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Abstract

The main objective of this thesis is to improve economic analysis of the hydrological
functions of a wetland system and to identify the contribution of these functions in terms of
net direct and indirect benefits derived from water use within a geographically defined area.

The thesis studies hydrological and economic linkages in the Komadugu-Yobe river basin
in Northern Nigena. The Hadejia-Jama'are floodplain wetlands, lying within this river basin,
are under threat by upstream water diversion schemes which could reduce flooding within
the wetlands. Using an optimal control framework, trade-offs in terms of benefits lost or
gained from changes in water flow are considered in the analysis of development options
within the river basm. The results indicate that by including indirect benefits from wetlands
i an analysis of the basin wide economic value of water resources, the optimal path of the
rate of diversion of water from downstream to upstream areas would be lower.

To support the assertion that the indirect benefits of the floodplain wetlands are in fact positive,
the second focus of the thesis 1s to develop and apply two methodologies to value an
ecosystem function of the Hadejia-Nguru wetlands. Hydrological studies show that, aside
from direct benefits obtained from the wetlands, the annual recharge of the underlying
aquifer 1S an immportant indirect benefit of the regular flooding. A partial value of this
recharge function is therefore obtained through an analysis of domestic consumption of
groundwater resources and dry season agricultural production within the wetlands, based on
survey data collected during November 1995-March 1996.

Household water demands are modelled using a moditied household production function
approach and by pooling contingent and observed data to augment information on demand
for purchased and/or collected water. The study suggests that the household’s choice of a
water procurement method is determined by the relative prices of collected and purchased
water and by household characteristics. Welfare changes due to hypothetical reductions in
groundwater levels are calculated for each household to obtain a value for the groundwater
recharge function.

A change in productivity approach (alternatively called the production function approach) is
used to assess the value of the groundwater used in urigation. Production functions for
agricultural crops are estimated using farm-level data collected by the study. Appropriate
welfare change measures are developed and the results of the analysis are used to calculate
welfare changes due to hypothetical reductions in groundwater levels.

The results of the valuation studies show that the recharge function performed by regular
flooding has positive benefits for wetland populations. The failure ot the wetlands to provide
the present level of recharge would result in a substantial economuc loss for wetland populations
deriving benefits from indirect uses of the wetlands. This result has important implications for
the proposed construction of large-scale dams and diversion schemes 1n the upstream stretches
of the Hadejia and Jama’are rivers. A comparison of welfare loss under various water
development scenarios indicates that by reducing the productive potential of direct and indirect
floodplain benefits, these upstream developments resuit in a net loss for society. The
maximisation of net direct and indirect benefits across the river basin, as is shown by the
economic-hydrological model developed in the study, 1s therefore a more appropriate planning
tool for the management of a spatially linked resource such as water within a river basin.
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Chapter 1

Introduction




1.1 Introduction

Over the past two decades there has been an increased emphasis in the literature on
Integrated approaches to resource management. Particularly when resources are spatially
and temporally related, such as the resources within a watershed or river basin, a more
cautious and holistic approach to resource exploitation is advocated. This emphasis on
multi-disciplinary and multi-faceted approaches to resource management has come at a time
when resources are becoming increasingly scarce and more difficult to manage using single-

objective management approaches.

River basims integrate natural systems and social processes and at the same time are highly
vulnerable to changes made by human activities and natural processes. Throughout recorded
history there 1s evidence that water resource management and mismanagement has resulted
m salinity, waterlogging and other water related environmental problems which, in some
cases, have brought about the demise of entire civilizations. Water 1s a key physical
resource limiting or triggering economic development and understanding its role in
determmning the shape of natural and human environments is therefore an important first step
In attempting sustainable use of natural resources. The subsequent interaction between
human society and water resources, through the use of various property systems,
technologies and other torms ot social control, 1s shaped by the value placed by the society

on the role of water resources in the sustenance of natural and human systems.

Watersheds and river basins are increasingly being studied as single ecosystems or as a series
of interconnected ecosystems. It has been suggested that riverine ecosystems have
longitudinal (upstream-downstream), lateral (floodplain-uplands) and vertical (shallow
groundwater-deeper aquifer) dimensions. Some recent studies have looked at the spatial
and temporal linkages between resources in watersheds and river basins, particularly in
terms of assessing the impacts of resource use in one part of the system, on resources used
in another part of the system. For example, an ex-post analysis of an irrigation project 1n
Tunisia studies the impact of hydrological changes caused by the project on a neighbouring
national park and surrounding areas (Thomas et al., 1990). The study establishes that
water diverted from the floodplain which maintains the park has a high opportunity cost in

term of forgone fishing and grazing benefits. The net benefits from the irrigation scheme
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were in fact shown to be negative. Simularly, Hodgson and Dixon (1988) study the
ecological linkages between logging and soil erosion and sediment deposition on bay coral
reefs, in conjunction with the trade-offs involved with resource use in different sections of

the watershed.

While the exact magnitude of linkages between different components of a system requires
the empirical study of specific ecosystems, it is possible to broadly state that the use of
resources in one part of an imterlinked system may affect the availability of resources in
another part of that system. Rivers, wetlands and aquifers may be of considerable
significance i meeting the water demands of local communities and of communities further
away. Changes in the flow of water in a river, which forms the main artery connecting the
various components of a watershed or river basin, may therefore affect, and in turn be
atfected by, changes in the availability of other, interdependent resources. Hence, the
hydrological state of a downstream aquifer may be conditioned by the state of the base flow
in the river which feeds it and by the hydrological state of wetlands which may act as
recharge zones, in addition to rainfall, soil moisture, permeability, and other environmental

factors.

Floodplains are often subjected to both natural and anthropogenic shocks, stemming from
changes in hydrological regimes. Natural hydrological variability could occur due to the
seasonal nature of rains, for example, which cause rivers to overtlow their banks during
certain months of the year. Anthropogenic changes in hydrological regimes are caused by
water utilization in a myriad of ways, ranging from drinking water supplies to

hydroelectricity generation and recreational uses.

For centuries. attempts have been made to tame rivers by flood control schemes. River
banks have been straightened and cleared of vegetation while wetlands have been drained.
Floodplains have subsequently shrunk in size, allowing permanent settlements to develop
in previously seasonal areas. This 1s true for many parts of the industrialized world and 1s
becoming increasingly evident in developing countries where escalating demand for water
is resulting in the draining of rivers and reduced flooding. This allows populations to remain

permanently on seasonal floodplains, falsely confident that floods will no longer occur.



In recent years, however, there has been a concerted effort to pay attention to the impacts
of building large dams on rivers. The development versus environment camps have been
pitted against each other and the resulting arguments are often unyielding, firmly pro or
anti, and unwilling to compromise. Yet it 1s clear that the development needs of clean
drinking water and electricity cannot be ignored and neither can the valid arguments that
large dams have the potential to cause disruption to communities forced to relocate as a
result of changes in hydrological conditions and cause environmental damage. Often
development choices are made using flawed institutional frameworks, and without proper
quantification of benefits and trade-otfs between alternative projects. Brookshire and
Whittington (1993) note that water supply projects are justified by alluding to
“unquantifiable” benefits rather than by estimating economic and social benefits. This
attitude has resulted in the creation of ‘'monuments’ to development (Howe and Dixon,
1993). These unsustamnable projects are often double-edged swords, resulting in the
disruption or erosion of alternative systems which might have resulted in greater benefits to
society. Development choices are theretore best made after comparing the costs and
benefits of various alternatives in terms of both financial outlays and the social and

environmental impacts of changing the natural hydrological conditions within the river basin.

The aim of this thesis 1s to examine a potential 1impact of upstream water development
projects that is usually ignored in such analysis. Wetlands play an important role 1n
supplying water, in the form of surface water as well as by being recharge areas for
eroundwater resources. Hence, hydrological changes in surface water supplies can atfect
groundwater regimes as well and together these changes can have impacts on human
welfare. Barbier (1994) notes that development projects in the upstream reaches of rivers
may result in losses to floodplain agriculture and other primary production activities, but
may also have significant environmental impacts such as losses in groundwater recharge.
Net reductions in these production activities as well as net reductions in indirect
environmental benefits must therefore be included in policy analysis when development
options are being considered. However, hydrological and economic data on these indirect
benefits is more often than not, lacking and cannot therefore be included in any quantifiable

manner in the analysis of development projects.

This thesis argues that the forgone net benefits of changes in the indirect benefits of the



floodplain, in providing groundwater recharge, must be included as part of the opportunity
costs associated with upstream development projects. The main objective of this thesis is
therefore to value the groundwater recharge function of a specific floodplain, arguing that

changes in flood extent will impact groundwater levels and hence human welfare.

