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Executive Summary 

Water resource projects continue tri be attractive to developing
countries in search of hydroelectric power and dependable water 
supplies for irrigation. Instability in the price of oil and unpre
dictable rainfall strain governments' ability to plan for the future. 
Water resource development is one path tu independence from 
these economic and -limatic fluctuations and may also provide
benefits of navigation, flood control, and improvements in domes
tic water supply and sanitation. But the social and environmental 
repercussions of water resource projects iiave proved formidable. 
Among the most serious consequences of these de,-elopments is 
their impact on health 

Water resource developments have been associated with in
creases in vector-borne disease in Asia, Africa and the Americas. 
Before the filling of Lake Volta, for example, 1 to 5 percent of the 
people in the area had schistosomiasis. Within four years, more 
than 2 million people were infected, making schistosomiasis the 
most prevalent disease in the entire basin. The prevalence rate 
averaged 75 percent in the lakeside villages and exceeded 90 per
cent in fishing communities (Rosenfield 1979; Pike 1987). 

In some cases, water resource projects have also instigated a 
shift from urinary to intestinal schistosomiasis, with a great in
crease in the clinical severity of the disease. This process, first ob
served in the Nile River Basin, has more recently led to an epi
demic of intestinal schistosomiasis in the Sdn6gal River Delta fol
lowing the construction of the Diama Dam (Talla et al. 1990). 

The increased incidence of malaria that often accompanies 
water resources development is even more significant. In sub-Sa
haran Africa, malaria claims the lives of over one million chil
dren oach year and gives rise to more than 90 million clinical 
cases of substantial social and economic importance (WHO 1991;
Shepard et al. 1990). The expansion of irrigation to meet continued 
food shortages and the creation of reservoirs for water storage ex
acerbates this endemic problem byallowing-perenniaLtransmis
sion of the disease in regions where transmission has been sca
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sonal, and by encouraging dense settlement near mosquito breed
ing sites. This scenario is particularly alarming given the im
practicality of long-term chemical control of mosquitoes and the 
increasing resistance of malaria parasites to chloroquine and 
other antimalarial drugs. In addition to schistosomiasis and 
malaria, a number of other vector-borne diseases may be associ
ated with water resource projects, including onchocerciasis, try
panosomiasis, leishmaniasis, and arboviruses such as Japanese 
encephalitis and Rift Valley fever. 

These issues are often presented to planners as a dilemma: To 
accept water resource projects and all their accompanying envi
ronmental effects, or to resist development and leave populations 
open to drought, famine, and poverty. This report neither advo
cates nor condenus water resource development projects. Rather, 
it argues that projects are, typically, more flexible than consul
tants' final reports may reveal. In the search for a "best" solution, 
many alternatives are discarded, including options that may offer 
substantial health benefits. These alternatives are never seriously
examined because the current planning process segregates engi
neers and health professionals. 

Examination of health impact separate from project design 
may result in projects that fall short of the health and economic 
benefits they could foster. Bringing professionals of different disci
plines together to prepare an environmental impact statement 
[EIS] does not ensure that all of these benefits are realized because 
the EIS is premised on a chosen project configuration. It is not so 
much evaluating, bnt shaping the final proposal that demands in
tersectoral collaboration. The work of health professionals should 
not be a matter of predicting the health consequences of a single
proposed desigm, but should be part of an interactive process in 
which alternatives are proposed and considered using health as 
one of the essential selection criteria. 

Consider, for example, a large, multipurpose ,-eservoir in a 
tropical climate that is expected to give rise to substantial prob
lems of resettlement and vector-borne transmission. While it may
be possible to devise a well-integrated disease control :trategy to 

-mitigate sme-_of the-project's-negative effects, amore-interesting_.
question is whether there are feasible, economically viable alter
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natives to constructing the dam in the first place-more efficient 
irrigation, alternative dam sites--that might have more manage
able social and environmental consequences. 

Some planners may fear that intersectoral collaboration in the 
earliest phases will complicate the design process, hindering an 
efficient solution of technical design problems. But involving the 
health sector in project design is not simply a political move to 
give health professionals a foothold in the planning process. The 
input of those interested in health and other environmental con
cerns may lead to designs acceptable to all parties, protecting final 
proposals from being blocked by costly delays, or even abandoned. 
As an example, while a variety of organizational and financial 
difficulties worked against the development of the Gambia River
Basin, its predicted negative health impact was certainly a factor 
in the project's failure to proceed. Had a framework existed for 
generating alternative development strategies that seemed less
likely to lead to increases in vector-borne disease transmission, 
some variation of the project might have been carried out. 

Facilitating interaction among the various parties engaged in
planning may be more complex than simply bringing them to
gether at early stages of project design. This report proposes a 
specific methodology that builds on the respective strengths of 
engineers and health professionals, giving them a common lan
guage for sharing their distinctive perspectives. Disease trans
mission models are incorporated into a water resource systems 
context to generate health-conscious alternative development
plans. Linking these two different types of models enables engi
neers to test the disease consequences of a given plan while it is 
still in the screening stages and allows health professionals to ex
amine the cost and feasibility of interventions designed to promote 
public health. 

The discussion of the model is grounded by applying the prin
ciples outlined to the development of the S6ndgal River Basin. In 
this basin, an upstream dam at Manantali in Mali and a salt-wa
ter barrage at Diama in S6n6gal have been constructed, and a 
small portion of the proposed 375,000 ha large-scale irrigation has 
been developedjrhis -report-does nat-questioathe decision to-build_ 
these particular dams and their accompanying irrigation pro
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jects. Rather, it investigates the data available to those who 
planned the basin's development in 1970 and raises the following 
questions: What was the range of river basin development options
at that time? How might the addition of health concerns have af
fected plans for the basin's development? How might an inte
grated plan for health promotion in the basin have been fostered 
by its incorporation into the broader plans for river basin develop
ment? The S6n6gal River Basin is used as an historical case to 
raise questions about the process of river basin planning and to 
examine the possibilities for intersectoral cooperation in future 
developments. 

Preliminary model results show a great variety of development
alternatives with acceptable economic benefits and substantially
reduced disease transmission. As a simplification, the model fo
cuses on malaria and schistosomiasis, the two most important
vector-bori-te diseases in the basin. To put the scope of the proposed
developments in perspective, it should be pointed out that the es
timated net benefits of the long-term development of the river 
basin approach nine percent of the current GDP of the three ripar
ian countries--Mali, Mauritania, and S6n6gal. The output of the 
screening model should not be viewed as a plan for immediate ac
tion, but as a framework for the gradual development of the basin. 

Figure 1 represents a long-term view of project development,
with the average annual cases of malaria and schistosomiasis 
plotted against the estimated annual economic benefits of a variety
of alternative development strategies. These results are presented
in tabular form in Table 1. This preliminary output indicates that 
hundreds of thousands of cases of malaria and schistosomiasis 
could be prevented with only modest reductions in projected pro
ject benefits. 

The advantage of considering health issues in the context of a 
water resource systems model is that trade-offs such as those con
sidered above can be studied either by looking at small variations 
in a proposed scheme or at variations that are structurally quite
different. A comparison of three of the different model runs dis
cussed in the body of the report illustrates this point. These three 
runs are shown in Table 2 ,-along-with- a-standardrun based on_ 
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Figure 1. Trade-off Curve: Net Economic Benefit vs. Disease 
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Table 1. Trade-offs between net economic benefit and 
vector-borne disease 

%Maximum Annual net eco- Estimated Estimated cases 
economic nomic benefits cases malaria schistosomiasis 
benefits saved annually saved annually 

10O0 $379,000,000 0 0 

99 $375,000,000 131,0O00 197,000 

98.5 $373,000,000 197,000 296,000 

98 $371,000,000 350,000 524,000 

97 $367,000,000 359,000 529,000 

96 $363,000,000 368,000 533,000__J 

9_5 , $360,000,000 377,000 538,000 
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maximizing economic benefits alone. Figure 2 presents the runs 
graphically. The first alternative, like those plotted above, mini
mizes cases of malaria and schistosomiasis, in this case subject to 
the constraint that net economic benefits must be within at least 
five percent of those possible with any plan. The next two alterna
tives are subject to the same economic constraint. The second 
seeks to minimize the total number of people who must be reset
tled as a result of the water resource development. The third max
imizes the total hydroelectric power produced. 

These three alternatives each produce net economic benefits of 
$US 360 million (in 1970 dollars), yet involve very different devel
opments. The sizes of reservoirs 1 and 2 vary substantially, while 
reservoir 5, the largest of the reservoirs, drops out of the second 
scheme entirely and reservoir 7 appears in only the third alterna
tive. The hydroelectric power produced varies from just under 500 
MW to just over 800 MW, and the number of people to be resettled 
ranges from 21,000 to 48,000. The different objectives also cause 
shifts in the preferred irrigation technique, and in the total 
acreage to be developed, which varies by a factor of two. These dif
ferences are responsible for most of the variation in the estimated 
cases of malaria and schistosomiasis, with malaria varying by a 
factor of 3 to 4 and schistosomiasis varying by a factor of 7 to 8. 

It is clear from these examples that the integrated model is 
useful for far more than answering questions of cost-effectiveness. 
Matters of social concern, such as forced resettlement, can be ex
amined alongside goals of industrial development, such as power
production. Future models might add the consLraints necessary to 
consider salination, deforestation and other environmental issues 
in conjunction with health issues. The model could also serve as a 
framework for examining the short- and long-term trade-offs of 
planned annual floods to permit traditional recession agricul
ture1 . 

1These planned annual floods, also known as "artificial floods," are dis
cussed in Scudder (1989) and are currently being carried out in in the S6ndgal
River Basin. The costsand benefits of this__seratingp-i~y is thecurrent sub
ject of extensive investigation by the Institute for Development Anthropology
(Binghamton, NY) under contract to the USAID. 
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In the end, the choice of a strategy for developing a river 
basin's resources is not simply a technical matter: no model can 
transform data into a single ideal development plan. The consid
eration of regional, ethnic and tribal issues and the value deci
sions implicit in addressing health, economic and environmental 
concerns, support an evaluation process that is politically open. 

The advent of the personal computer allows modelers' deliber
ations to be brought to the round table. But as the example of the 
three alternatives shown in Table 2 suggests, the large number of 
trade-offs to be considered quickly becomes difficult to digest. If the 
output is undecipherable for all but the trained, experienced
planner, other participants may not take advantage of the analy
sis the model facilitates. The model used in this report has been 
designed to display output graphically. Interested parties can not 
only view a schematic display of the numerous alternatives, but 
can ask questions concerning development alternatives and see 
the results. Health-related trade-offs become matters for public
discussion. 

The issues raised in this report are particularly applicable to 
the development of the neighboring watersheds, The Gambia and 
Niger River Basins, as well as to future developments on the 
S6n6gal. Here the demographic patterns, agricultural options,
disease hazards and climatic parameters are most similar to 
those of the S6n6gal River Basin. The fi'amework for integrating
health concerns into planning, however, can be transported to any
river basin where the risk of disease may have a significant im
pact on the projects' net benefits. This study demonstrates a selec
tion strategy that facilitates intersectoral cooperation in river 
basin planning and fosters complementary goals of health and 
economic development. 



