain limitations. Probably, the biggest




1.4 Limitations of the study

limitation is that the groundwater table is fairly deep, and no detailed study of the aquifer was made. The
groundwater is taken into account only in as far as it contributes water (capillary rise} to the unsaturated
zone and is further taken to be a reservoir which is tapped through shallow tube wells. This means that
the study of the interaction between groundwater and the unsaturated zone is not complete. A second
limitation is that the study was confined to an irrigation system of 75,000 ha. Since the irrigation systems
in the Indus plains are inter-connected, the irrigation management upstream of the study area places
certain constraints on the study area. In this study, the inflow of the study area is considered as a given.

An integrated approach has a few known limitations. The complexity of an irrigation system makes it
difficult to develop an integrated model that has accurate predictive capability. This is due to the
interaction of human and physical processes and the large variability over time and space of the different
characteristics of an irrigation system. It is, therefore, better to focus the overall approach more towards
creating an understanding of the impact of management interventions on salinity and agricultural
production than on an accurate prediction. The results of simulations can help actors prepare for the
future and enables a comparative analysis, but should not be evaluated for the absolute valves.

The integrated approach touches on bio-physical as well as human or behavioural processes. While the
former are modelled, even though often much simplified, the latter can only be described and captured
in decisional rules. The complexity of the mixture of these processes makes that validation of the
outcomes in the traditional sense of the word is not possible, Results that seem numerical in the outcome
of models become fuzzy in reality as people have a tendency to adapt/react to changes in the bio-physical
environment, thereby changing the nature and format of relationships that were assumed in the approach.
However, the validity of the integrated approach can be verified by analyzing the existing situation, and
by verifying the plausibility of the outcomes with the actors concerned. The criterion then becomes
whether the tool is useful for an improved management of water resources in order to better tackle
salinity and sodicity.




2.1 Description of the Chishtian Sub-division

CHAPTER 2

RESEARCH LLOCALE

2.1 Description of the Chishtian Sub-division

The location of the study area, the Chishtian Sub-division is shown in Figure 2.1.

Chishtian
River
Canal Disty Minor

City & Town

Melalled Aoad
International Boundary
Railway line

i A 05  iokm

Figure 2.1: Location map of the Chishtian sub-division, Punjab, Pakistan.

The Chishtian Sub-division covers 75,000 ha of irrigated land. It forms part of the Fordwah/Eastern
Sadigia irrigation system, which consists of the riparian tract along the river Sutlej, the flocd plains of
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the ancient Hakra river and reclaimed desert area of the lesser Cholistan desert. The Fordwah/Eastern
Sadigia area is located in the south-east of Pakistan's Punjab and is confined by the Sutlej river in the
north-west, the Indian border in the east and by the Cholistan desert in the south-east, see Figure 2.1.
The Fordwah and Eastern Sadigia canals command a gross area of 684,985 ha, out of which 593,100
ha is officially irrigated (CCA-Culturable Commandable Area),

2.1.1 Physical environment
Climate

The climate is semi-arid continental with annual potential evaporation (class A pan) at 2400 mm far
exceeding the annual rainfall of 200 mm, see Figure 2.2. The data presented in Figure 2.2 were obtained
from Bahawalpur, located about 80 km to the west of the Chishtian Sub-division, and from
Bahawalnagar, located at the extreme east of the Chishtian Sub-division. Two thirds of the rainfall is
received during the monsoon period from July to September, while the remainder falls in mild showers
during the winter. The monsoon is preceded by an extremely dry period, characterized by hot winds from
the adjoining desert and mean maximum air temperatures reaching 44 °C. The winter season lasts only
from December to mid-February with mean minimum air temperatures of 4.4 °C. The area is part of the
cotton-wheat agro-climatic zone of the Punjab with cotton, forage and rice crops dominating in the
sumimer season kharif and wheat and forage the principal crops in the winter season rabi.

500 :I /'\' r3s
.