Since most groundwater models are restricted to modelling the optimal use of isolated
and/or confined aquifers, and river basin planning often omits the inclusion of downstream
impacts in project analysis, this thesis also presents an alternative approach to analysing the
mmpacts of upstream diversions and groundwater abstraction, within the context of benefits
derived from water use across the entire river basin. In order to maximize the net present
value of water resource use in a river basin or watershed, upstream and downstream
development options, and surface water-groundwater interactions must be considered. The
thesis studies trade-offs in terms of benefits lost or gained from changes in water flow and

includes these in the analysis of development options within a selected river basin.

1.2 Outline of the thesis

Chapter two of this thesis introduces the Komadugu-Yobe River Basin in Northern Nigeria.
T'his rver basin maintains the floodplain wetlands known as the Hadejia-Nguru wetlands.
Dams and diversion schemes along the two main nivers which feed the Komadugu-Yobe and
hence the wetlands, have reduced water flow and changed flooding patterns within the
wetlands. Diverted water and ftlood water have values as do other resources such as
groundwater which 1s used extensively in the downstream portions of the river basin. This

chapter sets the scene for the remaining portion of the thesis which focuses on water use

within this river basin.

Chapter three develops two simple optimal control models with the objective of maximizing
net benefits from water use within the river basin. The first model analyses net benefits from
upstream diversions and floodplain benefits, without including groundwater use. This model
develops optimal decision rules for water allocation between upstream and downstream
portions of the river basin. The second model is developed to include the indirect benefits

from flooding and includes the net benefits derived from the groundwater recharge provided



by the wetlands. This chapter analysis the eftect of increasing diversions upstream on
floodplain and groundwater use benefits. Data availability is also examined in this chapter

and it is noted that an essential piece of the puzzle - the value of groundwater recharge -

1s missing and would need to be studied in order for the social planner to have a more

complete knowledge of benefits derived from the present hydrological conditions in the

tloodplain.

In order to establish that indirect benefits have a positive and significant value, we turn our
attention to the measurement of environmental values and examine the various
methodologies available to us for the purpose of measuring the value of groundwater

recharge within the Hadejia-Nguru wetlands.

Chapter four introduces certain aspects of the existing literature on valuation techniques,
arguing that the use of techniques such as the household production function approach
(HPFA) and the production function approach (PFA), is possible in developing countries
and relevant to valuing idirect benefits of environmental functions. The valuation literature
1s weak 1n applications of these approaches and 1s particularly lacking in developing country
applications, where 1t 1s argued data availability problems are likely to be significant. The
chapter argues however that such limitations can be overcome and that the success of
implementing these approaches depends largely on the 1dentification of physical (ecological)
and economic linkages between productive activities and environmental functions or
services. Once these linkages are made clear, the PFA and HPFA can be applied with

relative ease.

Chapter five and six are applications of the HPFA and PFA valuation techniques discussed
in chapter four. Although there are a number of environmental benefits from the tloodplain,
including groundwater recharge and habitat maintenance for migratory waterfowl, valuing
the role of the wetlands in protecting migratory waterfowl is difficult since this would
involve taking into account the damage caused by the birds to agricultural crops within the
wetlands, the value of the birds to European countries where the birds return to in the
spring/summer and the value of the birds in terms of trade and a wild food source. We
therefore restrict our analysis to measuring the value of the groundwater recharge function

performed by the regular inundation of the floodplain. Groundwater recharge is considered



by hydrologists to be an important environmental function performed by the wetlands and

is therefore included as an essential component of floodplain benefits.

Chapter five therefore examines the use of groundwater for domestic water consumption
and measures the indirect use value of the wetlands in providing groundwater recharge, in
terms of impacts on domestic water demand. This chapter provides an interesting
adaptation of the household production function approach to understand demand for
groundwater and uses a contingent behaviour survey to augment information obtained from
revealed preference approaches. The data was collected from selected villages in the
wetlands, during the months of November-December 1995 and during March-April 1996.
In particular, this chapter shows the possibility of carrying out analysis based on the HPFA

in a developing country context, where data availability may be poor.

Chapter six identifies dry season agriculture within the tfloodplain as a second major user of
eroundwater resources and therefore applies the production function approach to measuring
the indirect use value of the groundwater recharge tunction performed by the overlying
wetlands. The analysis is based on production data collected during the months of
November-December 1995 and during March-April 1996. The resulting production

relationships for produced crops are used to derive the indirect use value of the wetlands 1n

providing groundwater recharge.

Chapter seven concludes the thesis and provides a brief description of future research
possibilities, both in the context of the specific findings of the thesis and in the more general

context of valuing environmental functions.



Chapter 2

The Komadugu-Yobe River Basin: Background and

Problem Definition



2.1 Introduction

Managing water resources in semi-arid regions of the world is a subject that has interested
a number of disciplines, evidence of the immense complexity and importance of this subject
area. Particularly in light of the drought conditions presently prevailing across much of Sub-
Saharan Africa, managing a scarce and vital resource such as water is a daunting and
difficult task of some urgency. This study focuses on a river basin comprising a vast and
productive floodplain, located in the semi-arid north-eastern region of Nigeria. The
characteristics of the Komadugu-Yobe river basin in Northern Nigeria, including the
Hadejia-Nguru tloodplain, and the nature of benefits derived from the water resources and
from the floodplain will be discussed in this chapter. This chapter will therefore provide a

context for the remaimng portion of the study which develops an optimal control model for

water use within the basin and carries out a partial valuation of the groundwater recharge

function of the Hadejia-Nguru wetlands.

2.2 The Komadugu-Yobe river basin

The basin of the Komadugu-Yobe river covers an area of 84,138 km” in Northeastern
Nigeria. The rivers Hadejia and Kano, arising in Kano state, and the Jama'are river arising
in Plateau and Bauchu states, drain into the Yobe, which flows into Lake Chad. The portion
ot the floodplain where the Hadejia and Jama'are rivers meet 1s known as the Hadejia-
Jama'are wetlands. The area of floodplain lying between the towns of Hadejia and Gashua

and South of Nguru, are widely referred to as the Hadejia-Nguru wetlands (figure 2.1).

The semi-arid zone of West Africa i1s subject to strongly seasonal patterns of rainfall and
river flow. Most of the annual rainfall in Northern Nigeria occurs in just 3-4 months,
between June and September. During this season, the rivers flood, providing support for
a large number of varied activities, dependent on the floodplain and admirably adapted to
the seasonal fluctuations within the area. The rivers that maintain this floodplain are

affected by a number of dam and reservoir projects, some built and some proposed.
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[n addition to the marked seasonal distribution, ramnfall in Africa is also highly variable, both
spatially and temporally. This is especially the case 1n arid and semi-arid regions of Africa
(Adams, 1992; Agnew and Anderson, 1992) where a tendency for the clustering of dry and
wet years 1s evident (Grove and Adams, 1988) and droughts are a persistent threat affecting
Africa's floodplains (Glantz, 1987). Rainfall in the region is punctuated by wet and dry
periods and Rasmusson (1987) argues that the magnitude of dry episodes has increased
consistently since the 1960s. West Africa has experienced three major droughts during the
20" Century. However, a recent study by Holmes et al., (1996), based on the examination
of a high resolution 5,500 year paleolimnological record from the Kajemarum Oasis (a
closed basin in the Manga grasslands of Northern Nigeria), provides evidence of
environmental change in Sub-Saharan Africa, indicating that droughts have affected the

Sahel episodically over the last 1,500 years and are not solely a 20" Century phenomenon.

These harsh and variable natural conditions can be exacerbated by inappropriate changes in
water regimes induced by water resource development schemes. The impact of naturally
occurring drought conditions are therefore more extreme and downstream environments are
particularly affected. Dams retain water through the wet season and release it for irrigation
or electricity generation fairly evenly throughout the year (Drijver and Marchand, 1985).
These reservoirs are subjected to high evaporation rates, further reducing the water available
for downstream environments. Other development projects such as by-pass canals have the
explicit aim of minimising the perceived water losses within floodplains by retaining water
in channels. The reduction of downstream flooding following the construction of dams such
as Akosombo, Kainji and Kariba has had significant etfects on downstream tloodplains
(Scudder, 1991). For example, Kariba Dam has reduced downstream flood magnitudes 1n
the Zambezi River by about 24% (Masundire, 1997) while Adams (1985) notes that the
Bakalori Dam in northwest Nigeria reduced flood extent and depth by over 50% 1n parts of
the downstream floodplain of the Sokoto River. As a result, in areas below Bakalor1 Dam,

cultivators have shifted from growing rice to lower value millet. The size and species
diversity of fish catches has declined and many fishermen have left the floodplain to fish
elsewhere (Adams, 1985b). Downstream of Kainji Dam, in Niger, significant reductions
in fish catches have also been recorded (Lelek and Zarka, 1973). Similarly, grazing in the
Logone floodplain has been affected by the reduced flood extent which has caused pastures

to be replaced by less productive dry vegetation (Drijver and Marchand, 198)J).
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This is not to say that the retention of water upstream has no benefits. Water resource
development projects are often designed to meet increasing demands for drinking water,
electricity, and other urban requirements. The relative benefits of water used upstream and
downstream areas of the Komadugu-Yobe river basin will be described in the next few

sections.