Table 2: A Standard Run Min Malaria & Schisto Min Resettlement Max Hydropower 
Comparison of 3 
Alternative Annual net ben 379 $US E+6* Annual net ben 360 Annual net ben 360 Annualnet ben 360 
Development 
Schemes 

Total population 
Malaria 36% 

1751 E+3 
635 E+3 

Total population 
Malaria 20% 

1266 
259 

Total population 
Malaria 46% 

1978 
902 

Total population 
Malaria 21% 

1363 
281 

Schisto 38% 674 E+3 Schisto 11% 138 Schlsto 55% 1085 Schisto 11% 153 
Resettlement 34 E+3 Resettlement 41 Resettlement 21 Resettlement 48 

MW power 670 MW MW power 700 MW power 470 MW power 810 
Total capital 1650 $US E+6 Total capital 1630 Total capital 1460 Total capital 1730 

Av'g vol 

m3 E+9 

Max 
vol 

m3 E+9 

Av'g 
area 
km2 

Max 
area 
km2 

Avg 
powe 
MW 

Avg vol 

m3 E+9 

Av'g 
area 
km2 

Av'g 
powe 
MW 

Av'g vol 

m3 E+9 

Av'g 
area 
km2 

Avg 
powe 
MW 

Av'g vol 

m3 E+9 

Av'g 
area 
km2 

Av'g 
powe 
MW 

Res 1 Koukoutmba 1 5 109 175 72 1 1 109 118 1 1 109 40 1 4 169 161 
Res 2 Boureyal 3 14 202 480 93 2 0 16 30 2 0 18 3 2 4 235 100 
Res3 Mananti 19 40 658 1100 174 3 19 658 177 3 19 658 173 3 19 658 171 
Res4 Badoumbe 7 15 390 800 52 4 2 113 29 4 7 390 56 4 7 390 49 
Res5 Galougo 2 40 217 2400 134 5 12 1062 198 5 0 19 68 5 11 1009 182 0. 
Res6 Gouina, 0 15 14 1350 73 6 0 20 80 6 0 11 68 6 0 20 77 
Res7 Gourbassi 0 6 0 475 0 7 0 0 0 7 0 0 0 7 0 10 6 
Site 8 F6lou 69 8 64 8 60 8 61 

Cultivated hectarIage Land developed Max possible Land developed Land developed Land developed 0 
Surface irrig Al 174 ha E+3 480 ha E+3 A' 0 ha E+3 Al 313 ha E+3 Al 0 ha E+3 
H20-sparing A2 227 ha E+3 480 ha E+3 A2 292 ha E+3 A2 167 ha E+3 A2 269 ha E+3 
Floodplain B 0 ha E+3 280 ha E+3 B 0 ha E+3 B 13 ha E+3 B 0 ha E+3 
Rainfed C 124 ha E+3 280 ha E+3 C 74 ha E+3 C 32 ha E+3 C 256 ha E+3 (b 

*Engineering notation: 379 $US E+6 = $379.000,000, 480 ha E+3 = 480,000 hectares, etc. 



Figure 2. Three Alternative Development Schemes: A Graphical Presentation 
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1. Introduction: Water Resources Development
and Disease 

Water resource projects have been clearly implicated in the 
spread of vector-borne disease. Doubtless the best known example
is that of the construction of the Aswan High Dam, where, within 
three years of the filling of Lake Nasser, the prevalence of schisto
somiasis among fishermen and irrigation workers increased 60 
percent. Similar increases in schistosomiasis had already oc
curred following the constrdction of the first barrage in 1906 and 
further upstream following the completion of the Gezira project in 
1925 (Pike 1987), but the extent of the epidemic was largely unpre
dicted. 

Currently, more than 20 percent of the U.A.R.'s populaticn is 
infected with schistosomiasis, resulting in annual economnic 
losses in excess of $500 million (VBC 1990). Naturally, only a por
tion of these cases may be attributed to the Aswan High Dam and 
its irrigation works, but the impact of the dam is more substantial 
than its direct effects on the population surrounding the irrigation
projects. Migration to and from the heavily endemic area has 
helped spread schistosomiasis to virtually every region of the 
country. In addition, the dam necessitated a shift from flood plain
agriculture to perennial irrigation, which has lead to greater
year-round contact with snail-infested water and higher levels of 
the disease downstream. 

Moreover, irrigation has led to a shift from the urinary to the 
intestinal form of schistosomiasis, beginning in the irrigated ar
eas surrounding the dam and spreading throughout the region.
This change, called the "Nile shift" because it was first described 
in The Sudan on the upper Nile, bas greatly increased the morbid
ity and mortality associated with the disease. 

A recent dramatic example of this shift has been described in 
the delta of the S6n6gal River Basin, upstream of the Diama Dam. 
Intestinal schistosomiasis had never been reported in the delta 

.-. prior-to-1988. The first case of -intestinal-sehistosomiasis was-e--
tected in Richard-Toll one year and a half after the dam became 
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operational (Talla et al. 1990). Before the construction of the dam,
salt water had intruded more than 100 km upstream in the dry 
season, limiting the population of the snail species Biomphalaria
pfeifferi, the vector of Schistosoma mansoni (the intestinal form)
in this region. The irrigation works at Richard Toll (50 km up
stream) received fresh water each year at the time of the annual 
flood via the Taouey Canal. Once the flood had flushed the saline 
water downstream, the gates of the canal were opened, recharg
ing the Lac de Guiers, which served as the irrigation works' stor
age basin. These gates were then closed as the flood waters re
ceded. 

The barrage at Diama ended the incursion of salt water, alter
ing the ecology of the former seasonal estuary. The authors of this 
report advance the hypothesis that these new conditions permitted 
the colonization of the irrigation canals by biomphalarid snails via 
the Taouey Canal and its parallel marigot1 . Infection introduced 
by workers migrating to this rapidly growing region has been effi
ciently transmitted by the recently arrived vector. In some areas, 
the irrigation and feeder canals are the only of domesticsource 
water for the inhabitants, so that further increases in the disease 
seem imminent in the near future (Talla et al. 1990). 

At times, the dgease transmission that follows a water project 
may be largely unpredicted, as in the S6n6gal River Delta. At 
other times, however, the disease consequences may be largely 
foreseen. Before the filling of Lake Volta, George Macdonald 
wrote: 

There is little doubt that the creation of a lake wili provide a 
suitable medium for their [snails'] "mplantation and multi
plication, and if no precautions were to be taken, it could ra
tionally be expected that schistosomiasis might be freely
transmitted along the lake border, and that, indeed, this 
might become an extremely important contre of its distribu
tion. The risks are exaggerated by the fact that the fisher
folk who normally migrate along the river are permanently
domiciled in an endem.ic zone where Physopsis africanus 
and Schistosoma haematobium are common, and so proba

1The term marigot describes a seasonal stream that appears during the 
annual flood. 

http:endem.ic
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bly constitute the greatest risk to health inherent in the 
scheme (1955, in Rosenfield 1979). 

He goes on, however, to express some optimism that control 
programs might minimize this risk. Unfortunately, the control 
programs were not filly implemented, and the snail population 
was quick to adapt to the new conditions of the lake. Two decades 
later, Rosenfield writes: 

Some preproject studies suggested the possibility of the 
snails being eliminated because the new vegetation would 
not be acceptable to them as food sources. The snails, how
ever, adapted to their new food supply and thrived. Schisto
somiasis, formerly at prevalence levels of 1 to 5 percent in 
the area before the lake, is now the most prevalent disease 
in the entire Volta River Basin, with over two million per
sons having the disease. In the lakeside villages, the preva
lence rate averages 75 percent, although in fishing com
munities, it now reaches a prevalence of 100 percent in the 
zero- to fourteen-year-old population (Rosenfield 1979, 104). 

This high incidence among young persons is particularly seri
ous because much of the pathology caused by schistosome para
sites is the result of the cumulative effect of tissue damage occur
ring ovr a long period of time. In particular, long-term infection 
by S. mansoni and S. japonicum may lead to "pipe-stem" cirrhosis 
of the liver, with fatal complications, and persistent, heavy infec
tion with S. haematobium may lead to malignant bladder cancer
 
(Brown and Neva 1983, 243-252).
 

These examples illustrate the sorts of disease consequences 
water resource development may have, but schistosomiasis is not 
limited to large projects. It can occur wherever man, snails, and 
water come together. The snails that serve as intermediate hosts 
for schistosomiasis can survive a wide variety of conditions,
though they are hindered by swiftly moving water and extremes of 
temperature, and their fecundity increases in proportion to the 
amount of plant material available (Jobin, Laracuente, Mercado 
and Negr6n-Aponte 1984; Jobin and Michelson 1967). As a result,
almost any open body of water in the tropics can serve as their 
habitat, including irrigation canals and ditches rich-inthe or
ganic matter on which snails thrive. 
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Unfortunately, mosquito larvae also thrive in irrigation
ditches. Historically, rice cultivation, "whichrequires long periods
of flooding, has been associated with malaria. As early as 2800 
B.C., the Chinese established ceremonial ordinances for rice 
planting to prevent the spread of disease (Najera 1988). In me
dieval Spain, rice cultivation led to outbreaks of malaria and sub
sequent regulation of its cultivation to protect public health. King
Peter II of Aragon forbade rice growing near the city in 1342, and 
King Don Martin, attributing a deadly epidemic to rice cultivation, 
forbade it throughout the kingdom in 1403 (NaJera 1988). 

The association between rice growing and malaria continues 
into this century. In the Ahero rice irrigation project in Kenya,
villagers in irrigated areas were bitten 70 times more often by
anopheline mosquitoes than those in the non-irrigated regions
(Service 1989). Not only rice, however, but a variety of irrigated 
crops have been associated vith increases in malaria and other 
vector-borne diseases. 

On the other hand, water projects may have a variety of posi
tive effects on health. Since health status normally improves with 
rising income, a project may contribute to the health of a region's
inhabitants to the extent that it succeeds in equitably raising in
come by increasing agricultural productivity. A project may also 
bring about more direct reductions of disease-carrying vectors. 
For example, the creation of a man-made lake may eliminate 
through flooding Simulium spp. 1 breeding sites or the riverine 
habitats of Glossina spp. 2 (Birley 1989). Unfortunately, the adapt
ability of the vectors may reduce such gains. Although filling
Lake Volta flooded many of their riverine habitats, trypanosomia
sis-carrying tsetse flies continue to breed in the forests flanking 
the lake's shores and tributaries. Similarly, black flies whose 
habitats were destroyed by flooding have migrated downstream, 
where they continue to spread disease (Roserifield 1979). 

1Black flies of the Simulium family carry the infectious larvae of On
chocerca volvulus, the parasite that causes "river blindness," or onchocercia
sis. 

2Tsetse flies of the Glossina family carry the infectious [epimastigote] stage
of the hemoflagellates Trypanosoma__ganbienseant4 T. rhodesiense,_thepara
sites responsible for African sleeping sickness in man and the related disease 
in cattle. 
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One result of the development of the Tennessee Valley water
shed was elimination of the highly endemic malaria that had ex
isted before the project began (Brooks 1988). It should be empha
sized, however, that it was not simply the development itself, or 
even associated drainage projects to increase agricultural produc
tivity, that brought about malaria eradication, but a deliberate, 
well-planned mosquito control effort that required considerable 
resources and organization (TVA 1947; Brooks 1988). The effec
tiveness of reservoir operation techniques also depends on the 
mosquito vector. The most important vector in West Africa, 
Anopheles gambiae, tends to breed in small temporary pools rath
er than open bodies of water, which are the preferred breeding
sites for An. quadrimaculatus,the principal vector in the Tennes
see River Valley. These pools may be created in the course of rapid 
fluctuations of reservoir level, depending on the area's topography 
and the attention devoted tc clearing and maintaining the res3r
voir banks. 