/ —n - 30

Surface water resources
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The area is served by two large main
canals, Fordwah Canal and Eastern
Sadigia Canal, off-taking from the left
abutment of Suleimanki Headworks on
the Sutlej river. They were constructed
as part of the Sutlej Valley Project,
which was commissioned in 1926.
This project was launched to increase
the reliability of (floed) water supplies 0
to the riparian tract of the Sutlej

already irrigated through inundation
canals and small wells, and to Supply Figure 2.2: Mean monthly potential evaporation, rainfall and

water to lands in hithertofore temperatures. These are 30 year averages of Bahawalpur and
unirrigated lands at the fringes of the Bahawalnagar weather stations (Punjab Meteorological

Cholistan  desert. The present Department).

irrigation network thus partly overlays
an old irrigation system developed and operated by the rulers of the former Bahawalpur state,
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2.1 Description of the Chishtian Sub-division

Groundwater resources

Groundwater tables in the study area are generally more than 2 metres below the soil surface, except in
the north-western portion and along Fordwah Branch. About 10% of the area has groundwater tables
within 2.5 m of the surface. In addition, the groundwater table is going down in some parts of the
Chishtian Sub-division, as a consequence of groundwater exploitation. Only in a limited part of the area,
therefore, salinization occurs through capiilary rise.

The groundwater quality in the area is highly variable, reflecting the heterogeneity in materials of the
area, from marine and alluvial origin. Groundwater is often saline and contains relatively high amounts
of sodium and bi-carbonates. The quality range, measured for a sample of 500 tube wells, is summarized
in Table 2.1. Apart from the total salt concentration, approximated by the electrical conductivity EC,
the sodium adsorption ratio (SAR) and the residual sodium carbonates value (RSC) are used as
indicators. The SAR presents the ratio of the Na* concentration over Ca®* and Mg** concentrations (in
mmol '), while the RSC gives the concentrations of CO,” and HCO,  minus those of Ca® and Mg**.

Table 2.1: Quality of irrigation waters pumped through shallow tube wells in the Chishtian Sub«division,
data collected by IIMI and analyzed by DLR and SSP in 1995/1996.

EC SAR RSC

(dS m" (mmo] 1103 (meq ')
Average 1.1 3.8 0.4
Minimum 0.3 0.0 -24.0
Maximum 4.8 209 13.2
Ccv 0.3 1.0 6.6

Soils

The soils in the Chishtian Sub-Division have been mostly developed in mixed calcareous recent and sub-
recent river terraces and are underlain by thick marine sediments. Close to the river Sutlej recent
alluviom is found, referred to as Shahdara terrace, covering about 53 % of the area. South of this terrace
two sub-recent terraces indicate that the river Sutlej has had a much more southern course in the past.
The terrace located furthest north is referred to as a Sultanpur sub-recent river terrace with soils of
moderately coarse to moderately fine texture. Further south is the Rasulpur sub-recent terrace,
comprising soils which developed in subrecent river alluvium mixed with aeolian Pleistocene deposits
from the adjacent Cholistan desert. Collectively, these two terraces cover about 90 % of the area. In the
south-west corner of the area a Pleistocene aeolian terrace is found. The physiographic units that are
encountered in the Chishtian Sub-division are listed in Table 2.2 (Soil Survey of Pakistan, 1996).

11



Table 2.2: Physiographic units in the Chishtian Sub-division {source: Soil Survey of Pakistan,1996)

Units Location Soils
Basins Lowest part of the flood plains Fine and moderately fine textured
Level plains Level parts of the flood plains Moderately coarse to moderately
fine textured
Levees Low ridges parallel to an ancient Moderately coarse textured
TVErcourse
Sand bars Formed by deposition of sand on the Coarse textured

inner side of a meandering river

The finer textured soils are found in the basins and are generally associated with genetic salinity and
sodicity. Especially the soils formed in those parts of the basin where water was stagnant during soil
formation are very dense and highly sodic. These soils are referred to as the Satgara soil series in
Pakistan. Other soils in this physiographic unit that are associated with salinity and sodicity are the
Adilpur soil series. Even today these soils are generally not cultivated. In addition to that, some soils
located in other physiographic units have a saline-sodic variant depending on the water-related transport
processes during soil formation and thereafter.