2.3 Utilization of water within the upper river basin

The logic of river basin planning 1s simply to coordinate the different uses of water in each
river basin so that upstream and downstream uses can be coordinated. The Tennessee
Valley Authority (TVA) tfrom the 1930s 1s often cited as one of the first integrated river
basin planning authorities. Development of the river basin was planned and carried out by
a centralized authority - the TVA. River basin planning has been adopted in Africa on a
wide scale and since the 1960s in Nigeria with the establishment of the Niger Delta
Development Board and the Niger Dams Authority (Adams, 1992). This includes the Lake
Chad Basin Commussion which 1s supposed to provide an international forum for planning
development of all the rivers draining into Lake Chad, involving Chad, Cameroon, Nigeria
and Niger. The first two River Basin Development Authorities (RBDASs) were set up 1n
Sokoto-Rima and Lake Chad in 1973, followed by seven others in 1976. Since then, with
boundary changes and the creation of numerous new states, a number of new RBDAs were
created and are now known as River Basin and Rural Development Authorities. As has
been noted by a number of people with first-hand experience of these RBDAs (e.g., Adams,
1992), the boundaries of these authorities are not related to actual river basin boundaries

and are subject to political whims and fancies.

As a result, project development within the river basin 1s not directed by a single coherent
plan (Hollis and Thompson, 1993) and schemes have been proposed and developed by a
number of agencies at both federal and state level. Tables 2.1 and 2.2 show the number and
location of the main dam and irrigation schemes (Thompson, 1995). These projects have
been implemented by individual state ministries as well as by the River Basin Development
Authorities (RBDAs). The most important of the schemes in the Hadejia Valley are Tiga

Dam and the Kano River Irrigation Project, Challawa Gorge Dam and the Hadejia Valley
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Project. Kafin Zaki Dam is the largest proposed scheme for the Jama'are Valley.

Most irrigation in Nigeria is classified as small-scale or indigenous (Adams, 1992) and the
water development schemes on the Hadejia and Jama'are rivers have been directed towards
Increasing the area under large-scale, formal urigation. In the early 1970s the Federal
Military Government (FMG) initiated a number of large-scale irrigation projects, including
the South Chad Irngation Project n Borno State, the Sokoto-Rima Project in Sokoto State,

and the Kano River Irrigation Project at the upstream end of the Hadejia River system in

Kano State (Wallace, 1980).

2.3.1 Large-scale irrigation schemes

The largest of these schemes is the Kano River Irrigation Project (KRIP), designed in two
stages. Phase I (KRIP-I), had as its target a total irrigated area of 27,000 hectares while
Phase II (KRIP-II) was expected to add 40,000 hectares. Construction of Phase I began in
1977 and to date around 14,000 hectares receive irrigation from the project. Water
supplies for this project are provided by Tiga Dam, the biggest dam in the river basin,
constructed between 1971-74. Water from the Tiga 1s also released into the Kano River for
abstraction downstream by the Kano City Waterworks. The major crops grown 1n the wet
season are rice, maize, cowpeas and muillet and tomatoes and wheat are grown 1n the dry
season. Barbier et al. (1993) calculated that the present economic value of the scheme was
between 153 and 233 Naira per hectare'. These figures include the project operating costs,
which have ranged from 7.5% to 37% of total value of crop production, but neglect the

substantial sunk capital costs which in 1988 amounted to 180 million Naira (Adams and

Hollis, 1988). Although feasibility studies for Phase II of the KRIP (40,000 hectares) have
been undertaken and outline designs completed, construction has yet to begin (Thompson,

1995).

' 1989/90 prices: 1 US$ =7 Naira
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Table 2.1 Existing and Proposed Reservoirs in the Komadugu-Yobe Basin

Site

Tudun Wada
Marashi Challawa Exisung

| Pada Challawa

Maira Jama'are

Kawali

I
-

.. Marashi Challawa Planned NoO data

Challawa Challawa 3,859
Bagauda Failed 207
R. Kanya Kano Existing | Nodata

o
O R

~J

Tiga Kano 6,641

)
O

Kunza Kano

Shimar Plannec No data

Karaye 30

Magaga Existing | [9

Kango Challawa Planned | 41

Guzuguzu Challawa Existing 106 19
Watari Challawa | Existing 6353 89

Kiwia Planned No data
Kafin Zaki Halted | 5,151

Jama'are Halted
Galala
Birnin Kudu Jama'are

Kafin Gana

Iggi [ggn Plannec No data

Dogwala Dogwala | Plannec

Source: Diyam (19806); cited in Thompson, 1995
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Table 2.2 Existing and Proposed Formal Irrigation on the Hadejia and the

Jama’are
-—_

River Scheme | Net area | Irrigation Intensity of Seasonal Water

(000 ha) % rice / irrigation % pattern of demand

sugar cane other crops irrigation (10°m>)

Kano KRIP-I B 27 % 107 Wet and dry _
Kang KRIP-I1 0 200 Wet and dry
Hadejia HVP 13 | 100 | 100 | Wetanddry | 170
Hadejia Waudil - Dabi 170
Hadejia Dabt - Ringim 4.5 20 149 Wet and dry 51
Hadena & D. Gaya Harbo - Gilima 3.5 76 96 Wet and dry 37
Burum Gana Burum Gana 12.4 0 110 Extended wet 169
Total Hadeiia s {1 b | ien

Jama'are Kawali-Badayeso

Jama'are Kila-Disnia
Jama'are Lafia-Wali

Jama'are Sakva-Sandigaiou

Jama'are Katagum
Tama'are Abonabo

Total Jama'are

84.1

Source: Diyam (1986); cited in Thompson, 1995

9.7 32 121
520
7.8 43 129 Wet and dry 101

19.1 106 69 Wet and dry 317

6.6 100 75 Wet and dry 74

2.5 - 43

1176
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The second major irrigation scheme within the river basin is the Hadejia Valley Project
(HVP) which is still under construction. A barrage built across the Hadejia River has
created a storage pond capable of holding a week's irrigation water requirements for 12,500
hectares of land and the scheme has so far completed the laying out of 7,000-8,000 hectares
of land (Thompson, 1996). A third dam, the Challawa Gorge Dam, on the Challawa River,

one of the tributaries of the Hadejia River (Figure 2.1) was completed in 1992.

At present only one dam has been completed 1n the Jama'are Basin. This dam at Birnin Kudu
has a capacity of 1x10°m” and is small when compared to the largest dam planned for the

basin, Kafin Zaki, with an envisaged total storage of 2,700x10°m’* (HIRBDA, 1987). The

purpose of the Kafin Zaki dam 1is to provide irrigation water to 84,000 hectares.

In addition to large-scale irrigation schemes, a number of channelisation schemes have been
proposed (IWACO,1985; Chifana 1985). The IWACO (1985) plan consists of the
construction of a new river channel that would shorten the length of the Hadejia River by
50% and allow navigation, hydro-power and fish ponds through the provision of control
structures. The water would be utilized tor irrigation, hydro-electric power and town water
supply predominantly between Gashua and Geidam although water would be supplied to
Nguru lake and 6,800 hectares of irrigation along the Burum Gana as well. Chifana (1985)
also suggested the need for a new channel (with an annual capacity of 400x10°m’) for the
Hadejia River, intended to carry water from Hadejia town to Geidam. The water supply
would be used for irrigation downstream of Gashua and upstream of Katagum and for rice
cultivation n the fadamas around Hadeja. However, Hollis and Thompson (1993) note that

egroundwater, small-scale irrigation, wetland cultivation and pastoralism would be affected

by the implementation of these channelisation schemes.

2. 4 The Hadejia-Jama'are floodplain and wetlands

Downstream of these developments, in the dusty, dry environment of northeastern Nigeria,
the Hadejia-Nguru wetlands are an important source of food and the most essential resource
of all - water. "Water is life" is a commonly heard refrain throughout the region. The

source of the seasonal floods which maintain these wetlands, is the excess water carried
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down by the rivers during the rainy season. This water rejuvenates the floodplain, providing
new soil and moisture. Floodplain activities have adapted to suit this cycle, making use of
the floodwaters and the fadamas in an ingenious way, taking advantage of a combination of
the wetland's resources. However, as discussed in the previous section, this water is also
needed upstream. As populations of cities like Kano grow and the water demands of the
urban areas increase, more water will be diverted further upstream, resulting in a reduction
of the flow mn the rivers as they pass through the floodplain. Competing uses for water from
the Hadejia and Jama'are rivers divert water away from the floodplain to feed these upstream
projects. In order to understand the full implications of upstream developments on the
downstream portion of the river basin, we first examine the nature of wetlands within the

tropics, and in particular, the role they play in maintaining life in semi-arid regions.