The long-term health consequences of the S6n6gal River devel
opment remain to be seen despite the schistosomiasis outbreak of 
the Diama Dam and irrigati n project-associated malaria because 
regulation of the river may lead to a reduction in diarrheal dis
ease in the villages along the river banks. Before the dam was 
built, the river ceased flowing in the dry months, becoming a 
series of pools along much of its course. Typically, villages were 
settled at points of the river where such pools remained through
out the dry season and were used for sanitation, watering ani
mals, bathing and drinking. As the dry season progressed, the 
incidence of diarrheal disease became truly intolerable. Now the 
dam releases a certain baseline, "guaranteed" flow throughout 
the year to generate electric power and permit navigation of the 
river during the dry season. This steady release should improve 
substantially the water quality at these sites, reducing the level of 
diarrheal disease (Jobin 1989). 

The net contribution of a water project to health depends, then, 
on a variety of factors. But while certain positive examples are en
couraging, there is little scholarly disagreement that, historically, 
the impact of such projectsin tropical climates has been negative. 
The cumulative experience of both good and bad outcomes will 
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help guide the future control of disease associated with water re
source development. Organizations like the joint WHO/FAO/
UNEP/UNCHS Panel of Experts on Environmental Management
for Vector Control [PEEM] gather and distribute information 
about known techniques and sponsor research to uncover new 
methods for controlling a variety of important diseases often 
associated with water project development. 

While some of this knowledge has been incorporated into water 
resource project designs, disease control strategies continue to fo
cus oA control of disease after the fact. And even where disease 
prevention strategies have been incorporated into project features,
such as the redesign of the Manantali Dam spillways to prevent
black fly breeding, the overall configuration of the basin devwIop
ment has not been questioned. A new approach to vector-bohie 
disease control is needed that allows health considerations to play 
a role in guiding and shaping water resource development plans. 
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2. The Traditional Approach:
The Environmental Impact Statement 

It is certainly reasonable to ask why a new approach to health 
impact evaluation should be proposed. Environmental impact 
statements are currently required of all major projects and ad
dress, among other issues, the development's predicted impact on 
health. But the analyses carried out for environmental impact 
statements are plagued by a fatal flaw (and this failure is particu
larly evident in health impact predictions): there are, typically,
few practical ways to use the information. 

A carefully prepared study detailing a variety of significant
health risks associated with a project can be expected to lead to 
one of several courses of action. In the first, the river basin derel
opment is considered not worth carrying out given the negative
health, and possible other negative social or environmental ef
fects, and is canceled. This is the course of action advocated 
across the board by Goldsmith and Hildyard (1984) based on their 
analyses of the track records of large dams in developing coun
tries throughout the world. It may be argued that this was the i
nal outcome of the well-researched University of Michigan study
of the Gambia River Basin, Water-Associated Diseases and Gam
bia River Basin Development. The report concludes: "It is pre
dicted that dam construction will cause a deterioration in an al
ready low state of national health" (Schneider et al. 1985, 209).
While a variety of political and organizational difficulties, coupled
with decreases in the price of world oil and shortages of interna
tional capital, may have been significant in the assessment of the 
projects' economic viability, the health impact analysis played an 
important role in the decision to abandon the development. 

Health interventions to mitigate the impact of project-associ
ated vector-borne disease may be costly. In the case of malaria, in
expensive treatment of the disease with chloroquine (oral admin
istration) is increasingly hampered by the growing resistance of 
malaria parasites to the drug (Shepard et al. 1990). While neither 
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Schistosoma spp.1 nor Onchocercavolvulus 2 have shown signs of
resistance to praziquantel or ivermectin, respectively, long-term
administration of these drugs could prove expensive, particularly
because their use encourages increased settlement in endemic 
areas. It is nearly axiomatic that resistance will develop to these 
and other antihelminthics in the future, and the next generation
of drugs, if any, will undoubtedly be more costly than the first. 

Certain forms of prevention, though more desirable,3 may be 
more expensive than treatment. The costs of larval and adult 
mosquito control and molluscicides for snails are substantially
higher than those for the drugs used to treat malaria or schisto
somiasis (Jobin 1990). Infrastructural measures, such as the pro
vision of domestic water supply and improved sanitation, are 
more expensive still, though in certain cases, as Rosenfield (1977)
suggests, combined strategies may be cost-effective. 

Whether or not funds are, in fact, assigned to project-related
health interventions, they will have a substantial impact on the 
accounting of the project's net benefits. As the Michigan study 
points out: 

If [public health interventions] are undertaken, the public
health impacted by the development of the basin will become 
stabilized or will improve. If they are not undertaken, the 
public health will certainly deteriorate. The economic value 
of that deterioration is approximated by the unspent cost of
the proposed mitigating measures. In either case there will 
be an economic cost for health which is approximated by the 
costs of the mitigating measures (p. 190). 

These substantial costs will, then, on the margin, threaten the 
viability of numerous projects-as well they should when the 
health risks posed by a proposed development outweigh its esti

1 1n West Africa, the two important parasite species responsible for
schistosomiasis are S. mansoni and S. haematobium. 

2The parasite responsible for onchocerciasis, or African river blindness. 
3It is always more desirable to prevent than to treat disease. In an Ameri

can settinig, French (1990) uses a wage-risk model to show that indirect costs of
injuryare generally more_than twithe ire-t costs. of treatment-and lost, 
wages. Snepard et al. (1990) demonstrate that indirect costs of malaria exceed 
direct costs substantially in most African settings. 
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mated benefits. But alternative projects posing substantially dif
ferent, and possibly less significant health risks, may not be ade
quately investigated. 

A second course of action may result from political pressures 
to encourage large development projects.' Groups that stand to 
gain from a development may react to the news of substantial 
health problems not by turning attention to the project, but by al
tering the health impact assessment. In some extreme cases, as 
in the case of the construction of the Akosombo dam (Lake Volta),
early cost/benefit studies that allocated funds adequate for health 
and resettlement needs were scrapped because they diminished 
the project's expected returns (Goldsmith 1984). The revised anal
ysis arbitrarily lowered budget items not related directly to dam 
construction, with predictably unfortunate consequences. 

This scenario is less likely today given the current practice of 
assigning environmental impact assessments to parties that do 
not stand to gain from a proposed development. But even the best
laid plans for post-project health interventions will fall flat if the 
host country fails to carry them out. The environmental impact 
statement has served little purpose if the host country uses it to 
justify the safety of the proposed developments but fails to carry 
out its recommendations. 

The solution, at first glance, might seem to be a third course of 
action, in which all expenditures necessary to offset disease prob
lems are incorporated into the project budget. This sort of com
prehensive budget would certainly be helpful, though not suffi
cient to ensure that funds are spent for the intended purposes, as 
the recent example of the Sudan's diversion of relief funds 
demonstrates. 

In addition, not all of the necessary components of the future 
health interventions may be directly tied to the project at hand. In 
the University of Michigan study, the costs of treating disease as
sociated with the project were assigned to the project, but the cost 

1A project that promises few net benefits for th. majority may, nonetheless, 
promise great windfalls for a small minority. Even in the absence of gross cor
ruption, this minority is likely to be well placed, allowing its voice to be dispro
portionately represented. 
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of the underlying primary health care system to deliver this ser
vice was assumed to be the government's responsibility. While 
such a division may be justifiable, the case of Somalia's recent 
Jubba River development illustrates the difficulties of this 
approach. The Jubba development posed risks of spreading both 
schistosomiasis and malaria. The costs of the pharmaceuticals to 
treat the diseases were included in the project's economic 
assessment, but not the costs of administering them. In fact, the 
nearest dispensary to the site was more than a hundred miles 
away and its health workers had no access to vehicles (Jobin 
1989). 

But even this third approach fails to address the larger role 
health issues could play in project designs. Today's health impact 
assessments can provide insight into the need for post-project in
terventions and can lead to useful recommendations about given
proposals. As mentioned above, a health impact study may have 
prompted changes in the design of spillways at Manantali Dam to 
ensure that they would not be sites for black fly breeding.' It did 
not address whether the Manantali site was a good choice from 
the standpoint of black fly breeding or other relevant health is
sues. The consultants' report that led to the choice of sites and 
preliminary sizing of project components had been carried out in 
1970, nine years before the environmental impact statement was 
written. 

The beginning of the University of Michigan study's final rec
ommendations to the Gambia River Basin Development Organiza
tion (OMVG) serves to underline this point. "The following rec
ommendations are based on certain assumptions: that the con
struction of dams on the Gambia River, with all that this will en
tail in terms of irreversible environmental changes, will take 
place..." (p. 207). An environmental impact statement is not or
dinarily perceived to be a part of the plans for water resource de
velopment, but as an evaluation of those plans as they are re
ceived. Although in theory the comments of an environmental 
impact statement could send planners back to the drawing board, 

lIn fact, the engineering companies responsible for construction may have 
already been aware of the association of black fly larvae with traditional 
spillways because of the work in the area of the OCP (Onchocerciasis Control 
Program). 
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in practice they address the details rather than the rudiments of 
the proposed designs. Given the cost of project delays and the sub
stantial fees designers require (engineering development costs 
may reach 10 percent of total cost of a project) planning iterations 
at this stage may be impractical. 

These observations about the usefulness of environmental im
pact statements are not offered as a gloomy summary of the diffi
culties of assessing health impact given the structural roadblocks 
to integrating the work of engineers and health professionals 
Rather, they may infuse a ray of hope into the possibilities for fu
ture health-conscious project selection. For if current structural 
difficulties can be overcome, making greater intersectoral collab
oration possible, then a whole range of planning options would be 
opened.
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3. Shifting Approaches: Toward a Better Integration
of Health Concerns into the Planning Process 

The Motivation 

Water resource projects are here to stay. In spite of the po)-Lical
difficulties encountered in planning and administering large pro
jects, which often cross national boundaries, and in spite of the 
risks of negative environmental effects, the need for renewable 
energy and increased agricultural yields will continue to make 
these projects a feature of the development plans of many A.I.D.
assisted countries and regions. 

In Africa, in particular, rapidly growing population and low 
agricultural productivity point to the need for water resources de
velopment. While the world's average grain yields surpass 2,000
kg/ha, Africa's output rarely reaches that figure, with the excep
tion of Egypt, where irrigation is extensive (FAO 1986). Similarly,
Africa's average of 7 tons per hectare for roots and tubers is sub
stantially below the world's average of 11 tons per hectare 
(Imevbore 1987). Recent droughts have contributed to this picture, 
but it is unclear whether these droughts represent a temporary
cyclical decrease in rainfall or a long-term trend. Irrigation may
allow improved yields, but will occur in areas where the risk of 
project-associated vector-borne disease is greatest. 

As is clear from Figure 3, much of the area at risk for vector
borne disease in Africa and South Asia is in regions of water 
shortage. Development plans must therefore be carried out that 1) 
use water resources efficiently and 2) provide for health-conscious 
use of water. 

Another compelling reason for carefully examining water re
source project design is a recent shift in strategies for vector-borne 
disease control: 

Historically, efforts to confront vector-borne diseases have 
been focused narrowly on chemical control of vectors. More 
recently, the availability of a growing arsenal of drugs 

-..made--chemotherapy-a--popular-intervention.- But-as the 
scope of the problem expands in the face of sweeping envi

.. N3s-r.7 I 
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ronmental change and drug and insecticide resistance, it is 
clear that no single approach is sustainable, appropriate or 
environmentally acceptable (VBC 1990). 

A growing number of alternative approaches are aimed at al
tering environmental conditions to reduce or prevent an increase 
in the abundance of disease vectors. These measures are more re
liable than chemGaherapy or drug treatment because they may not 
be rendered ineffective by gene mutations that bring about pesti
cide or drug resistance. In addition, by reducing disease trans
mission before treatment, their use may prolong the time before 
drug resistance develops. 