Salinity and sodicity

A number of salinity surveys have been undertaken in the Chishtian Sub-division, employing different
techniques and sampiing frames, rendering it difficult to make a comparison. The main surveys that have
been undertaken are listed in Table 2.3. The surveys of WASID and WAPDA were part of a larger
salinity survey of the Indus Plains, while the survey of NESPAK was done for the Fordwah/Eastern
Sadiqia irrigation and drainage improvemeni project, which is currently underway in the area (Water and
Power Development Authority, 1993). The surveys carried out by IIMI and its partners were undertaken
to develop an effective methodology to assess the salinity and sodicity status in large areas.

Table 2.3: Inventory of salinity surveys undertaken in the study area.

Organizations Year Methods

WASID 1960 Visual observations, aerial photographs
WAPDA Master Planning 1978 Sampling, visual observations

NESPAK 1986 Sampling

Cemagref/TIMI 1995 Remote sensing {Tabet, 1996; Tabet et al., 1997)
SSP/IIMI 1996 Sampling (Scil Survey of Pakistan, 1997)
DLR/IIMI 1996 Visual observations {Asif et al., 1996)

It is interesting to compare the results of the earlier surveys with more recent information. There has
been a gradual decrease in the area affected by salinity and sodicity. This can be attributed to the fact
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2.1 Description of the Chishtian Sub-division

that farmers have reclaimed large tracts of land, made possible by the canal water supplies available to
farmers. This decrease concerns mainly the areas affected by genetic salinity (Soil Survey of Pakistan,
1997). The results of the surveys of 1960 and 1978 were digitized, which allowed a quantification of this
decrease, see Table 2.4.

Table 2.4: Status of salinity in the study area, determined during surveys in 1960 by WASID and 1978
by WAPDA. The salinity was determined through visual observations, where SO stands for no salinity,
$2 for slightly saline, 53 for moderately saline and S4 for severely saline,

Salinity level Area affected (%) Area affected (%)
1960 1978

S1 35.1 83.1

S2 224 33

S3 6.5 9.4

S4 l16.1 4.3

An important decrease in the area moderately and severely affected by salinity and sodicity (33, S4) can
be observed, i.e. from 22.6 to 13.7% of the total area. This is an area of almost 7000 ha that has been
reclaimed Also, the area slightly affected by salinity has decreased tremendously. The total area that was
found non-saline in 1978 had increased to more than 80% of the arca.

A relatively recent phenomenon concerns the sodification as a result of groundwater application (Soil
Survey of Pakistan, 1997). In quite a few areas surface crusts were observed, while in some areas the
effects were noticeable up to a depth of 1 m. The area affected by groundwater induced sodicity is
difficult to estimate, and is mitigated by farmers. About 40-50% of the farmers are confronted with this
problem in various degrees. This estimate is based on the area underiain by groundwater of doubtful
guality and the fact that surveys have shown that almost all farmers use groundwater in the study area
(e.g. Rinaudo, 1994).

2.1.2 Irrigation system
Canal irrigation system

Two large canals, offtaking at Suleimanki Headworks on the Sutlej river, feed the study area, i.e. the
Fordwah Canal and the Eastern Sadigia Canal. The Fordwah Canal is fairly short and splits inte two
branch canals after 14.6 km. The larger of the two, Fordwah Branch supplies the Chishtian Sub-division.
Because of limited supplies outside the flood season, it was decided to feed Fordwah Canal only during
kharif (non-perennial) while Eastern Sadiqia would be entitled to all year round supplies (perennial),
However, five secondary canals at the tail of the Fordwah system are perennial canals and are supplied
during rabi, when Fordwah Canal is closed, through the Sadig-Ford Feeder, see Figure 2.3,
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Originally, the system derived its water from the Sutlej and its tributary the Beas, but since the Indus
Water Accord of 1960, this water is at the disposal of India. Upon conclusion of the accord, a series of
link canals was caonstructed to convey water from the western rivers, Indus, Jhelum and Chenab, to the
irrigation systems located on the Ravi and Sutlej rivers. Thus in the flood season, July to September, the
water at Suleimanki Headworks is mainly derived from the Chenab river, while in the winter the water
is tapped from the Mangla reservoir on the JThelum river.
The Chishtian Sub-Division is a  Fordwah Division
75,000 ha hydraulic unit situated at the