Wetlands have been identified as important ecosystems which provide a wide range of
ecological and hydrological functions and are some of the most productive ecosystems on
the Earth (Adamus and Stockwell, 1983; Mitsch and Gosselink, 1993). Although a number
of definitions exist and are used to describe wetland ecosystems, these ecosystems are
essentially distinguished by the presence ot water, either at the surface or within the root
zone; they often have unique soil conditions that differ from adjacent uplands; they support
vegetation adapted to the wet conditions and are characterized by an absence of flooding

intolerant vegetation (Mitsch and Gosselink, 1993).

Wetlands provide a multitude of direct benefits to populations as well as indirect benefits
through ecosystem functioning. Ecosystem functions provide goods and services,
maintaining the health, safety and weltfare of populations directly and indirectly dependent
on them. Cultural uniqueness, heritage value and maintenance of btodiversity are also
attributes of certain wetlands. There i1s now an expansive literature on the functions and
values of wetlands, reflecting the shift in attitude over the decades from wetlands being
considered wastelands and harbouring disease, to wetlands being regarded as productive
ecosystems of considerable economic and cultural value (Sather and Smith, 1984; Maltby,
1986:; Adamus and Stockwell, 1993: Dugan, 1993; Mitsch and Gosselink, 1993). Some of

the important values of wetlands identified by these studies are:
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* groundwater recharge

* groundwater discharge

» flood storage and de-synchronisation

» shoreline anchoring and dissipation of erosive forces

e sediment trapping

* nutrient retention and removal

* tood chain support

» habitat for fisheries

o habitat for wildlife

e active recreation, passive recreation and heritage value

* regional and global value in mamntaining global cycles of nitrogen, methane, sulphur and
carbon dioxide

e stabilization of micro-climates

 communication and transportation

The particular role played by any one wetland will vary since not all wetlands perform all

the functions histed above. The degree to which a wetland may perform these functions will
also differ since the ability of a wetland to carry out these functions depend on the physical
and biological characteristics of the wetland (Hollis and Acreman, 1994). Nonetheless, a
wetland in its natural state 1s a multi-functional and therefore, a multi-benefit resource.
Floodplain wetlands are associated with groundwater recharge or discharge in particular,
and although floodplains may exhibit either or both of these functions, they play an

important role in maintaining groundwater regimes.

The floodplain wetlands of the Hadejia-Jama'are Basin are located at the downstream end

of the Hadejia-Jama'are River Basin around and just upstream of the confluence of the two
rivers (Figure 2.1). At the town of Gashua the area drained by the Hadejia and Jama'are 1s
61,120 km® (Hollis et al. 1993). The wetlands are maintained by the regular flooding of the
two rivers which meet to form the Komadugu Yobe river, flowing northeast into Lake
Chad. The floodplain is formed by the waters of the Hadejia and Jama'are rivers which

meet to form the Komadugu-Yobe river, flowing northeast into Lake Chad.

Historically, the floodplain of the Hadejia and Jama'are rivers may have spanned an area of
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over 2,000 km* at peak flood (Thompson and Goes, [1997). Inundations begin in July and

peak flood extents are attained in August/September (HNWCP,1992; Thompson, 1995: see
figure 2.1).

The climate of the region is dominated by the annual migration of the Inter Tropical
Convergence Zone (ITCZ) which reaches its most northerly position above Nigeria 1n
August. The influence of the ITCZ produces distinct wet and dry seasons. The peak rainfall
months n northeastern Nigeria are June-August and the mean annual rainfall for Nguru for
the period 1942-1990 was 437mm (Thompson and Hollis, 1995). The rivers have periods
of no tlow in the dry season (October-April) and 80% of the total annual runoff occurs in

August and September.

Figure 2.3 shows a cross-section of the underlymg geological structure in the Hadejia-Nguru
wetlands. The Chad Formation 1s a freshwater argillaceous sequence and is permeable. The
Basement Complex 1s however an impermeable Pre-Cambrian granitic and metamorphic

strata and 1s found mainly 1n the upper part of the basin (Hollis et al.,1993). The Hadejia

and Jama'are rise in areas underlain by the impermeable Basement Complex and begin to

lose water when they start to flow across the Chad Formation. Schultz (1976) suggests that

these losses occur due to :

e water held in interdune depressions, oxbows and fadamas and subsequently removed by
evaporation or infiltration

e evaporation and evapotranspiration losses

e groundwater recharge

e removal by non-returning channels

e abstraction for crop irrigation

The flood waters of the Hadejia and Jama'are rivers accumulate in low-lying areas known
as fadamas in Hausa, which then provide valuable opportunities for grazing, agriculture and
other economic uses. Fadamas have been defined as land which 1s seasonally waterlogged
or flooded (Turner, 1977). These areas are waterlogged or flooded during the wet season
and gradually dry out until they are tlooded again during the next wet season. Fadamas are

used extensively for fishing, tarming and grazing, with the uses varying in accordance with
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the seasonal changes in flood extent.

In 1993, a study of the hydrological and economic environment of the Hadejia-Nguru?
wetlands noted that these wetlands support a wide range of economic activities, including
wet and dry season agriculture, fishing, fuelwood collection, livestock rearing and forestry
(Hollis et al., 1993; Adams, 1993a, b & c; Thomas et al., 1993). The wetlands are, in
addition, a valuable site for wildlife conservation and, in particular, for waterfowl. Table 2.3
summarizes the available key floodplain resources and the main methods of utilization within

the wetlands.

Table 2.3 Resource utilization
Resource Utilization
Water Domestic use, irrigation, livestock watering, navigation
Vegetation Food, thatching material, ropes, fuel
[Land (fadamas and upland),soil  Flooded agriculture, imrrigated agriculture, dryland farming, building material
Fish Fishing, important source of protein

Birds, reptiles, amphibians Food, hunting, tourism, minor trade

The flood cycle is very important in the order and intensity of activities undertaken. In
agriculture, the seasonal rise and fall of floodwaters results in the establishment of four

cropping systems, namely, rainfed upland cropping, fadama or flood cultivation, recession

farming and irrigated cropping (Table 2.4).

Rainfed upland farm lands are called fudu in Hausa. This type of farming entails mainly
bullrush millet and sorghum or guinea corn. These two crops make up a large proportion
of the agricultural production of the area and are dominant in the diet of the villagers.
Planting occurs with the beginning of the rains in early June and the growing season lasts

for 100 to 120 days (Adams and Hollis, 1988; Kimmage and Adams, 1992).

’The Hadejia-Jama'are wetlands refer to the entire Basin, including the area beyond the town of Gashua
in the northeast. whereas Hadejia-Nguru is the term used to describe the wetlands between Gashua and Hadejia

towns.
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Figure 2.2  Annual inundation and groundwater regimes
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Figure 2.3  Geological cross-section through the Chad formation
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Table 2.4 Agricultural technologies

A. Flood cropping

- rising flood cropping (planted before flood rises)
¢ decrue cropping (residual soil moisture cropping)
. tflood defence cropping (with bunds)

B. Stream diversion
. permanent stream diversion or canal supply

. storm spate diversion (rainwater harvesting)

C. Lift irrigation

. from openwater
¢ from groundwater
’ well
-bucket
-shadooft

-animal powered

-motorized
¢ tubewell (generally < 9-10 metres depth)
. borehole (up to 30 metres depth)

Source: adapted from Adams, 1992

Flood cultivation 1s an important aspect of farming in the floodplain and fadama lands are

highly priced possessions. Rice cultivation and some sorghum 1s grown. The land 1s
prepared during the dry season and planted with the onset of the rains. By the time the land
1s flooded, the rice is expected to be tall enough to withstand the inundation and not get
swept away. Farmers sometimes construct defensive bunds to prevent flood damage to the

rice plants.

Recession farming follows the fadama cultivation. As the floods recede the exposed
fadama land is planted with recession crops such as beans, cotton or cassava. These crops

utilize the residual moisture in the soil.

Dry season irrigated farming has been traditionally practised in the area with 1rrigation
technologies such as shadoofs (Adams, 1993). These irrigated or lambu lands are now
increasingly (since the 1980's) being irrigated with the use of small petrol powered pumps,
which can lift water relatively short distances from river channels or from shallow

groundwater within the wetlands (see chapter 6 for further details on irrigated agriculture
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using small pumps for groundwater abstraction).

Pastoralists use the wetlands seasonally, moving into the wetlands as the surrounding
rangelands dry out. Grazing within the wetlands 1s crucial for the cattle and livestock owned
by the nomadic Fulani populations and by some sedentary farmers. It is estimated that the
Fulani herds may number around 250,000 animals (Rodenburg, 1987). During the dry
season the Fulani from both the north and the south of the wetlands move their camps and
thewr herds on to the seasonally exposed grasslands. The wetlands are a part of the seasonal
cycle of migration undertaken by the nomadic Fulani and traditionally, the Fulani and
tarmers have had a tense but cordial relationship. Certain traditions such as allowing the
Fulani herds to graze on the last of the harvest crops in return for some compensation are

still practised, although these are becoming increasingly rare and wrought with conflict.