These environmental measures should not be considered a 
substitute for other approaches to disease control. Rather, they 
may be used in conjunction with chemical agents and drug
treatment as part of an integrated disease control strategy. In 
cases where a disease is eliminated but the underlying environ
mental conditions that make its spread possible are left in place, it 
may well make a sudden rebound, as did malaria in Sao Tome 
and Principe. After a successful eradication campaign carried 
out from 1980 to 1981, malaria was reintroduced by migrant fish
ermen in 1983. In 1986, an epidemic broke out, killing more people
in 10 months than had died of malaria in the seven years before 
implementation of control measures (Shepard 1990). Had elimina
tion of the disease been assisted by permanent environmental 
measures that reduced mosquitoes at their source or prevented
their contact with the population, then reintroduction of the para
site would have been met by an environment less capable of sus
taining renewed transmission. 

But the use of environmental measures necessitates more 
careful integration of disease control into project planning. Plans 
for the application of DDT to the interior walls of houses around 
project sites, for instance, would normally have little effect on 
proposed designs for water resource development. Alternative en
vironmental measures, such as improved field drainage in irriga
tion projects or the landscaping of reservoir banks to reduce snail 
and mosquito breeding sites, are far less costly if they are "built 
in" to the original design, and should therefore be considered in 

arly phasesof planning. 
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Figure 3. World-wide Areas of Water Shortage 
From Lindh (1979). Key in lower left hand corner shows annual precipitation in mm. 
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Responsibility and Resilience 

In addition to cost-effectiveness, other considerations may dic
tate more careful incorporation of health concerns into project
planning. The principle of "Do no harm" should encourage those 
funding large infrastructure projects overseas to ensure that 
these projects do not adversely affect local populations even when 
benefits may be realized in other (for instance, the industrial) sec
tors. 

Control measures should be robust as well as economical. 
Changes in the constituency of the local population, for example,
should not undo carefully laid disease control plans. Where im
migration is substantial, environmental measures may be more 
effective than treatment campaigns. It is safe to assume in
creased population mobility in the future, and it is commonly ob
served that new projects give rise to migration as opportunities for 
employment before and after project construction draw people
from a wide variety of areas. 

Considerations of equity may also sway planners in favor of 
disease control measures that can be incorporated permanently
into project design. The association of water projects with vector
borne disease is a recurrent phenomenon that places costs on the
rural poor (who experience the disease) while urban populations
receive many of the benefits, including virtually all of the hydro
electric power. 

Finally, sustainability may be better achieved by more perma
nent environmental measures than by chemical or pharmacolog
ical control campaigns. The control techniques compared in the 
Dez (Iran) project (Rosenfield 1977) illustrate this point persua
sively. While the study shows that there may be synergy in com
bined measures for disease control, it also found that chemical 
contol of snails by molluscicides tended to be the most cost-effec
tive control measure in the region. The Iran-Iraq war broke out in 
the years following the study, however, and of the three control 
methods attempted, only the environmental measures remained. 
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The Means
 

A Water Resource Systems Context 

The greatest challenge for water resource development plan
ning is the design of different components in light of their inter
dependence. Even the design of a single component may involve 
many significant decisions about siting, size, capacity expansion,
and the choice of materials and technology. But a water resource 
development scheme often has many components-reservoirs, 
power plants, navigation facilities, diversion canals and pumping
stations for irrigation-that must all work in concert to achieve 
the goals of the development. The choice of component design to 
maximize overall project benefits is a combinatorial problem,
which is simply to say that it involves sets of decisions that affect 
further sets of decisions. 

Even using sophisticated optimization techniques and modern 
computing power, planners are unable to consider all of the rele
vant feasible options at once. As a result, they use certain rules of 
thumb, or heuristics, to decide what sorts of issues to consider in 
which order. One example is the typical practice of considering
environmental impact after the basic designs have been chosen. 

Some heuristics are chosen because empirical evidence sug
gests they will have little impact on the choices at hand. It might,
for instance, be possible to select the crops to be grown at a given
irrigation site after the irrigation technique has been chosen. The 
test of a good heuristic is whether its use affects the outcome. In 
this case, one would want to know whether the choice of crop mix 
might have affected the determination of the optimal irrigation
technique. Heuristics may be based on mathematical assump
tions and practical experience, or they may be more arbitrary,
based on convenience or organizational structure, as in the case of 
separate phases of project evaluation for engineers and epidemi
ologists. It is the contention of this report that this division is a 
poor heuristic. The examination of health impact separate from 
project design often results in projects that fall short of the health 
and economic benefits they might foster. 
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The following example may make this point more concrete. 
Consider the 14 sites slated for potential development in the 1970 
S6n6gal-Consult Study illustrated in Figure 4. This study focused 
on the development of the upper basin-the Diama Dam, a saltwa
ter barrage constructed in the delta between 1981 and 1986, was 
not included as a potential site, because it was in the delta. Of the 
different sites, that at Manantali on the Bafing River was selected 
and later constructed between 1982 and 1988. This report does not 
seek to contest the choice of the Manantali site as one of the initial 
river basin developments. Rather it asks, in the context of all the 
other social, technical, economic, and political considerations that 
underlie such choices, how health considerations could play a 
role in the choice of sites like Manantali, as well as in the other 
decisions addressed during the planning process. 

A new approach will be most successful if it builds on tools fa
miliar to the different professions. Engineers frequently employ a 
variety of mathematical programming techniques to assist them 
in developing designs that entail the interaction of a large number 
of components. Disease transmission models have been familiar 
to epidemiologists since the the end of the nineteenth century,
when Sir Ronald Ross, who first traced the life cycle of malaria 
through the Anopheles mosquito, used mathematical models to 
evaluate the potential of mosquito control to contain the disease 
(Fine 1975). 

This report describes a means of linking these quantitative ap
proaches. It does not suggest that the tail should wag the dog
that is to say, that the health .rntcomes of a given project should 
determine its design. Rather, it explores the truth, often obscured 
by the technical sophistication of those engaged in river basin
planning, that a great variety of feasible alternative developments 
may exist. The interaction of health professionals and engineers 
may bring to light a wide variety of river basin planning options
and so make possible improved designs that foster health as well 
as economic growth. 



Figure 4: Map of Sites Considered in the S6n6gal Consult Study 
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4. Grounding the Questions inReality:
The Example of the S6ndgal River Basin 

In the Sdn6gal River Basin, a saltwater barrage now separates
the river's fresh water from the sea, while a large dam regulates
the river's largest tributary upstream. These intrusions on the 
river's age-old run from the Guinea highlands to the sea have 
raised serious policy issues for the riparian states and may have 
triggered the recent conflict between S6ndgal and Mauritania 
(Horowitz 1989). The full extent of the social and environmental 
impact of the river's regulation are not yet known and will de
pend, to a large extent, on future decisions about use of the river's 
resources. This report reconsiders the data that was available to 
the planners who chose these projects and asks whether attention 
to health effects might have altered the choice of basin develop
ments. 

The United Nations-funded S6ndgal-Consult (1970) study pro
vides an excellent starting point for examining the issues raised 
in chapters 1-3 of this report. The eleven-volume study looks at the 
hydrologic, topographic, geologic and engineering cost data rele
vant to dam site selection, as well as economic factors affecting
the relative value of agricultural output, navigation and power
production. An effort is made to consider the cost-effectiveness of 
each site without tying the sites together into a single systems
model. The health context of the site selections is not considered. 
Rather, it is apparently assumed that health evaluation will be 
carried out once the different sites have been chosen. 

Figures 5 and 6 show the distribution of malaria and schisto
somiasis in the basin before the regulation of the river. Both dis
eases are transmitted more intensely to the east and south, follow
ing, in effect, the rainfall isohyets. This association is, naturally, 
a warning sign, since water resource development will create hu
mid conditions in the drier regions, leading to a greater abun
dance of disease vectors in a setting of increasing population den
sity. 



32 Vector Biology and Control Project 

Figure 5. Distribution of Malaria In the S6n6gal River Basin 
(Based on Euroconsult 1990) 
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Figure 6. Distribution of Schistosomiasis in the S6ndgal River Basin 
(Based on Euroconsult 1990) 
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In the S6ndgal River Basin, the important disease vectors in
clude mosquitoes, snails, black flies, and tsetse flies. Of the 
mosquito vectors, the anophelines of greatest significance are the 
Anopheles gambiae complex and An. funestus. The An. gambiae
complex are strongly anthropophilic (feeding primarily on hu
mans), endophagic (indoor-feeding), and endophilic (indoor-rest
ing), though outdoor feeding and resting do occur. The larvae of 
these species breed in small collections of seepage water, stagnant
and often muddy, but not polluted, with full to partial sunlight.
Vegetation may be present or absent. Typical examples include 
seni-permanent rain pools or overflow water, roadside ditches,
clogged drainage ditches, small borrow pits, especially those from 
which soil for mud bricks has been excavated, wheel ruts, hoof
prints, natural depressions in the ground, and puddles at the 
edges of rice fields. 

The larval habitats of An. funestus include permanent, vege
tated waters, such as swamps, ponds, lake margins, streams, 
ditches, and irrigation canals. These mosquitoes would be ex
pected to breed in the margins of any reservoir built in the basin. 
Most strains are strongly anthropophilic, endophagic, and en
dophilic, preferring man even in the presence of sheep and cattle,
although some animal feeding occurs (WHO 1982). 

In addition to malaria, An. funestus can transmit filariasis, 
which is also carried by a number of Culex mosquitoes. Ar
boviruses, on the other hand, are generally transmitted by Aedes 
species. 

Traditionally, it was assumed that the significant snail vectors 
in the S6ndgal River Basin were members of the Bulinus family,
which transmit Schistosoma haematobium, or urinary schisto
somiasis (Chaine 1981). With the outbreak of intestinal schistoso
miasis in the delta, the snail species Biomphalariapfeifferi has 
taken on prime importance (Talla et al. 1990). It is not well under
stood how microclimate favors individual snail species, but the 
abundant stagnant water found in irrigation canals and the pro
tected margins of reservoirs are an ideal habitat for all of the im
portant vectors. 
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Other important vectors in the basin include the tabanid horse
flies that carry trypanosomiasis and the black flies of the 
Simulium family, which transmit onchocerciasis. The impact of 
water resource development on these vectors is less clear-cut than 
those mentioned above. Neither is likely to breed in irrigation pro
jects. The filling of reservoirs may destroy the habitats of both,
though in other areas in West Africa, the vectors have been quick
to re-establish themselves after the initial environmental 
changes. 

Although many river basins could serve as a starting point for
investigating the incorporation of disease transmission concerns 
into water resource development planning, the S6n6gal River 
Basin is a particularly fine exemplar. A number of important dis
ease vectors exist in a basin where river regulation and irrigation
offer substantial benefits for the riparian countries. The S6n6gal-
Consult (1970) report is an excellent example of the sort of com
prehensive river basin planning study engineers can produce to 
evaluate competing projects. It is historically significant among
the many studies that have considered plans for the river's regu
lation during the last half of this century because it led to the 
choice of Manantali as the first of the upstream sites to be devel
oped. Since this study did not address health issues, it provides an 
opportunity to ask, retrospectively, questions about the role of 
health in river basin planning. 

The task before this report is to identify the sorts of information 
that might facilitate integration of health concerns into basin 
planning, and to develop a strategy to make integration feasible. 
The following section steps back to look at one aspect of this pro
cess, the use of disease transmission models and their role in 
facilitating intersectoral planning. The subsequent section
demonstrates a means of incorporating these models into an 
overall systems context in which to examine the trade-offs be
tween disease transmission and other issues relevant to planners. 
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5. Disease Transmission Models 

Disease transmission models facilitate the assessment of a wa
ter resource development's impact on vector-borne disease trans
mission. These relatively simple analytical models use knowledge
about the means of transmission of a given disease to predict the 
expected incidence or prevalence based on relevant environmental 
and epidemiological conditions. Examples include the Garki
model' and the Struchiner, Halloran, Spielman [SHS] model, 2 
which predict an experimentally verifiable level of parasite infes
tation based on the density of mosquito vectors relative to the hu
man population, their biting rate, longevity, and other observable 
parameters, along with the starting level of malaria infection in 
the human population. 