Suleimanki Headworks

lower end of the Fordwah Canal Fomwah:;’ﬂ "
Command. It starts at km 75 (RD!  ysinetes AR o %@ Eastern Sacigla Canal
245) of Fordwah Branch, which itself ® Fordwah Branch
offtakes at the tail of Fordwah Canal, Sacicia - Ford oo
but places its demand (indent) at km RD 125 [—oin TR
61 (RD 199) of Fordwah Branch. It Banawainagat
cormprises the administrative units of ' e e ion)
Hasilpur and Chishtian towns and falls r AD 245 1
in Bahawalpur and Bahawalnagar
districts. RD 281
Chistian

Organizational set-up - - Bubdiv. RD 3341
The Punjab Irrigation & Power RD 371
Department (PID) is responsable for o

Azim disty Mehmud Forcwah disty

the operation and maintenance of the -
system from the headworks up to the Figure 2.3: Schematic overview of the hydraulic network of
outlet of the tertiary unit (mogha). the Fordwah/Eastern Sadigia irrigation systems (source:
Below the mogha, farmers share the Litrico, 1995).

water and maintain the tertiary canals.

PID is reponsable for assessment of water charges on the basis of the area and the type of crop that is
cultivated. It is a large bureaucracy employing about 57,000 people, of which some 300 are qualified
engineers. The basic hydraulic unit in the Indus Basin is considered to be the canal command or division
under the responsability of Executive Engineers (XEN). There are 43 canal commands in Pakistan, out
of which 21 are located in the Punjab. These canal commands are grouped in canal circles, directed by
Superintending Engineers, which fall in 5 irrigation zones that are administered by Chief Engineers.
Responsability for day-to-day operating and maintaining the irrigation system lies with the XENs, who
can delegate some respensabilities to sub-ordinate Sub-Divisional Officers (SDQ), who are generally
qualified engineers. The Chief and Superintending engineers have mainly controlling and supervisory
responsabilities,

The Fordwah Canal Division is divided into three Canal Sub-Divisions, each headed by an SDO. The
SDQ is assisted for technical matters by Sub Engineers (SBE) looking after a section and for revenue
matters by revenue staff. Worth mentioning are the gauge readers or gate keepers, who are generally

RD stands for reduced distance from the head of a canal in 1000 feet; RD 199 is therefore located
at 199,000 feet from the head of Fordwah Branch.
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2.1 Description of the Chishtian Sub-division

stationed at important regulation points in the system (cross-regulators, large distributaries) and are
operating the structures under their control.

The SDO decides on the opening and closing of the larger distributaries, based on the rotational plan and
based on operational preferences, which are influenced by farmers. His instructions are conveyed to gate
keepers, who implement these instructions by manipulating the gated structures. For the smaller
distributaries, gate keepers are generally independently deciding on opening or closing the head
regulator. Their operations for both the larger and the small distributaries as well as cross-regulators are
based on maintaining an upstream full supply level (FSL) in order to be able to feed the required
discharge to the distributaries as well as to the downstream parent channel. A major concern of gate
keepers is the safety of the main/branch canal. The communication between SDO and gate keepers is
depicted in Figure 2.4.

The telegraph communication system
between gate operators and the
irrigation manager and between gate
operators themselves is in a dismal
condition. This means that in practice
gate operators have been given a great
deal of responsability in operating the
system. Instructions from the irrigation E%
manager relate mainly to the definition B
of target discharges for certain
distributaries, opening/closing  of XZ\
distributaries and target discharges for
cross-regulators. The positive impact

A

i1

mr  Wain/ Branch Canat

of a communication network on the sew
discharge variability was evaluated by  ___ 1 0m &
Litrico (1995), showing that gate | g
keepers are much better able t© | o
attenuate the discharge fluctuations if ~ § . ... /\
a communication network is provided. &
| came
Figure 2.4: Communication systern between the irrigation
manager and the gate keepers.