Fisheries, tuel, fibre and food resources are important products of the wetlands. Mathes
(1990) and Thomas et al., (1993) note that the wetlands have long been recognized as an
important centre of fish production in the region. Fishing is undertaken mainly during the
flooded season although some villages and individuals fish throughout the year. The main
fishing period begins at the start of the dry season when fish return to areas of permanent
water and are more concentrated (Thomas et al., 1993; 1996). The intensity of fishing
activity varies between different parts of the wetland, with some villages specializing in
fishing. Thomas ez al., (1993) estimated that the annual fish production from the wetlands
may vary between |,620 and 8,100 metric tonnes, and may well be an underestimate.

NEAZDP (1991) estimated annual catch as 10,000 to 14,000 metric tonnes.

The tloodplain 1s also a producer of large quantities of doum palm, reeds and sedges
(Kalawachi, 1995). Polet and Shaibu (in prep.) estimate that the annual value of doum palm
produced from the area may be around 35 million Naira’. A recent study by Eaton and
Sarch (1996) provides additional information on the wild food resources found within the

wetlands and the extensive use of these resources by the wetland populations.

88 Naira= 1%
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2.4.1 Water use within the floodplain

Water is used directly from fadamas, from the rivers and from groundwater resources. The
majority of the floodplain villages draw their drinking water from hand dug village wells
(Kimmage and Adams, 1992). A tew villages near rivers may rely more heavily on river
water. In addition to the direct removal of water from the river channel both upstream and
within the wetlands, significant modifications to the hydrological regime are also made
during the river’s passage through the floodplain, due to the flooding pattern of the river and
landscape characteristics (Thompson and Hollis, 1995). This includes infiltration of water
into the ground as shown earlier in figure 2.4. Hydrological studies conducted on the
wetlands have concluded that the wetlands are particularly important for the recharge of the
shallow and deeper aquiters of the Lake Chad Formation which is facilitated by the wet

season flooding of the wetlands (Schultz, 1976; Diyam, 1987; cited in Thompson and
Hollis, 1995).

The majority of the estimated population of nearly one and a half million people within the
wetlands, depend on groundwater. With reference to the important function performed by

these wetlands Hollis er al., (1993), state:

“There 1s no doubt that groundwater recharge comes mainly from the inundation of
the fadamas and floodplain and not from the river channels themselves. Much
literature refers wrongly [to] ‘losses’ with the implication that reductions in river
flow represents water going to waste. In fact, the reduction in flow 1n rivers crossing

the Chad formation is an essential natural process which supports a range of

productive ecological and human activities including potable water supplies to

villages over a wide area.” pp 67.

As is shown in chapters 5 and 6, groundwater resources are used extensively within the

floodplain and are of significant economic importance.
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2.5 Managing water resources within the Komadugu river basin

In recent decades, the Hadejia-Jama'are wetlands have been affected by drought conditions
and by upstream water resource schemes. These developments have had an impact on the
extent and pattern of flooding within the wetlands. The hydrological regime of the wetlands
has been changed either through the construction of dams which alter the timing and the size
of flood flows or through the diversion of surtace water and abstraction of groundwater for
irrigation (Hollis and Thompson, 1993; Thompson and Hollis, 1995) Figure 2.1 shown
earlier shows the larger schemes upstream of the wetlands. A number of developments
downstream of these dams and the economic activities of the wetland communities will be
affected by the decrease in water supply to the area. Thomas et al., (1993) have also
indicated that documented declines 1n the floodplain's fisheries are related to the reduced
flooding resulting from the recent drought conditions and the operation of the Tiga reservoir

located upstream on the Hadejia river.

It 1s possible that the upstream areas have gained significantly from these projects, thereby
justifying downstream losses to some extent. However, the impact of the projects on
upstream populations has also been ambiguous. Over 13,000 farmers were relocated for the
building of Tiga dam and over 100,000 people may have to be moved and compensated for
the completion of KRIP (Wallace, 1981). The overall aim of these irrigation schemes was
to provide wheat and vegetables for the growing urban population. Farming within the
scheme 1s undertaken on holdings of between 1-2 ha grouped into 12 ha blocks 1n which
coordination of farming activities is expected. Wheat now accounts for around half of the
area cultivated. Dry season production of wheat and tomatoes has resulted in the reduction
of crop diversity, at the expense of sorghum and millet. Sorgum was discouraged 1in trrigated
area because its cropping patterns interfered with wheat production. Traditional crops such
as sorghum and millet were often grown by women farmers and the project has been

criticised for denying women access into the irrigation-based agriculture, while rendering

their traditional practices obsolete (Jackson, 1985). The reduction in subsistence crops and
m women's income (from the extra crop sold in local markets) may also have resulted mn

poorer health and nutrition for their famailies.

The performance of such large schemes has generally been rather poor and there are

24



considerable short-falls between actual productivity and targets laid down at their
conception (Iliasu and Alsop, 1985). Aminu-Kano et al. (1993) note that the Federal
Military Government has spent about US$ 3 billion on irrigation development through the
RBD, although only 70,000 ha are under large-scale irrigation (Pradhan, 1993).

Finally, there are a number of changes in factor and relations of production for farmers
affected by the scheme which have made farmers with access to land, money and labour
better off while smaller farmers have been forced off the land (Wallace, 1981). Furthermore,
the project based approach has been criticised for failing to include other aspects of rural

welfare such as health, education and clean water supply.

2.5.1 Hydrological studies

The impacts of uncoordinated planning has however been felt most sharply within the
wetlands where reduced flooding or untimely release of water has caused damage to crops,
reduced water supply during dry seasons and caused changes in ecological conditions. By
use of a hydrological model of the floodplain, Thompson and Hollis (1995) suggest that the
potential hydrological impacts of the completion of the proposed dams and irrigation
schemes would affect the productivity of downstream wetlands in terms of less land and less
pastures as well as lower groundwater tables. The hydrological model of the river basin is
employed to simulate a range ot scenarios involving various actual and planned irrigation
investments on the Hadeja and Jama’are Rivers. The likely impact of each scenario 1n terms
of reduced flood extent is then estimated®. Table 2.5 depicts the various hydrological

scenarios.

* Details of the hydrological model and simulations can be found in Thompson, J.R. and Hollis, G.E. 1995.
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Table 2.5 Scenarios for Upstream Projects in the Hadejia-Jama’are River Basin

Scenario Dams Regulated Releases (10°m°) Irrigation Schemes
(Time Period)

1 (1974-1985) Tiga Naturalised Wudil flow (1974-1985) No KRIP-I

Fa (1974-1990) Tiga Naturalised Wudil flow (1974-1990) No KRIP-I

2 (1964-1985) Tiga None KRIP-I at 27 000 ha
3(1964-1985) Tiga 400 1n August for sustaining floodplain ~ KRIP-I at 14 000 ha
4 (1964-1985) Tiga None KRIP-I at 27 000 ha

Challawa Gorge 348 yr ' * for downstream users

Small dams on Hadejia

tributaries
5(1964-1985) Tiga None KRIP-I at 27 000 ha
Challawa Gorge 348 yr ' * for HVP
Small dams on Hadeja
tributaries
Kafin Zaki None 84 000 ha
HVP None 12 500 ha
6 (1964-1985) Tiga 350 1n August KRIP-I at 14 000 ha
Challawa Gorge 248 yr' * and 100 in July

Small dams on Hadeja

tributaries
Kafin Zaki 100 per month: Oct-Mar and 550 in None
HVP August 8 000 ha

Barrage open in August
Notes: * Distributed based on Haskoning, 1977

KRIP-I = Kano River Irrigation Project Phase |
HVP = Hadeja Valley Project

Source: Barbier and Thompson, [997

Scenarios 1 and 1a represent the production of naturalised discharge data for the Hadejia
River at the Wudil gauging station downstream of Tiga Dam, under two alternative
discharge assumptions. The remaining five scenarios represent the impacts of a range of
operating regimes for various combinations of the proposed water resource schemes. The
simulation periods for these scenarios are limited to either 1964-1985 or 1964-87. The
impacts of the different scenarios are evaluated by assuming that the dams and irrigation

schemes were operational at the start of the simulation period and continued to function 1n

the same manner throughout this period.
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Scenario 2 investigates the impacts of extending the KRIP-I to its planned full extent of
22,000 hectares. This scenario does not allow for any downstream releases. In contrast,
>cenario 3 simulates the impacts of limiting irrigation water to KRIP-I to the existing
14,000 hectares and releasing a regulated tlood in August to sustain inundation within the
floodplain. Scenario 4 adds the impact of Challawa Gorge and the simulated operating
regime involves the year-round release of water for use along the Hadejia River. This
scenario repeats the simulation of Tiga Dam and KRIP-I used in Scenario 2, and the added
effect of small dams on tributaries downstream of Tiga and Challawa Gorge dams are
simulated by reducing the inflows from these tributaries by 25%. Scenario 5 simulates the
full development of the four water resource schemes. In this scenario there are no regulated
releases except from Challawa Gorge Dam which releases a relatively stable volume of
water for use on the Hadejia Valley Project. The final scenario represents an attempt to
allow for the full range of the schemes and in addition to maintain a regulated flooding
regime for the floodplain. In the case of the Jama’are River, this scenario envisages the

construction of Kafin Zaki but no diversions for formal irrigation.