The models described in this section are used to make esti
mates of the prevalence of schistosomiasis and level of malaria 
positivity in the populations surrounding a given proposed reser
voir or irrigation project. These estimates are then incorporated
into a water resource systems model as described in the following
section. 

The first of the disease transmission models to be considered in
this report is that developed by Rosenfield et al. (1977) to evaluate 
the impact of irrigation developments in Khuzestan Province,
Iran, on schistosomiasis. It is tased on the simplest analytic
principle, which divides the population into two groups, those in

1The Garki Model is the fruit of the Pesearch Project on the Epidemiology
and Control of Malaria in the African Savannah (conducted jointly by the Gov
ernment of Nigeria and the World Health Organization), which set out to"construct and test a mathematical model of the transmission of malaria, and 
develop it into a planning tool .. . to compare alternative control strategies in 
terms of their expected effects (Thomas and Molineaux 1984, iii)." The model 
was developed using field data from Kano State in Northern Nigeria.

2The Struchiner, Halloran, Spielman model, described in greater detail
later in this report, was designed to explore a number of the issues relevant to
the design of a malaria vaccine, and is significant for the purposes of this re

.p--because of its greater sopiistication in the treatment of immunity and su
perinfection in malaria transmission. 
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fected (Y) and those not infected (1-Y). This may be represented, 
as in the following figure, as two compartments: 

A(-Y1-Yt IL BY Yt 

The equilibrium between the two states is modeled as a simple
differential equation governed by the force of infection, A, and the 
recovery rate, B: 

1) dY/dt = A(1-Y) - BY. 

The solution to this equation, according to Muench (1959), is 

2) Yt = C(e -(A+B)t) +A/(A+B). 

Solving for C for the boundary condition t=O yields 

3) C = Yt-A/(A+B), 

and substitution into 2) results in the recursive relation 

4) Yt+At = (Y - A/(A+B)) e -(A+B)At + A/(A+B). 

Rosenfield's work is distinguished by her effort to make the 
model useful as a planning tool by relating the force of infection, 
A, to environmental conditions. This linkage allows planners to 
use the model to predict the impact of a number of alternative 
control strategies on disease transmission: 

A fundamental element in evaluating infection rate coeffi
cients as a function of environmental conditions is some 
measure of the interaction between snail habitats and the 
human population. In developing a mathematical expres
sion for A it was decided that the function should specifi
cally involve two variables: first, meters of accessible snail 
habitats since that factor is an index of the likelihood of con

. tact of uninfec d individualwith-snailinfestedwaterand.. 
second, the size of the infected population since that factor 
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is most important in determining the level of miracidial 
contamination of snail habitats (Rosenfield 1977, 507). 

The following relationship, 

5) A= A (HI . P P1), 

was adopted to serve as the basis for regression analysis of A on 
data for the two factors above, where H represents the meters of 
accessible snail habitat, and P represents the number of infected 
people. Results of regression analysis, run on the logarithmic
form of the equation, 

6) logA = fIe + fPlogH +fl2logP, are as follows: 

Regression coefficients Value t-statistic 

I30 5.67 x 10-6 

fP, 1.11 4.42* 
P12 0.45 5.12* 
R2 =.69 

*Significant at p < .01 

Table 3. Results of Regression Analysis (From Rosenfield 1977) 

The value of the model described above is the ease with which it 
can be incorporated into the planning process. With the assis
tance of irrigation engineers, it is possible to estimate the parame
ter H resulting from project expansion or construction. This fac
tor will vary with the size of the developed irrigation area and the 
chosen irrigation design. It is also possible to look at other 
paradigms for schistosomiasis transmission in regions where 
contact with irrigation ditches is not the most significant means 
of transmission. The use of a broader water contact factor may be 
applied, in particular, to groups (such as children) not engaged in 
irrigation activities. 1 This factor may be linked to expenditures in 
the model for social infrastructure, which includes domestic 

.... In a fashion similar to that shown above for the factor H, Rosenfield (1979)
develops an expression for A in terms of water contact and population infected. 
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water supply, and to reservoir perimeter when a population's con
tact with snail-infested shoreline is a consideration. Both models 
can be used simultaneously by applying each to different age and 
sex groups in the model used for disease prevalence calculations. 

Rather than link malaria transmission to a single project
variable like meters of accessible vector habitat, the Research Pro
ject on the Epidemiology and Control of Malaria in the African 
Savannah1 developed a model, known as the Garki model, which 
relates malaria transmission to a somewhat more complicated 
expression, based on both environmental factors and the biology of 
the malaria vector (Thomas and Molineaux 1984). This amalga
mated measure of mosquito density, longevity and contact with 
humans, called the vectorial capacity, is taken to be, as defined by 
Garrett-Jones (1964): 

7) ma2pn 

-/og e p 

where m vector density in relation to man (vectors/man), 

a the number of blood meals on man/vector/day, 

p daily survival probability of vectors, 
and n the incubation period in the vector (days). 

In the SHS model (Struchiner et al. 1989), people enter the X1 
compartment at birth as non-immune negatives. (The model as
sumes no maternally-transmitted passive immunity.) A slight
variation on the SHS model, shown with modifications in Figure
7, allows inclusion of the effects of migration: ii represents the net 
change in population in each of the compartments due to immi
gration less emigration. Another small departure from the SHS 
model allows separate death rates, 8,, for each compartment. 
People in X1 receive inoculations at a rate h1(t) and incubate in the 
non-immune negative compartment N1 days, after which they 
pass into compartment Y2, the non-immune positive class, at a 
rate X (t). Each successful inoculation produces one brood of para 

- -T-The project was conducted joinly by the Government of Nigeria and the 
World Health Organization. 
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sites in the human host, which are cleared simultaneously and 
independently from one another. 

The average number of infectious broods is represented by z1;
the average number of non-infectious broods is z2. The compart
ment Y1, a subset of Y2, represents all people harboring at least 
one brood of infectious parasites. Each brood of parasites in the 
non-immune human host is moved from the infectious to the non
infectious state at a constant rate a1 . Non-infectious broods are 
then cleared at a rate rl. 

People in Y2 may either recover, returning to compartment
X1,or acquire partial immunity, moving on to X3. The rate of re
covery Rl(rl, Z1 , z2) and the rate of acquiring partial immunity
Al(a 2, z1 , z2) depend on the average number of superinfections.
As the inoculation rate increases, a larger proportion transfer 
into the immune class before recovering. 

Since evidence implies that loss of infectivity precedes acquisi
tion of immunity, people in Y3 are assumed non-infectious for
mosquitoes. Broods are cleared at a rate r 2, and individuals move 
to compartment X3 at a rate R2, which is a function of rl and Z3,
the average number of broods harbored by the partially immune 
positives. 

Those in the partially immune negative class, X3, may become
infected again at a rate X2, which is lower than the rate X1, 
although the rate of inoculation is the same for individuals in 
each of the compartments. People lose their immunity after a time
period r, which is assigned arbitrarily to be one year, though the 
authors of the model carried out runs in which they varied r from 
6 months to 3 years. 

The sizes of the different classes X1,X3, Y1,Y2 and Y3 are ex
pressed as proportions of the entire population, with X1 + X3 + Y2 
+ Y3 = 1. In other words, the absolute number of people does not 
affect the model's predictions, except for the extent to which it 
changes the estimations of the density of mosquitoes relative to 
humans. 

Two different appioaches ex-t-t-dmodeL-the reIafiishipui-p--
tween the characteristics of the mosquito population and the effec
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tive rate of inoculation. In Stru-iner et al. (1989), a set of differen
tial equations was used to represent the transition of mosquitoes
from uninfective to incubating to infective states, modeling the 
rate of inoculation ki(t) as a function of the density of infective 
mosquitoes relative to man. An alternative approach, used in the 
DMT (after Dietz, Thomas and Molineaux) model, summarizes 
the entire mosquito population in a single expression, the vecto
rial capacity (given above). In both cases, the transitions between 
the various compartments are completely determined. The latter 
approach was used for the model runs carried out for this report, 
using a program based on the equations presented above, listed in 
Appendix I. 
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6. Disease Transmission Models
 
inRiver Basin Planning
 

The models described above have been used by epidemiologists 
and biomathematicians to gain a better understanding of the pro
cesses of disease transmission. But their use in planning has 
been limited because they have not been easily integrated into the 
techniques used by engineers to evaluate watershed development
plans. Ultimately, the governments responsible for project selec
tion chocse development schemes that consist of numerous dis
tinct development projects. If health concerns are to influence 
these choices, they must be expressed as tangible alternatives 
from among the sets of feasible projects, rather than as broad ob
jectives. The goal of this report isto provide a framework in which 
engineers and planners may use all available information about 
the health aspects of project design in the early phases of river 
basin planning. Figure 8 outlines a process for accomplishing 
this goal. 

Since any river basin development scheme is, in fact, a set of 
different projects-dams, canals, hydroelectric plants, irrigation 
sites and the like-the health impact of the scheme depends on 
these smaller sub-projects. As a simplification, it is assumed that 
the health impact of these sub-projects can be investigated inde
pendently and that the impact of all the projects on health in the 
basin is roughly equivalent t.j the sum of the health impact of the 
individual projects. Four different paths for determining the dis
ease prevalence expected to accompany any of the different project 
components, labeled A through D, are listed in Figure 8. Different 
paths may be chosen for each project and each disease to be con
sidered; the process is repeated for each of the reservoirs and irri
gation sites included in the proposed plan. 

Path A would require the greatest amount of data on the epi
demiology of the disease and the environmental factors affecting
the vector populations. Future work using geographic informa

. -tion-systems, [GIS] to-organize-data-from-S6n6ga, -includingthose
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gathered by LANDSAT on soil types, local flora, agricultural prac
tice, rainfall, temperature and humidity (Moore, Tappan, et al. 
1991) is currently being considered within A.I.D.'s Africa Bureau 
(Lyerly 1991). Correlations drawn from these data would allow 
health professionals to make estimates of the susceptibility of dif
ferent sites to colonization by disease-carrying vectors. These cor
relations could then be tested using government data collected at 
the arrondissement' level about the incidence of malaria and 
other significant diseases in each district. 

A similar approach, path B, involves the use of climatologic
models, such as the USDA MALSIM model developed by Dr. 
Daniel Haile at ARS-USDA in Gainesville, Florida (1989). Readily
available climatologic information, such as seasonal mean tem
perature, rainfall, relative humidity, insolation and evapotranspi
ration, are used to estimate mosquito density and longevity by life 
table methods. This approach may be used to help provide esti
mates of the vector density and longevity associated with different 
project sites and designs. The parameters calculated using the 
MALSIM model may then be incorporated into the vectorial ca
pacity, which drives the malaria transmission model described 
above. 

It is hoped that this report will foster interest in the develop
ment of techniques for diseae impact assessment as described 
above. It is, however, possible to use the sorts of information cur
rently gathered by consultants for health impact analyses to gen
erate alternatives as described in Figure 8. In the current assess
ments, consultants gather data on the pre-project epidemiology of 
disease, the presence of the different disease-carrying vectors in 
the regions to be developed, and the scope of the proposed projects.
Using this information, they make estimates of the impact of the 
different projects on human resettlement and migration and on 
the vector populations, which in turn lead to an overall 
assessment of the disease impact on the populations in the region. 