The Chishtian  Sub-division s
considered to be difficult with
substantial political interference and
managers tend to minimize their
tenure. From 1993 to 1996 there have been 5 different SDOs, while their normal tenure is in the range
of 2-3 years. The farmers in the riparian tract constitute a feudal inegalitarian society, characterized by
a large number of schisms and conflicts concerning amongst others water, which tend to aggravate the
work of PID, Much less problems are reported about the settlers who have arrived in the area in the
1930s (e.g. Fordwah distributary command) and whose landholdings are much more equal. A more
detailed study on the relationships between farmers in the riparian tract has been undertaken in the same
area by Carbonnell and Micheau (1996).
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Beyond the mogha, farmers are responsable for sharing the water through a traditional system of
warabandi. A roster of turns is formulated by farmers on the basis of which each farmer is entitled to
the entire flow delivered to a mogha for a specified period of time. PID wili only intervene in this roster
in case of a dispute between farmers. Generally, a warabandi roster is frequently updated by farmers
{Bandaragoda and Rehman, 1995). Maintenance of the tertiary canal is also the responsability of the
farmers and is generally carried out jointly (Malik et al., 1996}. In every village a few farmers have been
appoinied by the government to collect the water charges and forward them to the Revenue Department,
for which they are paid a fixed percentage of the collected money.

Water entitlements

Farmers in the study area had some historical water rights prior to implementation of the present
irrigation system. On top of that, the system was designed by the British colonial government as part of
a larger project, while the command area was located in the independent state of Bahawalpur. These
socio-political complexities at the time of design of the irrigation system, have resulted in an odd mixture
of perennial and non-perennial canals within the same system, thereby imposing a build-in inequity in
water allocation. The water allocation to distributary commands ranges from 0.25 for perennial to 0.4%
Is'ha™ for non-perennial canals. Irrigation intensities are in the order of 70 % for non-perennial
distributaries (35/35 in Kharif and Rabi, respectively) and 80 % for the perennial distributaries (32/48
in Kharif and Rabi, respectively). This means that when farmers stick to the design cropping intensities,
they have 0.8 (o 1.4 Is"'ha™! 10 their disposal, which covers adequately the crop water requirements.

Infrastructure: canals and structures

Punjab irrigation canals are typically earthen, gravity flow canals. They have a trapezoidal inner prism,
and a berm formed inside this prism by sediment deposition, which strengthens the banks. The canals
were designed based on the theories of famous British engineers working in the sub-continent, like
Kennedy, Lindley and Lacey {Ali, 1993). The main characteristics of these "regime canals” are that they
are designed to maintain a critical flow velocity, based on the hydraulic mean depth and a sediment
factor, in order to be ‘non-silting, non-scouring’, and that they are fairly wide and shallow, which was
found to be more conducive for sediment transport. The width of Fordwah Branch at RI> 199 is 35 m
and is 15 mat the tail (RD 371). The average slope of Fordwah Branch is 1:5000 and the seepage was
established at 3.2 m’ s with an inflow of 25.5 nt & , which corresponds to 12.5 % or 60 I'5 kih .
Seepage in the secondary canals is much lower and is on average 5% (Tareen et al., 1996). The total
length of main and secondary canals in the Chishtian Sub-division is a little over 300 ki, which is 4.3
m per ha of commanded land.

The fact that the system cornbines perennial and non-perennial distributaries, has necessitated a relatively
large number of gated structures as compared to other systems in Pakistan. In the Chishtian Sub-
Division, five gated cross-regulators and nine gated off-takes are daily operated in order to meet
operational targets, see Figure 2.5. The cross-regulators are orifices provided with flat sliding gates,
while the distributary intakes are a mixture of gated orifices, weirs and culverts. In order to regulate the
inflow into distributaries that do not have gated structures, wooden stoplogs (karrees) are used.
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There are a total of 303 tertiary units
served by 14 distributaries and 8
minors (see Table 2.5), while 19
outlets are supplied directly from
Fordwah Branch. These tertiary units
range in size from less than 10 ha to
more than 350 ha. The most common
outlet types in the Punjab are (1) the
Adjustable  Orifice  Semi-Module
{AOSM), an improved version of
Crump's  Adjustable Proportional
Module, APM (Ali, 1993), (2) the
Open Flume with Roof Block, OFRB,
(3) the Open Flume, OF, and (4) the
Pipe Outlet, PO. All these outlets are
ungated.