2.5.2 Economic studies

The Barbier, Adams and Kimmage (1993) economic valuation study of the wetlands
resources was a response to early concerns raised by hydrological studies of the wetlands.
Barbier er al. (1993) concluded that the net present value of the agricultural, fishing and
fuelwood benefits of the wetlands was between 849 and 1,276 Naira per hectare in 1991,
a value much higher than the estimated NPV of the Kano River Irrigation Project (KRIP).
The study showed that both on an area and water use basis the total production from
fadamas of the Hadejia-Nguru Wetlands far exceeds that derived from KRIP. However, the
study was unable to measure the value of the groundwater recharge function performed by
the annual flooding of the wetlands, although it concluded that the groundwater recharge
function i1s probably the most important function performed by these wetlands. Barbier et
al. (1993) for example showed that both on an area and water use basis the total production

from fadamas of the Hadejia-Nguru Wetlands exceeds that derived from KRIP (Table 2.6).
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Table 2.6 Present Annual Value Net Economic Benefits': KRIP and Fadamas

Present Value Net Economic Benefits from Overall Land-Use System

Kano River Irrigation Project 233 Naira ha™
Hadejia-Nguru Wetlands 1276 Naira ha
Present Value Net Economic Benefits per 000m* of Water Used

Kano River Irmgation Project 0.3 Naira
Hadeja-Nguru Wetlands 565 Naira

* assumes a discount rate of 8% over 50 years and based on 1989-90 values
Source: adapted from tables 10.4, 10.6 and 10.8 in Barbier er al., (1993).

The above study clearly established a positive value for floodplain agriculture in the
wetlands. Barbier and Thompson (199°7) expands on the above analysis and suggests that
the construction of the proposed dams would have a large impact on floodplain production.
In Table 2.7, the estimated floodplain losses are indicated for Scenarios 2-6 compared to the
baseline Scenartos 1 and la. The high productivity of the floodplain is evident in the losses
In economic benefits due to changes in flood extent for all scenarios are large, ranging from
US$2.2 - 20.8 million. Scenario 3, which yields the lowest upstream irrigation gains, also
has the least impact in terms of tfloodplain losses, whereas Scenario 5 has both the highest

irrigation gains and floodplain losses.

The hydrological simulations are combined with the economic estimates of floodplain
agricultural, fishing and fuelwood benefits and the returns to the Kano River Irrigation
Project - Phase 1 (KRIP-I) (Barbier er al.,1993). These are used to determine for each
scenario the likely overall gains in terms of economic benefits of additional upstream
irrigation production versus the subsequent losses in floodplain benefits from reduced
flooding. Table 2.7 below also depicts the net balance between losses of floodplain
production benefits and gams in the value of large-scale 1rrigation production as well as the
proportionate comparison of irrigation gains to floodplain losses. Barbier and Thompson
(1997) confirm that in all the scenarios the additional value of production from large-scale
irrigation schemes does not replace the lost production attributable to the downstream

wetlands, since it is evident that gains in irrigation values account for at most around 17%

of the losses in floodplain benetfits.
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Table 2.7 Scenarios 2-6 Compared with Naturalized Scenarios 1 and 1a: Losses
in Floodplain Benefits versus Gains in Irrigated Production, Net
Present Value

Scenario 1 Scenario la
Irrigation Floodplain Net [1] as Floodplain Net (3] as
Benefits Loss Loss % of Loss Loss 0 of
(1] a/ [2] b/ [2] - [1] [2] (3] b/ [3]-[1] (2]
Scenario 2 682,983 4,045,024 -3,362,041 16.88 -5,671,973 -4,988,990 12.04
Scenario 3 354,139 -2.558,051 -2,203,912 13.84 -4,184,999 -3,830,860 8.46
Scenario4 682,963 -7,117,291 -6,434,328 9.60 -3,744,240 -8,061,277 7.81
Scenarto 5 3,124,015 -23,377,302 -20,253,287 13.36 -24.,004,25 | -20,880,236 13.01
Scenario 6 556,505 -15,432,952 -14,876,447 3.61 -17,059,901 -16,503,396 3.26

Notes: a/ Based on the mean of the net present values of per hectare production benefits for the Kano River
[rmigation Project Phase I applied to the gains in total nrigation area. (US$ 1989/90 Prices)
b/ Based on the mean of the net present values of total benefits for the Hadejia-Jama’are floodplain

averaged over the actual peak flood extent for the wetlands of 112,817 ha in 1989/90 and applied to
the differences in mean peak tflood extent.

Source: Barbier and Thompson, 1997

Barbier and Thompson (1997) conclude that the expansion of the existing irrigation schemes
within the river basin results in negative net benefits and that the planned construction of
Kafin Zaki Dam and extensive large-scale formal irrigation schemes within the Jama’are
Valley are mnappropriate developments for this part of the basin. The effects of the
construction of the Kafin Zaki Dam and formal irrigation within the basin may be mitigated
to some extent by the introduction of a regulated flooding regime (Scenario 6) which would
reduce the scale of this negative balance to around US$14.8-16.5 million. However, the
overall combimed value of production trom irrigation and the floodplain would still fall well

below the levels experienced if the additional upstream schemes were not constructed.

Irrigation benefits in upstream areas may increase as a result of improved management
practices and mmproved farming techniques, and it 1s therefore possible that the above noted
net losses may be lower. This is likely since the full potential of the upstream projects has
not been reached and particularly since the above analysis includes only the net benefits from
KRIP Phase I. However, the above analysis does not include the impact of these
developments on the groundwater regime and associated welfare losses. As noted earlier,
hydrological studies of the area suggest that maintainence of groundwater resources 1S
possibly the most important function performed by the flooding and may have implications
for areas beyond the wetlands as well. Theretore, although the estimation of the full benefits

of all the upstream projects 1s beyond the scope of this thesis, estimating the indirect benefits
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of the wetlands, in terms of providing groundwater recharge, could serve to improve the
analysis and contribute to future work on the evaluation of the upstream projects as well as

to the more general area of valuing ecosystem functions.

We can estimate groundwater changes based on each of the above noted scenarios. In
calculating changes in groundwater levels we consider the base scenario as being 5000 km?
of flood extent. No estimates of the area of the alluvial aquifers are currently available.
Theretore a range of aquifer areas have been used in the calculations presented in Table 2.8.
Changes in flood extent predicted from the simulated results of scenarios 2 - 6 are used to
calculate changes in groundwater elevation using the regression relationships between flood

extent and water table change depicted in table 2.8 below:

Table 2.8 Summary of relationship between flood extent and water table change
Scenario Final Storage Change |Difference in Storage from WT Elevation Change in Difference in WT
(10 in Storage |Naturalised Conditions (10°™) I(frﬂrm 100 m) WT Elevation Conditions (m)
(10°™)  {Scenario 1 Scenario 1a Elevation (m) from
Scenariol  Scenario la

Actual  4294.27 5705.73 -16.13 -136.30 93.80 6.20 -0.02 -0.15
Scenarto ]l 4310.40 5689.60 X X 93.82 6.18 X X
Scenano  4430.57 5569.43 X X 93.95 6.05 X X
la

Scenario 2 3291.21 6708.79 -1019.19 -1139.36 92.69 7.31 -1.13 -1.27
Scenarto 3 357375 6426.25 -736.65 -856.81 93.00 7.00 | -0.82 -0.95
Scenario 4 3227.05 6772.95 -1083.35 -1203.52 | 92.61 7.39 : -1.21 -1.34
Scenario 5 45974 9540.26 | -3850.66 -3970.83 89.54 10.46 -4.28 -4.41
Scenario 6 3226.53 6773.47 -1083.86 -1204.03 92.61 7.39 -1.21 -1.34

Source: Thompson and Goes. 1997 and Thompson, pers. communication

The monthly change in water table elevation (column 3) is calculated for each scenario by
setting the initial groundwater elevation at an arbitrary level of 100 m a.s.l (metres at sea

level). The monthly changes in water level were evaluated for each month of the simulation

period using AWT= EGR where WT is the height of the water table, EGR 1s the

S,
equivalent groundwater recharge (m) and S, 1s the specific yield of the aquifer (set at 15%).