These analyses may be facilitated by comparisons with com
pleted projects in similar environments. Birley (1989) outlines a 

'The country of Sdndgal is divided into 93 political jurisdictions called 
arrondissements. 
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process in which the assessment of community vulnerability, en
vironmental susceptibility, and vigilance of health services in the 
region may lead to estimates of the vector-borne disease impact of 
water resources development. A more automated approach might
also be developed in which a formal expert system (Birley 1985) is 
used to make these estimates. In either case, the results of these 
analyses may be used in the process outlined in Figure 8 repre
sented by path D. These estimates are integrated into the planning
model as the scale of the sub-projects, the selected sites, irrigation
techniques, agricultural practices and crop selection vary, affect
ing both the location and total number of individuals affected by
the proposed developments. 

Quantification of the estimates made in this approach may be
enhanced by using the disease transmission models described in 
the previous section. This approach, represented by path C, is 
investigated in our study. The amount of data required for this 
sort of analysis is not greater than that required for those made by
path D. The use of the disease transmission models improves the 
efficiency and consistency of assessment given the larger number
of feasible sites to be considered at the project screening stage, and 
provides a simple means of testing the different assumptions that 
underli3 the estimates. In addition, their use provides a simple 
way of including alternative control measures in the overall 
process of project design. 

As an example, one might wish to consider the cost-effective
ness of malaria control programs based on the use of interior 
residual pesticides (when appropriate l) or impregnated bed nets 
and compare their use to that of structural changes in the overall 
water resource system design, such as changes in reservoir 
perimeter. One might consider, for instance, several different 
levels of spraying intensity, as well as a program for impregnated
bed nets. Each intervention at a given site is modeled as a sub-pro
ject with capital and maintenance costs dependent on the strategy
chosen. The impact of the measures on the transmission of dis
ease are modeled as discussed in the previous section (See Figure 

1A recent malaria control program in the Amazon basin relied on the use of
interior residual sprays until it was discovered that the vector in that region bit 
primarily outdoors during the day. 
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7). Recalling the formula for the calculation of vectorial capacity 
used in the malaria transmission models, in this case an alter
nate expression, 

_A 1 
ma2Ee e where E - log 

that is, the average expected survival time E (in days) for an adult 
mosquito, one may take a closer look at the different terms. The 
use of residual insecticides would affect primarily the term E, 
while a bed net program would alter the term a1 Changes in the 
vectorial capacity brought about by the alteration of its terms lead 
to changes in the predicted levels of disease accompanying a given
site. Modeling the disease impact of these interventions tog'Ither 
with the costs allows a much more sophisticated compari n of 
the cost-effectiveness of different measures than has been po- ,ible
in the past because each is regarded in its context as part of the 
broader basin development plan. 

This model differs from that described for the transmission of 
schistosomiasis in the previous section in that it attempts to model 
the mechanism of transmission, rather than simply looking for 
correlations in field data between the prevalence of disease and 
significant environmental factors. Further, the parameters of the 
vectorial capacity are, in fact, themselves-or may be derived 
from-observable phenomena, such as the nightly biting rate of 
mosquitoes in a given area. It should therefore be a 
straightforward matter to gather this sort of information as part 
of the screening process for water resources planning. 

In some cases, it may be possible to derive these parameters 
from the physical characteristics of a proposed project design. A 

1The man-biting habit, a, is the product of the frequency of feeding and the
human blood index, or estimated proportion of the blood meals of a mosquito
population obtained from humans. The logic for including a as a 2nd order 
term in the expression for vectorial capacity is as follows: "The attributes com
posing the man-biting habit occur twice over in the expression for vectorial ca
pacity, because a mosquito must bite man twice to receive and transmit infec
tion. In other words, vectorial capacjty andAhe-malaria-reproduction rate both___ 
vary as the square of the frequency of feeding, and likewise as the square of the 
human blood index (Garrett-Jones 1964)." 
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recent paper by Carter et al. (1990) estimates mosquito density as a 
function of the marginal surface water down to 2 m depth. This 
value is in turn a function of the reservoir topography (a model 
parameter) and the total storage in each season (a variable in the 
model). The approaches outlined in paths A and B are, in effect,
efforts to derive this sort of relationship from available recorded 
data, so that it is possible to envision future models in which the 
prediction of disease prevalence accompanying a project or sub
project might be derived from a synthesis of paths A, B and C. 

When these empirically derived estimates of model parame
ters are not available, it is still possible to incorporate information 
gained by entomologists in the field, such as the expected density, 
or longevity, of vectors at one site relative to another and use these 
in the disease transmission model as outlined. These models, 
then, transform information about the vectorial capacity (or other 
measures of the ability of vectors to transmit the agents of infec
tious disease), the demographics of a given population, and initial
levels of disease into predictions of disease prevalence over time. 
If, for instance, a sprinkler irrigation technique is estimated to
give rise to a field mosquito density one tenth that of surface irri
gation, the estimated differences in the prevalence rates 1, 5, or 10 
years out, given other parameters of the model, are typically
much narrower than the differences in mosquito density. The dif
ferences in disease prevalence between the two projects might, for
instance, be only a few percent, depending, of course, on the ini
tial level of disease in the population. 

As mentioned above, the overall disease impact of the projects
in the river basin is taken to be the sum of the impact of each of the 
different reservoir and irrigation site developments. This approx
imation is quite good for estimating malaria transmission, where 
the force of infection is not strongly related to the density of popu
lation, but less useful for estimating schistosomiasis transmis
sion, which is dependent on the population density surrounding a
given transmission site. Since the population surrounding the 
reservoir can be estimated as a function of the people displaced by
the reservoir, this problem can be largely by allowingovercome 
different parameters for schistosomiasis transmission to be asso
ciated with -each-of-the integer variables in the- separale--pro
gramming formulation used to model reservoir expansion. 
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In the Sdndgal-Consult report, the choice of irrigation options
is limited to two different hypotheses, one based on a more tradi
tional approach and another involving a more intensive agricul
tural technique. This simplification is similar to that used in the 
Hargreaves study, where the agricultural output is based on a 
theoretical hectare that includes a number of different crops in 
the two growing seasons. The two options in the S6n6gal-Consult
report are not, however, well-suited to the investigations of this 
report, because they have roughly equivalent effects on disease 
transmission. An alternate choice was devised for this report
based on a theoretical hectare in which 40 percent of the land is 
devoted to rice, 30 percent to corn, 20 percent to sorghum and 10 
percent to citrus. In the first alternative, surface irrigation is ap
plied to each crop in the manner outlined in the S6ndgal-Consult 
report. In the second, rice is irrigated by a modified surface tech
nique using surge irrigation as described in FAO (1987), corn and 
sorghum are irrigated with pivot sprinklers, and citrus fruit by
drip irrigation. 

The capital costs are substantially higher for the second alter
native, but because these techniques are water-sparing, they are 
favored under certain conditions. Even when the agricultural out
put from the two alternatives is considered equivalent, the second 
is often preferred because it allows savings in the capital devoted 
to river regulation. The water savings are, in effect, two-fold, be
cause water is saved both in the field application and at the reser
voirs, where evaporation losses diminish with decreasing reser
voir surface area. Because of the greater water control it allows,
the second alternative may also result in greater yields, in which 
case the alternate forms of irrigation would be preferred over a 
wider range of conditions. 

The meteorological data associated with different irrigation
sites, together with the expected variations in field humidity, can 
also be used to estimate the parameters for the disease transmis
sion model, just as described above, either by formal climatologic
models or by more subjecti, e estimation techniques. The amount 
of labor required for each crop is used in conjunction with demo
gaphic data to predict the immigration associated-withthe poten-_
tial projects. Each irrigation site and technique selected in the 
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model optimization runs then gives rise to an associated popula
tion and disease prevalence which, together with the estimated 
reservoir-associated disease, determines the levels of malaria and 
schistosomiasis expected to accompany alternative development 
plans. 

Any of these techniques for estimating the extent of disease as
sociated with each project feature can be used to screen develop
ment choices in an integrated systems context. The choice of a 
reservoir design on the basis of a more favorable perimeter to vol
ume ratio, for example, or the choice of a water-sparing irrigation
technique to reduce pooling for mosquito breeding, may be linked 
to decisions about other reservoirs and irrigation projects in the 
basin, as well as to additional watershed planning concerns such 
as navigation and hydroelectric power generation. 
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7. Generating Alternatives 

The following section begins by examining a number of the al
ternatives mentioned in the executive summary, using graphical
techniques as well as tables of condensed model output. Because 
disease impact and economic benefits are both linked to changes
in the project components, it is possible to use disease, as well as 
economic concerns, as a means of searching for different devel
opment alternatives. This sort of search technique is a standard 
form of multi-objective analysis. In the first set of runs, three ob
jectives are considered: 1) net economic benefit, which is to be 
maximized,' 2) cases of malaria, which are to be minimized, and 
3) cases of schistosomiasis, to be minimized. In subsequent runs,
further objectives, such as minimizing resettlement and maxi
mizing hydropower, are considered. 

The trade-offs among these three objectives are of interest to 
planners. While one might wish to increase a development's
economic benefit and reduce the cases of malaria and schistoso
miasis at the same time, there comes a point at which the only 
way to increase the economic benefit is to allow an increase in the 
number of cases of malaria or schistosomiasis. In this model, 
measures undertaken to reduce malaria tend to be compatible
with those to reduce schistosomiasis. Water-sparing irrigation,
for instance, tends to reduce habitats for snails as well as 
mosquitoes. As a result, it is convenient to collapse the two disease 
objectives into one. A weighted measure of the two diseases that 
gives twice the weight to a case of malaria was used for the follow
ing model runs. The choice of weights is a matter of policy, and is 
to some extent arbitrary. A variety of model runs were carried out 
using different weights. These weights have little impact on the 
model results; were the distinction important to a particular in
terested party, however, it would be a simple matter to produce
model results using each disease as a separate objective. 

11n short, this is defined as the net present value of the electricity produced 
at the dams, the crops producedon the land, and thewater exported from the 
basin, all over the lifetime of the project. The equation for net benefit is de
scribed in greater detail in Appendix I. 
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Six runs are carried out in which a weighted combination of 
malaria and schistosomiasis is minimized subject to progres
sively relaxed constraints on estimated net economic benefits. An 
alternative interpretation of these results is as follows: these runs 
show the maximum economic benefits that can be produced as the 
constraints on the allowable cases of malaria and schistosomiasis 
are tightened. Table 4 shows the results of three of these runs side 
by side, along with the results of the standard run in which 
vector-borne disease effects are not included directly in the project
constraints. This information may be displayed graphically as 
well as in tabular form. The graphical depiction makes 
significant differences between alternatives instantly clear, while 
tabular data are useful for investigating finer variations. 

Figure 9 shows all of the possible sites for development in
cluded in the river basin model. The size of the reservoirs on the 
page is in direct proportion to the maximum possible surface area 
at each site; the size of the irrigation sites is in direct proportion to 
the maximum acreage that may be developed under each tech
nique. Figures 10a and 10b show the sites constructed in the stan
dard run. Figures 11 through 13 show the slight variations that 
occur as the constraint on economic benefits is relaxed, allowing
increased reductions in the total cases of malaria and schistoso
miasis. The format of Figures 9 and 10a is more detailed, as 
might be produced for a report, while Figures 10b through 13 are 
actual output from the graphical display program designed for 
use in negotiating sessions. These printouts can be produced in
stantly during a session to record the features of any run that 
might interest negotiators. 