The AOSM and OFRB outlets form an
orifice of 15 to 25 cm high, between
two masonry walls typically 6 cm

2.1 Description of the Chishtian Sub-division
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Figure 2.5: Hydraulic network of the Chishtian sub-division
(source: Litrico, 1995)

apart, a broad crest and a roof block. While the AOSM has a rounded roof block, which lets pass an
uncontracted jet of water, the roof block of the OFRB is not rounded, so that contraction of the jet
occurs. The OFRBs were originally supposed to function as flumes in normal conditions, while the roof
block was to restrict the water delivery to an outlet only when the water level of the channel was above
the full supply level. Presently, all OFRBs function as orifices.
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Table 2.5: Status, design discharges, length, command area and number of outlets of distributaries and
minors of the Chishtian Sub-division. NP is non-perennial, P is perennial

Distributary/Minor Status  Discharge Length CCA  No of outlets
(n's™h {m) (ha)
3L NP 0.51 7040 1200 6
Mohar NP 1.08 6170 1780 12
Hussainabad minor NP 0.31 2690 300 3
Daulat NP 5.92 35100 13230 72
Biluka minor NP 0.25 3870 530 7
Nakewah minor NP 1.22 13350 2300 29
Phogan NP 0.50 2670 890 9
4L NP 0.40 5290 830 7
Khemgarh NP 0.68 4720 2040 9
Jagir P 0.79 4210 1900 9
Shahar Farid NP 433 22820 10070 47
Heerwah minor NP 1.13 9810 2690 27
Masood P 1.00 15940 3280 16
Soda NP 2.18 13320 4090 33
5L P 0.11 3440 360 3
Fordwah P 4.47 42600 14840 R7
Jiwan minor P 0,76 10520 2870 23
Mehmud P 0.23 3610 812 7
Azim NP 691 35970 12330 80
Rathi minor NP 0.28 3050 560 10
Feroze minor NP 0.25 2440 500 4
Forest minor NP 0.25 1010 300 4
Total 29.11 249640 67652 503

The values of design discharges for those distributaries that have minors, are a sum of the authorized
discharges of all tertiary units of the parent channel as well as the minors plus the assumed seepage
losses. Similarly, the command areas of these distributaries include the command areas of the minors
they serve.

Tube wells
A total number of 4450 tube wells were found during a survey in 1996 in the study area, corresponding
with a density of 6.4 tube wells per 100 ha. This is a good indication of the importance of groundwater

as a source for irmigation. With an average pump capacity of 30 1s™', the total pumping capacity is more
than three times the maximum discharge of the canal irrigation system at the inflow point of the study
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2.1 Description of the Chishtjan Sub-division

area. In addition to that non-tube well owners have access to groundwater through water markets, so
mich so that almost 100% of the farmers use groundwater for irrigation. Assuming a yearly pumpage
of 0.15 billion m* (Kuper, 1996), groundwater constitutes about 25% of the total irrigation supply
{excluding rainfall} with the canal water supplies amounting to 0.51 billion m® per year. This percentage
increases when the ratio is calculated at the farm gate because of the conveyance losses in the canal
systern. The number of tube wells in the area has shown a rapid increase from the mid-eighties onwards.
Less than 10% of the present number of tube wells existed before 1985. The tube wells in the area are
mainly driven by small diesel engines and through the power offtake of tractors. A minority of the tube
wells is electrified.

No surface or sub-surface drainage system exists in the study area, although an outfall drain, which is
under construction, traverses the arca. Excess water in the canal system cannot be diverted and may
cause breaches in the downstream part of the system. Often, breaches are created at km 6 of the Azim
distributary, diverting water to a low lying area, which is barren and often inundated.