This is the depth of water which is added to (or removed from) the aquifer throughout 1ts
spatial extent. EGR does not equal the change in water table elevation since this depth of
water must be incorporated within the pore spaces of the aquifer. Column 4 1s the

difference in groundwater levels for each scenario, when compared to the water table
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elevation under scenario 1 and scenario la (Thompson and Goes, 1997 and Thompson,

1998, pers. communication).

Although a range of aquifer areas have been used in the above calculations, it is suggested
that the area of the alluvial aquifer 1s likely to be towards the higher end of this range
(Thompson and Goes, 1997). It is clear that all the scenarios will result in changes in excess
of 1 metre. Inchapters 5 and 6 therefore we hypothesise a drop in groundwater level by 1
metre as a result of decreased recharge and calculate associated welfare changes in

agricultural production and domestic water consumption.

2.6 Conclusions

Thus chapter has discussed the water diversion schemes affecting water flow in the Hadejia
and Jama’are rivers and traditional water use systems within the floodplain wetlands. In the
next chapter, an optimal control model 1s developed to maximize the net benefits of the
water use alternatives and related benefits. It 1s evident from the above presented
background of the study area that, at least in terms of agricultural production, point
estimates of net average benefits from water use in downstream and upstream areas of the
river basin do exist. However, the analysis continues to lack the necessary data for valuing
the groundwater recharge function of the wetlands. The comparison of net benefits from
water use within the Komadugu Yobe basin 1s not complete without a representative value

for groundwater recharge, identified as the most important ecosystem function pertormed

by the Hadejia-Jama'are tloodplain.

The economic valuation study presented in chapters 4 and 5 identifies domestic water
consumption and agricultural use as two of the main uses of groundwater within the
floodplain. In chapter 7 we return to the policy implications of the valuation studies, with
regard to the construction of some of the water projects detailed here. We use Tables 2.7
and 2.8 in conjunction with the results from chapters 5 and 6 to draw some general

conclusions regarding the welfare impacts of water project development within the

Komadugu-Yobe river basin.
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Chapter 3

An Optimal Control Approach to Floodplain Management



3.1 Introduction

The model developed in this chapter will draw on literature on river basin planning and
optimal use of groundwater resources to examine water resource management in the
Komadugu-Yobe river basin in Northern Nigeria described in chapter 2. The physical
systemn 1s tirst described briefly and the economic components of water resource use within
the river basin are identified. Two optimal control models are then developed to maximise
net benefits of water used in productive activities across the river basin, subject to the

physical and economic constraints defined.

In order to maxuuse the net present value ot water resource use in a river basin, such as the
Komadugu -Yobe river basin, both upstream and downstream development options, and
surface water-groundwater interactions are considered. The three main uses of water
resources within the river basin can be 1dentified as: 1) irrigation for agricultural production
In upstream areas; 2) downstream floodplain uses including agriculture, fishing and forestry;
and 3) groundwater abstraction for irrigation and drinking water supplies. Groundwater
resources are maintained through the regular inundation of the floodplain wetlands and
recharge of these resources is therefore an important indirect benefit of the wetlands. The
basin wide economic value of water resources therefore includes benefits derived from

upstream uses, tloodplain use and groundwater recharge.

The aim of this chapter 1s to explicitly show the effect of 1ignoring the value of the wetlands
in providing indirect benefits through continued ecosystem functions, such as groundwater
recharge. The two models presented in this chapter consider the benefits of water use for
upstream diversions as well as the direct and indirect benefits derived from the wetlands.
The first model presents the problem as a simple maximisation of net benefits derived from
upstream use of water and net benefits derived from the direct benetits of the wetlands. The
second model expands on this model to include the value of groundwater use. The analysis

shows that including the value of groundwater use reduces the rate of diversion for

upstream uses OVer time.

The following sections present a review of the underlying hydrological and economic

concepts that motivate this analysis. Some of the relevant literature on river basin planning
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and optimal control models of resource use 1s mtroduced in section 3.2. Water use within
the river basin is then described in section 3.3, using an economic framework of resource
utilisation. The specific economic and hydrological relationships required to develop the
optimal control models are introduced. The two models are then presented consecutively,
with the second model incorporating net benefits derived from groundwater use in the
objective function. The dynamics of the system are examined in section 3.4 using
comparative statics where the impact of including or ignoring the value of groundwater use

1S examined with respect to changes 1n the rate of upstream diversions over time.

3.2 Underlying concepts

There are two broad areas of literature relevant to the present modelling process. These
areas cover river basin planning concepts and optimal control models of surface and

groundwater resource use.

The “water budget” or “water balance” 1s an integral management tool used in river basin
and watershed plannmng. The water budget essentially refers to the balancing of inputs and
outputs of water (n any form) that aftect the river basin or watershed. However, the water
budget 1s used to make development decisions at a particular section of the river basin and
has little to say about water flow 1n other portions of the affected waterway. In fact, river
basin characteristics and streamflow are important environmental factors which, in
conjunction with other physical effects such as diversions for irrigation, determine
infiltration rates, flood flows and other variables. Upstream reservoirs and dams interrupt
the continuous transfer of water and sediment, changing the channel flow regime, sediment
transport rates, channel morphology, water quality, water temperatures and dissolved

oxygen levels in downstream portions of the river (Wilcock, 1988).

By far the greatest use of water from rivers, wetlands and aquifers is for nrigated
agriculture. Agriculture accounts for nearly three-quarters of the total global consumption
of water (Thanh, 1990). Upstream irrigation projects are often developed to divert water
to areas where agricultural production is limited largely by the availability of water.

Although there are clearly benefits associated with such developments, there may also be
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important impacts on downstream areas which need to be considered. In their discussion
of the management of the Colorado River Basin, El-Ashry and Gibbons (1986) state that “in
a sense, developing and using the Colorado River water to irrigate low-valued crops in the
Upper Basin 1s a double insult: the total basin-wide economic return to water could be
increased if more of it were allowed to flow downstream to be used eventually in the Lower

Basin, and the salinity problem would decrease.”pp 32

The development of upstream dam and irrigation projects on the Hadejia and Jama'are rivers
has resulted 1n diversion of water from the rivers, resulting in less water reaching the
downstream wetlands. The impact of upstream diversions on flood extent within the
wetlands has been studied by hydrologists and a hydrological model of the river basin has
been developed to simulate a range of hydrological scenarios for the water allocation within
the river basin (Hollis and Thompson, 1993). These scenarios are developed by estimating
water demand mn upstream areas based on dam storage potential and irrigation projects such
as KRIP and HVP (see chapter 2 for more detail on these irrigation schemes and dams;
Hollis er al., 1993; Barbier and Thompson, 1997). Based on these scenarios and simulations
of flood extent within the wetlands, an economic valuation of benefits derived from
upstream and tloodplain water use indicates that dam construction and channelisation will
adversely affect tloodplain production and may not be viable (Barbier and Thompson, 1997).
However, these simulations are based not on optimal use of water within the river basin but
on 1nferred demand for water in upstream areas and a perceived need to maintain a minimuin
level of flooding within the wetlands. In tact, any constraint placed on surface water flow
from the upper to the lower watershed must ensure that the marginal benefit of tlow to the
lower watershed should equal the marginal cost to the upper watershed. The hydrological
model (Hollis and Thompson, 1993; Thompson, 1996) places constraints based on water

demands at an arbitrary point in time and not on optimal allocation rules based on efficiency.

The approach taken by ecological-economic or hydrological-economic models integrate
concepts from both hydrology and economics and develop a more complete analysis of
water resource management. A resource system such as a wetland 1s characterised by a set
of functions defined by the utilisation of the resource and the resultant ecological and
economic linkages. The nature of the interaction between the bio-physical and economic

characteristics of the system is determined both by the supply and the demand of the
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resource. Typically, in optimal control models, production decisions are influenced by the
application of environmental constraints and the interaction of the physical and economic
systems i1s modelled as a problem of maximising the discounted flow of net social benefits

to society over time.

Water resource allocation 1s basically a special case of natural resource allocation problems
encompassing stocks and flows of the resource. From the social welfare point of view
therefore, the maximisation of long run benefits from the resource can be accomplished by
the efficient allocation of the resource among the competing uses in present and future
periods. Resource allocation between uses is, however, also governed by the physical or

hydrological state of the system.

Economic-ecological models of groundwater use generally consider that the physical
behaviour of an aquifer 1s determined by 1its storage capacity, recharge, water depth and
water quality, all of which will be affected by changes in its hydrological or physical
characteristics, whether natural or human instigated (Burt, 1967; Saleth, 1991; Provencher
and Burt, 1994). Some literature also exists on the conjunctive use of surface and
groundwater resources and 1S 1n fact becoming the dominant literature in this area. Where
there 1s interaction between ground and surface water bodies, it has been noted by Burt
(1976) that "the mherently random nature of surface water supplies and the natural recharge
to an aquifer give ground stocks an important role as a contingent supply for times when the
flow components of supply are below average. Optimal intertemporal allocation of
groundwater used conjunctively with surface water will impute a higher value to the surtace
water than it would have in an unmanaged basin.” pp. 76. Simuilarly, Tsur and Graham
Tomasit (1991) refer to this as the "buffer value of groundwater" and define i1t as "the
difference between the maximal value of a stock of groundwater under uncertainty and 1ts

maximal value under certainty where the supply of surface water is stabilised at its mean."

pp.201.