The output shows that changing the tolerance for expected 
cases of disease produces importaut differences in the overall 
basin development plan. Land devoted to traditional surface irri
gation is shifted to water-sparing techniques, while recession 
agriculture is a feature of some, but not all of the alternatives. 
There is clearly substantial flexibility in the choice of reservoir de
sign, with marked variations in the size of Boureya, Badoumb6 
and Galougo reservoirs and the accompanying hydroelectric 
_power plants. 
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Min malarialschisto s.t. 
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174 ha E+3 
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124 ha E+3 

Max possible 
480 ha E+3 
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C 
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292 ha E+3 
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Engineering notation: 379 $US E+6 = $379,000,000,480 ha E+3 = 480,000 hectares,etc. 



54 Vector Biology and Control Project 

Bating 

RI Koukosgamba 

B20UlE Bakoye 

FalmE 

Badouml6 R3 

Sdndgal 
R7 Gourbass 

GaougoYR5 

Goulna 

Key: 

A Reservoir 

Power plant 

Irrigation 

Baould River 

-~A 

--.2 

S 	Floodplain ,=-
Agriculture 

Figure 9 
Sites available.for deve!opment 

baedon. 

Sdndga-Consult(1970) 

tlantic Ocan.--Y ? 



55 S6ndgal River Basin Case Study 

Bafing 

BaoulId Bakoye 

R4Badoumb46 

F4j 
Sdndgal 

Galougo R5 

Gouina. R6 

Key: Reser oir 

PowerplantAnnual 

Irrigation 

Baould River 

2 ~Atlantic Ooean 

RI Koukotawnba 

R2 Boureya 

F31 
I Fah~rnd 

R3 ManataN 

R7 Gourbasai 

F ig u re 1iOa.
 
Standard Run
 

net ben: $379,000,000
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Figure 11. Minimize Disease at 99% of 57 
Maximum Economic Benefit 
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Maximum Economic Benefit 
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Maximum Economic Benefit
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It is also possible to use these data to compare the cost-effec
tiveness of the different measures as in the table below: 

Table 5. Variations In cost-effectiveness 

Annual netMxNteconomic Estimated Estimated.cases schis- Combinednumbie o tcs 
Annual enoic cases malaria tosomiasis number of saved 

Economic benefits saved an- saved an- cases 
Benefits (106 $US) nually nually saved 

100 379 0 0 0 

99 375 131,000 497,000 328,000 $11.59 

98.5 	 373 197,000 296,000 493,000 $11.56 

98 371 350,000 524,000 874,000 $8.70 

97 367 359,000 529,000 888,000 $12.73 

96 363 368,000 533,000 901,000 $16.76 

95 360 377,000 538,000 915,000 $20.66 

As mentioned above, strategies to reduce malaria transmis
sion will frequently lead to a decrease in the transmission of 
schistosomiasis, and vice-versa. These measures will also help
control other mosquito and snail-borne diseases. In the above 
chart, cases of malaria and schistosomiasis are weighted equally.
The assumption implicit in this weighting is that the value of one 
case of schistosomiasis saved is the same as that of one case of
malaria saved. Naturally, this would rarely be the case. Planners 
will generally place a greater value on the control of one disease 
than on another, so that this chart simply serves as a starting
point for examining cost-effectiveness. A chart may be produced 

--that--alloeates- costs-to- schistosomiasis -and-malaria -control ac-
cording to the priorities of the health planners. But it would be 
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misleading to divide the total benefits foregone by, for instance, the 
number of cases of malaria alone, since some of the costs should 
certainly be allocated to schistosomiasis prevention in each alter
native. Similarly, the consideration of other vector-borne diseases 
prevented by malaria and schistosomiasis control measures 
would further enhance the cost-effectiveness of the alternative 
schemes. 

The above costs compare favorably with estimates of the eco
nomic cost of malaria cited in the literature (Shepard 1990). It 
should be pointed out, further, that the risk of failure for alterna
tives that incorporate "built-in" measures for vector control is sub
stantially less than that of programs that rely on ongoing vector 
reduction or mass treatment campaigns. 

While the examples given above use health concerns as a 
means of searching for alternative development plans, it is cer
tainly possible to use other considerations to identify development 
options. Any alternative generated by the river basin planning
model will include information about the vector-borne disease 
expected to accompany that particular set of irrigation and river 
regulation projects. Table 2 and Figure 2, from the executive 
summary, are repeated as Table 6 and Figure 14. These sum
maries show the results of runs comparing important non-health 
concerns such as power production and resettlement with a dis
ease-minimizing alternative. These multi-objective runs will al
low health professionals to express their concerns in terms of 
trade-offs that will be significant for and comprehensible to other 
parties involved in negotiating river basin plans. 



Table 6: A 
Comparison of 3 

Standard Run Min Malaria & Schisto Min Resettlement 
I0 Max Hydropower M 

Alternative Annual net ben 379 $US E+6" Annual net ben 360 Annual net ben 360 Annual net ben 360 
Development Total population 1751 E+3 Total population 1266 Total population 1978 Total population 1363 
Schemes Malaria 36% 635 E+3 Malaria 200/ 259 Malaria 46% 902 Malaria 21% 281 

Schlsto 38% 674 E+3 Schisto 11% 138 Schisto 55% 1085 Schisto 11% 153 
Resettlement 34 E+3 Resettlement 41 Resettlement 21 Resettlement 48 

MW power 670 MW MW power 700 MW power 470 MW power 810 
Total capital 1650 $US E+6 Total capital 1630 Total capital 1460 Total capital 1730 

Av'g vol Max 
vol 

Av'g 
area 

Max 
area 

Av'g 
powe 

Av'g vol Av'g 
area 

Av'g 
powe 

Avg vol Av'g 
area 

Av'g 
powe 

Avg vol Av'g 
area 

Av'g 
powe 

m3E+9 m3E+9 km2 km2 MW m3 E+9 km2 MW m3E+9 km2 MW m3E+9 km2 MW 
Res 1 Koukodtamba1 1 5 109 175 72 1 1 109 118 1 1 109 40 1 4 169 161 
Res 2 Boureya 3 14 202 480 93 2 0 16 30 2 0 18 3 2 4 235 100 
Res3 Mananali 19 40 658 1100 174 3 19 658 177 3 19 658 173 3 19 658 171 
Res4 Badoumbe 7 15 390 800 52 4 2 113 29 4 7 390 56 4 7 390 49 
Res5 Galougb 2 40 217 2400 134 5 12 1062 198 5 0 19 68 5 11 1009 182 

Res6 Gouina 0 15 14 1350 73 6 0 20 80 6 0 11 68 6 0 20 77 a 

Res7 Gourbqssi 0 6 0 475 0 7 0 0 0 7 0 0 0 7 0 10 6 ,. 
Site 8 F61ou 69 8 64 8 60 8 61 

Cultivated heciarage Land developed Max possible Land developed Land developed Land developed C 
Surface irrig Al 174 ha E+3 480 ha E+3 Al 0 ha E+3 Al 313 ha E+3 Al 0 ha E+3 
H20-sparing A2 227 ha E+3 480 ha E+3 A2 292 ha E+3 A2 167 ha E+3 A2 269 ha E+3 
Floodplain B 0 ha E+3 280 ha E+3 B 0 ha E+3 B 13 ha E+3 B 0 ha E+3 
Rainfed C 124 ha E+3 280 ha E+3 C 74 ha E+3 C 32 ha E+3 C 256 ha E+3 

*Engineering notation: 379 $US E+6 = $379,000,000, 480 ha E+3 = 480.000 hectares, etc. 



Figure 14. Three Alternative Development Schemes: A Graphical Presentation 
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8. The Model inNegotiation 

The process described above may be refined in a number of 
ways, including the use of iterative techniques for greater accu
racy in determining density-dependent phenomena, and varied 
scenarios that depend on the risk of disease importation by new 
immigrants. The previous section outlined a number of advances 
in incorporating health concerns into water resource development
screening models. But for such a technique to be used effectively
in river basin planning, it must leave the planner's cubbyhole and 
move to the conference desk. 

Models were first applied to river basin planning in the era of 
mainframes that were less powerful than today's laptops and re
quired input from key-punched cards (see, for example, Major & 
Lenton 1979). While the personal computer now makes modeling
nearly universally accessible, attitudes toward modeling
techniques have yet to catch up to the reality of the inexpensive
technology. To this day, models are often used to produce a single
finished product, a technical "best" solution to a set of complex
and politically sensitive issues. Multi-objective programming has 
been carried out for some time with the express goal of examining
just such issues, but the output continues to be examined by con
sulting experts and model producers, rather than those involved 
in the decision-making process. 

The advent of computer graphics is the second technological
advance that makes it possible to move the use of models to the ne
gotiating table. It is probably not reasonable to expect most deci
sion makers to pore through even relatively concise and well-or
ganized tables of computer output. But it is now possible to display
this output in a graphical format, which gives negotiators an in
stant view of the impact of adding a constraint or emphasizing a 
particular objective. 

As decision-makers explore a variety of alternatives, they are 
not only able to appreciate the range of development options in the 

.... basinbut canget a -enseofwhicfeatures-may-be-flexiblein_ 
light of the particular interests of those involved in the selection 
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process. For example, as health constraints are tightened, reces
sion agriculture appears for some of the runs, then gives way 
once more to more water-sparing forms of irrigation. It is clear 
that the inclusion of recession agriculture makes certain fine dif
ferences in the overall benefits of the model. Its entrance and exit 
as an option should not be understood to allow its presence only in 
certain particular conditions, but should call attention to its use 
as an alternative under a variety of conditions. Fixing in the 
model a certain hectarage to be flooded by an annual planned flood 
is a simple matter. One may then carry out a further set of runs 
premised on this precondition to compare with runs that mandate 
other forms of irrigation. 

These sorts of questions may be raised during an actual nego
tiation, and new runs can be carried out to address the concerns 
raised by participants. The various runs may be saved for compar
ison with other alternatives and printed out as hard copy, such as 
Figures 10b-13. It is envisioned that there would be a facilitator at 
each negotiation session who could manipulate the model to meet 
participants. In addition, certain runs deemed likely to be of in
terest to the negotiation could be carried out ahead of time and 
stored for speedier retrieval. 

In each case, both a graphical representation of the given al
ternative and the more detailed output of the underlying model is 
available. If a given feature is of particular interest to partici
pants, it can be examined in greater detail by selecting the feature 
on the graphical display, where, for example, a reservoir could be 
selected and the actual i-eservoir capacity, surface area or cost ex
amined. In addition, it is always possible to examine the underly
ing model, which is a spreadsheet-based formulation. Informa
tion presented in this format is more difficult to appreciate in
stantly, but it is possible, by simple commands, to move directly to 
the portion of the spreadsheet of interest to the viewer. 
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9. The Future of the Process 

One can imagine the sorts of negotiations described in the pre
vious chapter taking place as an actual round-table discussion or, 
less formally, through a series of discussions spread out over 
place and time. But in either event, competing interests could get 
a sense of the extent of what they might give up in one domain to 
gain in another. Moreover, each option comes with a "price tag" of 
estimated annual benefits along with a variety of relevant projec
tions, including agricultural production, power produced, forced 
resettlement, and concurrent estimates of malaria and schisto
somiasis cases. 

The model is aimed toward long-term planning objectives, but 
by setting the long-term goals for a basin, it assists planners in 
their shorter-term considerations. Figure 14 provides a view of 
three possible directions for eventual development. Since a certain 
amount of rainfed cultivation continues in each scenario, it would 
seem prudent to focus attention on possibilities for increased pro
ductivity in these traditional settings even with full development of 
the basin's resources for irrigation. 