2.1.3 Farming systems
Farm characteristics

Farms in the Chishtian Sub-division are quite diverse in terms of structural characteristics, such as
landholding, mechanization and labour, but share on average a market orientation. This market
orientation is evidenced by data collected by Rinaudo {1994) on 278 farmers in the command area of
the Fordwah and Azim distributaries:

. 30% of the wheat produced is sold

. 37% of the farmers sell livestock products

. 93% of the farmers grow a cash crop (cotton, sugarcane, rice)

. 91% of the farmers grow cotton

Despite the common market orientation of farmers, there is a dramatic range in input use, i.e. seeds,
fertilizer and pesticides, and in the agricultural production of farmers. An overview is presented in Table
2.6.
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Table 2.6: Area operated, input use and agricultural production of 278 farmers in the Fordwah and Azim
distributary commands. In 1994, 30 Pakistan Rupees (Rs) were equivalent to 1 US Doltar

Farm characteristics Average Minimum Maximum
Area operated 6.4 ha 0.4 ha 184 ha
Input use
Wheat 2800 Rs ha’ 800 Rs ha’ 5975 Rs ha™*
Cotton 5050 Rs ha’! 0 Rs ha’ 13305 Rs ha'!
Production
Wheat 1.87 t ha'l 0 593 tha!
Cotton 1.21 t ha 0 4.45 t ha'!

Cropping intensity
Rabi 70% 0 125%
Kharif 76% 6% 164%

The yields obtained in the area are generally below the average yields in Pakistan. For wheat, for
instance, the national average is about 2.3 ton ha™'. The crapping intensities have increased dramatically
over the past 20 years. While the system was originally designed for 75-80% cropping intensity, it now
shows annual cropping intensities in the range of 130-150%.

The farming systems are further characterized by a high use of machinery, Although only 25% of the
farmers own a tractor, 90% of the farmers indicate that they use one at least once a season. Oxen are
owned by 44% of the farmers.

More than 40% of the farmers have their own tube well, while 50-60% of the farmers purchase tube well
water through water markets. Although there is some overlap between the tube well owners and tube
well water purchasers, it appears that almost all farmers have gained access to groundwater as a
complement to or a substitution for canal water.

Of the 278 farmers that were interviewed in 1994, 40% do not own the land they cultivate. They are
either tenants, share croppers or lessees, reflecting a myriad of arrangements that are presently in place.
However, a shift towards a more business or financial oriented relationship can be observed and tenancy
arrangements are often replaced by contracts (Malik et al., 1996).

Two quite different societies can be distinguished in the study area. Farmers in the riparian tract, who
have traditionally irrigated their lands with river water and through wells, are part of a feudal society that
has been in place since centuries. This is reflected in a greater disparity in farm resources with a few big
landlords and a lot of small farmers, tenants and servants. The farmers that arrived at the time of
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2.2 Data collection and management

commissioning the Fordwah Canal or after Partition”, were generally entitled to a piece of land that was
equal in size. Differences in landholding are, therefore, much less pronounced.

2.2 Data collection and management

In the course of this study, or rather the project to which this study contributed, a large set of data has
been collected in the study area. The types of data as well as the way they were collected will be detailed
in Section 2.2.1. The data were generally stored, processed and analyzed vsing targeted computer
software. This will be described in Section 2.2.2. An evalvation of the data collection and management
will be underiaken in Section 2.2.3.

2.2.1 Data collection

Data were mainly collected for three purposes:

- to calibrate/validate the (bio-)physical models;

- to understand the decision-making processes; and

- to characterize the study area and develop a spatial database

(Bio- jphysical models

The data requirements for bio-physical models are generally well defined, although the input
requirements of these models can be minimized once sensitivity analyses have been carried out to
determine the relative importance of various input parameters for the parameters that one is interested
in. In this study, two (bio-)physical models were used, i.e. SIC - Simulation of Irrigation Canals, a
hydraulic model, and SWAP93, a water flow - solute transport model.

SIC was used for the Fordwah Branch and for two secondary canals in the study area, Input data relate
mainly to canal geometry, water levels and discharge ratings of structures, see Table 2.7. Data on canal
structures were obtained from existing records of PID, while the actual state of channels and structures
was determined in the field. Data were procured mostly in coilaboration with PID, in some cases through
training sessions organized by IIMI and PID (IIMI, 1995b).

During the transition period from British ¢olonial rule to independence in 1947, an important
mugration occurred with Muslims from eastern Punjab settling in Pakistan and Sikhs and Hindus
leaving Pakistan.
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