Whereas most of the literature studies the use of ground and surface water on the same
parcel of land, the models developed in this chapter assume that floodwater and
groundwater are used on different parcels of land. Although this is not strictly true, since

floodwater and groundwater do serve the same general area, shallow tubewell irrigation
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using groundwater occurs only during the dry season, when the floods have receded, and
SO we assume that the benefits derived from flood and groundwater are spatially separated.
In the next section, the underlying economic and hydrological relationships within the
Komadugu-Yobe river basin are discussed. These relationships will be used to develop

relevant hydrological-economic optimal control models for the river basin.

3.3 Optimal water allocation in the Komadugu-Yobe river basin

T'he Hadejia-Nguru wetlands are maintained by the regular flooding of the Hadejia and
Jama'are rivers. However, as described in chapter 2, irrigation projects and drinking water
supply projects in areas upstream of the wetlands are supplied by water diverted from the
rivers. This diverted river flow feeds the upstream projects but the resulting decreased river
flow results m reduced floodmng within the wetlands. Reduced flooding, as has been noted
in chapter two, could imply reduced groundwater recharge and lower water tables within
the wetlands. We can therefore expect that increasing competition from upstream uses and
declining groundwater tables will attect the benefits derived from water use in floodplain
agriculture and groundwater urrigated agriculture within the wetlands. On the other hand,
irrigated agriculture and water supply schemes 1n upstream areas have an associated social

welfare and this must be considered by water allocation decisions as well.

The hydrology of the system in the Komadugu-Yobe river basin can be described by a river
which supports upstream diversions and a tfloodplain wetland, and the wetland recharges an
aquifer. The river basin covers an area over 84,000 km®. The regional demand for water
comes from two main areas and 1S supplied by surface and groundwater resources.
Competing uses of water resources therefore require information on the net benetits derived
from their use. In the first instance, an optimal control model is used to maximise joint
benefits from water diversions and from floodplain benefits. The model is then extended to
include net benefits derived from water supply from the shallow aquifer. Groundwater
management in the Hadejia-Nguru wetlands 1s characterised as a renewable resource

management problem since the aquifer is recharged through precipitation and seepage from

the overlying wetlands.
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In a static analysis, economically efficient water allocation will occur when the marginal
values of water use in upstream and downstream areas are equated and equal to the marginal
costs of supplying water. This is seen in figure 3.1, where price of water (P) is the cost of

supplying water:

Figure 3.1 Optimal allocation of water in a river basin: a static analysis

Price of water (P) Price of water (P)

Upstream demand Downstream demanc

pr p-

N

0 W~ W
Water supply

In the above graphical representation, W* 1s the equilibrium point at which price is equal to
demand. Hence, 1f the total water available is W, optimal water allocation would be OW*
for upstream users and WW*tor downstream users. However, when resource prices are not
observable, the above simple analysis cannot be used. In the case of the Komadugu-Yobe
river basin where there are no market prices for water supply and little or no information
exists on demand functions for water used within the river basin, we need to use a different
approach. Due to the complexities of the water resource system and the interdependent
nature of the various components, intertemporal optimal allocation of water between uses

within the river basin (whether actual or proposed) is difficult in the absence of proper

market signals.

[t is therefore most appropriate to define the entire system as a welfare maximisation
problem with the objective of maximusing net benefits of water used within the entire system.

In 1993 participants from the Federal Ministry of Water Resources and Rural
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Development, the River Basin Development Authorities, State Governments, and
conservation and development organisations took part in a workshop held at Kuru and
organised by the Hadejia-Nguru Wetlands Conservation Project and the National Institute
for Strategic Studies (NIPSS, 1993). The recommendations arising from this workshop
Included that the existing dams within the basin should be operated to "satisfy the water
supply, 1rrigation, groundwater recharge and tlooding requirements of both upstream and
downstream communities” (NIPSS, 1993, pp 41). Since developing a water management
plan for the Komadugu-Y obe river basin 1s a key objective for the area and one that involves
various river basin development authorities, the analysis presented in this chapter could
serve to aid in the process. We use a dynamic approach in the models presented below
because the planner 1s concerned with the rate of diversion of water from the flood, with a
view to maximizing the present discounted value of the flow of net benefits. The dynamic
approach also allows us to analyse the time path of diversion of water for upstream uses and

changes 1n the tlood stock for downstream users.

We base our analysis on the underlying production functions and cost functions associated
with water use i upstream and downstream activities. An optimal control model
framework is used to illustrate how the net benefits of water use can be maximised across
the river basin. The interaction of the physical and economic systems is therefore defined
as a problem of maximusing the discounted flow of net social benefits over time. The net
benefits (both direct and indirect benefits) derived from diverted water and flood water are

maximised based on the physical and economic constraints for each sub-system, described

In greater detail below.

The schematic flow diagram shown in Figure 3.2 shows the key hydrological linkages
between water uses and sources of water within the Komadugu-Yobe river basin. These
linkages form the basis of the optimal control models developed below. Diversion from
river flow (H) is represented by D. This diversion determines the flood extent (¥) which 1s
a crucial source of recharge (r) to the underlying groundwater aquifer (A). As the next
sections describe, upstream economic activities, 1.e., irrigated agricultural production, 1s
dependent on the amount of diverted water which is determined by the rate of diversion
D(t). Floodplain productive activities are dependent on the stock of flood F{(¢), net of all

losses due to evaporation, while downstream uses dependent on groundwater (i.€., irrigated
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agricultural production and domestic water consumption) are affected by W(¢), the rate of
abstraction where ¢ is the time period. In the models developed below, D(t) and W(t) are
flow variables; ' and A are stock variables. Model one maximises net benefits of water used
in upstream and downstream areas without taking into account groundwater use and model
two mncludes the value of groundwater use. T'he results of the two models are then analysed

and discussed further in section 3.4.

3.3.1 Water use within the river basin

Within the river basin there are two main uses of surface water which may be differentiated
spatially as upstream use and downstream or floodplain use. In addition, there is extensive
use of groundwater resources in the downstream portion of the river basin. A number of
productive activities utilise these water resources and are therefore dependent on the
hydrological linkages illustrated in Figure 3.2 above. The value of water used in these
activities 1s of interest to us in understanding how benefits within the rnver basin may be
affected by water allocation policies. In this section therefore we examine the main uses of
water in upstream production and floodplain production, mcluding benefits derived from

groundwater abstraction.
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Figure 3.2
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Schematic diagram showing the hydrological linkages within the
Komadugu-Yobe river basin
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Upstream production

The principal threat to the floodplain comes from extensive upstream irrigation schemes.
The largest of these schemes is the Kano River Irrigation Project (KRIP) with water supplies
being provided by the Tiga dam located on the Hadejia River. The KRIP project is designed
to provide wrrigation for 27,000 hectares m the first phase and an additional 40,000 hectares
In the second phase. The major crops grown during the wet season are rice, maize, cowpeas,
and millet and the main crops grown in the dry season are tomatoes and wheat. The second
major 1rrigation scheme 1s the Hadepa Valley Project (HVP) which is still under construction
and 18 1ntended to provide mrigation for 12,500 hectares when completed. The HVP is
supplied by the Challawa Gorge dam located upstream of Kano. The dam is also expected
to provide water for other riparian users and Kano city water supply. The estimated

monthly and annual water demand by KRIP and HVP are presented in table 3.1 below.

Table 3.1 Water demand from KRIP(I) and HVP (10°m?)

Monthly demand Annual
(10°m°) demand

Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar.
KRIP (I) 359 205 228 164 105 376 371 223 296 533 574 469 390

HVP 52.6 41.0 355 18.2 54 294 344 265 290 385 443 592 414
Source: Diyam (1996)

We assume that the main productive use of water diverted by these schemes 1s 1n
agriculture. Agricultural production in upstream areas 1s assumed to depend upon the

current rate of diversion, D(t), and the cumulative amount of diverted water at time

t, f D(ndr, as well as on a number of other variable inputs.  We make this assumption
0

because the dams constructed along the river hold large quantities of water in reservoirs.
These reservoirs are then used to provide irrigation water to upstream farmers. If the total
amount of water diverted to upstream areas increases, this could happen either through filled
reservoirs or new dams being constructed. We therefore expect that the total irrigated area
in upstream areas could increase. Furthermore, since newly irrigated areas would respond

favourably to water inputs, the more water diverted in the current period, the higher will be
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