Perhaps more important, the model runs emphasize the im
portant role irrigation technologies may play in the future devel
opment of the basin. The most water-sparing techniques also pro
vide the fewest opportunities for the spread of vector-borne dis
ease. They show promise for the future because they do not rely on 
chemical or pharmacological treatments for their effectiveness. 
The capital costs of these water-sparing techniques have doubtless 
worked against their use as a mainstay of disease control. But in a 
broader planning context, these techniques are not so expensive 
as they appear at first, because the capital cost in the field is offset 
by savings in capital expenditures in water storage upstream. 

In all of the runs, health considerations appear side-by-side
with a nuimber of concerns that have dominated the planning de
cisions of the past. Using a model of the sort outlined in this re
port, public health officials can work beside engineers, bankers, 
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politicians and officials from other government ministries at the 
earliest stages of project design. 

The model, as it currently stands, was not designed to address 
the further development of the S6n6ga River Basin, but to use the 
historical development of the basin as a starting point for asking
broader questions about incorporating health concerns intn the 
water resource planning process. Naturally, the model could be 
developed for use as a framework for investigating future devel
opments on the S6n6gal River. But even with this sort of concern a 
long way off, a variation of the model, emphasizing the operation
of current resources rather than future development, could help
reveal the sorts of trade-offs different operating schemes might
have for health as well as other relevant social and economic con
cerns. 

This methodology for integrating health concerns into plan
ning can be transported to any river basin where the risk of dis
ease may have a significant impact on the development's net bene
fits. The approach is readily applicable to the development of the 
neighboring watersheds, the Gambia and Niger River Basins, but 
is not tied to any particular set of demographic patterns, agricul
tural options, disease hazards or climates. As is evident from the 
model runs of this study, its usefulness for examining alternative 
irrigation strategies make it an important planning tool in areas 
of food and water shortage. 

Finally, the water resource development strategy set out in this 
report makes possible cooperation between the health sector and 
other sectors more traditionally involved in water resources plan
ning. By facilitating these groups' interactions, this methodology 
may foster sustainable measures to reduce vector-borne disease, 
improve the cost-effectiveness of disease control measures, and 
ensure that water resource projects for economic development are 
not undertaken at the expense of the health of those they are in
tended to serve. 
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Appendix I. A listing of the program used for the SHS Model calculations 

The following program is based on the relationships outlined in Figure 
7. It was written in BASIC using Microsoft@ QuickBASIC for the Apple
Macintosh®, but may be easily run on an IBM-compatible or other PC 
using any commonly available version of BASIC. The program carries 
out a simulation based on time steps that may be specified by the user. 
The Garki model used five-day time steps, which is the same order of 
magnitude as the lifespan of a mosquito. Here the time span may be de
creased to allow greater precision in the calculation of mosquito density, 
or may be increased to speed calculations. These steps occur within a 
time period that may also be varied; below, it is set at 10 years. It was not 
necessary to incorporate graphical display into the following program 
because the program is used to generate a text file that can be plotted
easily using any spreadsheet-based graphical interface. The output of 
this model becomes the input (the disease prevalence parameters) of the 
river basin planning model listed below. 

10 DIM Xl(3650),X3(3650)
 
20 DIM Y1(3650),Y2(3650),Y3(3650)
 
30 DIM Z1(3650),Z2(3650),Z3(3650)
 
40 DIM D3(3650), L1(3650), L2(3650)
 
50 DIM H(3650), C(3650)
 
60 MID = 100
 
100 DL = .0001
 
102 LI(0) = 0
 
104 L2(0) = 0
 
110 R1 =.00118
 
115 t'2 =.0134
 
120 Z1(0) = 1
 
130 Z2(0) = 2
 
135 Z3(0) = 2
 
140 YI(0) = 100
 
150 Y2(0) = 100
 
155 Y3(0) = 200
 
170 X1(0) = 100
 
190 X3(0) = 100
 
220 Al = .0 108
 
230 A2 = .00026
 
240 B1 =.086
 
259B2--.05 "
 
260 A = .45
 
270 N1 = 15
 
272 N2 = 10
 

http:259B2--.05
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290 MU = .1997 
295 G =.097 
300 FOR I=0TO 3650 
310 0(I) = 100 
320 NEXT I 
1000 FOR T = 0 TO MD 
1010 RA = RI*Z2(T)*EXP(-ZI(T)-Z2(T))/(1-EXP(-ZI(T)-Z2(T))) 
1020 D3(T) = .001 
1030 DX = DL + RA*Y2(T)-(LI(T)+DL)*Xl(T) + D3(T)
1040 XI(T+1) = XI(T) + DX 
1050 RB =R2*Z3(T)*EXP(-Z3(T))/(1-EXP(-Z3(T))) 
1060 DX = RB*Y3(T) - (L2(T)+DL)*X3(T) - D3(T)
1070 X3(T+1) = X3(T) + DX 
1080 AA =A2*(-EXP(-ZI(T)-Z2(T))) 
1090 DY = LI(T)*XI(T) -(AA+RA+IiL)*Y2(T) 
1100 Y2(T+I) = Y2(T) + DY 
1110 DY = L2(T)*X3 + AA*Y2(T) - (RB+DL)*Y3(T) 
1120 Y3(T+I) = Y3(T) + DY 
1130 DZ = L1(T) - A1*Z1(T) 
1140 Z1(T+1) = Z1(T) + DZ 
1150 DZ = A1*Z1(T) - RI*Z2(T) 
1160 Z2(T+I) = Z2(T) + DZ 
1170 DZ =L2 -R2*Z3(T) 
1180 Z3(T+1) = Z3(T) + DZ 
1190 YI(T+1) = Y2(T+1)*(1-EXP(-Zl(T+1)))/(1-EXP(-ZI(T+1)-Z2(T+1))) 
1195 IF (T+1)<N2 THEN H(T+1)=0
1200 IF (T+1)>=N2 THEN H(T+I) = G*(1-EXP(-C(T+1-N2)*YI(T+1))) 
1300 IF (T+1)<N1 THEN LI(T+I) =0 
1310 IF (T+1)<N1 THEN L2(T+1) = 0 
1320 IF (T+1)>=N1 THEN L1(T+1) = H(T+1-N1)
1330 IF (T+1)>=N1 THEN L2(T+1) = H(T+1-N1) 
1400 NEXT T 
1410 OPEN "SHS.OUT"FOR OUTPUT AS #1 
1450 FOR T = 0 TO MD 
1500 PRINT #1,"TIME=",T+1 
1510 PRINT #1,"Xl :", X1(T+1) 
1510 PRINT #1,"X3 :", X3(T+I)
1520 PRINT #1,"Y1 :", YI(T+I) 
1520 PRINT #1,"Y2 :", Y2(T+1) 
1520 PRINT #1,"Y3:", Y3(T+1) 
1530 PRINT #1,"Zl :", Z1(T+1) 
1530 PRINT #1,"Z2 :", Z2(T+I)
1530-PRINT #1<'Z3-:',-Z3(-T+I.) 
1540 PRINT #1," 
2000 NEXT T 
3000 END 
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Appendix II.Senegal River Basin Model Formulation 

The following description of the river basin planning model is given
for those who would like to understand the mechanics of this 
component of the vector-borne disease assessment process. One of the 
advantages of the particular formulation chosen, a mixed integer
programming formulation, is that a variety of commercial packages 
are available that facilitate the modeling process. The river basin was 
originally modeled as a system of algebraic equations solved using
linear programming techniques [LP]. It was modified to include 
integer variables to model the fixed costs involved in dam 
construction and to allow a separable programming approach to 
modeling reservoir head and volume relationships. Both the LP and 
mixed integer programming [MIP] formulation (using a 
branch/bound method) were solved using the commercial software 
LINDO,TM marketed by LINDO Systems, Inc. through The Scientific 
Press. 

As the model developed it became clear that a spreadsheet 
formulation would facilitate both the entry of constraints and the 
graphical depiction of results. A commercial package that uses an 
identical (LINDO) algorithm to run the model from a spreadsheet,
What'sBest! (also marketed through LINDO Systems, Inc.), was 
chosen. One of the additional advantages of this choice is that it 
permits the model to be run from either Macintosh or an IBM
compatible PC system using Microsoft@ Excel for the Apple Macin
tosh@, or Lotus 1-2-3@ or Borlaad's Quattro Pro@ for the PC. 

As discussed in the body of the report, the data for the following
model are taken primarily from the 1970 Sengal Consult Report and 
other documents that would have been available to planners at that 
time. The study, prepared by engineering consulting firms that 
specialized in dam construction, was, not surprisingly, less 
comprehensive in its treatment of irrigation issues. These data are,
however, not only useful for efficient planning of river regulation, but 
essential for a more in-depth analysis of irrigation-related vector
borne disease transmission. For this reason, the data from the 
S6n6gal Consult study are supplemented in the model by two more 
recent studies by Hargreaves (1985a,b) on the grounds that the these 
data could have been reasonably collected at the time of the originalUN fuii ded study. . . . . 
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The basic form of the mixed integer programming model is as 
follows: 

1) optimize ICJXJ 
J=1 

subject to 

2) aijj< bi for i = 1, 2,.. .,m 

3) xj > 0 forj = 1, 2,...,n 

4) xj integer-valued forj = 1, 2,..., p (:5 n). 

The Objective Function 

The first expression represents the objective function, which, in the 
standard model runs, maximizes the difference between the annval 
benefits anticipated by the configuration chosen and its amortized 
annual costs. This benefit serves as a first cut in the generation of an 
array of alternative plans with different effects on health that can be 
examined in the light of any number of standard secondary objectives,
such as capital or foreign exchange requirements. Trade-offs between 
this benefit and alternate concerns, such as the number of case-years of 
different diseases anticipated in conjunction with the given
configuration, can be plotted in the form of a net benefit transformation 
curve (as in Figure 1) or can be discussed in the context of a variety of 
enumerated alternative plans. More formally, the economic bonefit 
considered here is expressed as the maximization of the difference (in
106 $US [1970]) between the annual value of the hydroelectric power, crop
production, and water export and the amortized capital costs of the
p._Projects plus annual operating costs, or: 
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X{Xl[B E(E +SP(p .+ SIR(L..]j i 

r[1+r]n N'f R RSTPI ~ 
[(1+~n+] L~xi HiMAX)+7.1 S(RSTi)+XP(PiCAP)+x'R(Li){ 

Fl RPR +J(PiCAP) +1 R 1R( 

where
 

Eip, Pij represent the water exported, and power generated, in season j @site i.
 

pE, iP represent the benefits produced per unit of the above.
 

L i represents the land (in 1000 ha) devoted to irrigation technique i in season j.
IR 

Pij represents the unit net benefit for acres L under technique i in season j. 

r represents the discount rate. 

n represents the project life in years. 

XRi, etc. represent the unit variable construction costs of reservoirs, power plants, etc. 

RST 
X S T  represents the unit variable cost of resettlement at each site. 

HiMAX represents the capacity (maximum head) of reservoir i. 

RSTi represents the number of dwellings displaced by reservoir i. 

PiCAP the capacity of each power plant @site i. 

RIPER represents the perimeter of each reservoir i. 

QiR the annual O&M cost per unit length of perimeter. 

f iP the annual O&M cost per unit power plant capacity. 

IR 
the annual O&M cost per acre of land irrigated under technique i, and
 

r1+r~n 
 is the capital recovery factor, crf, or the coefficient for the amortization of 
[(l+r)n+l] 

capital costs over n years, given discount rate r. 
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To maximize this objective, the model determines the optimal values of 
the decision variables subject to the physical constraints of the water
shed (e.g. the total water available, the feasible capacities of the different 
reservoirs, the available arable land) and estimates of the economic 
value of the project's output (e.g. the product of the total GWh power
produced and its value, and of the total agricultural output and its 
value). 

The Decision Variables 

Decision Units 

variables
 

Global variables 

AB $US E+6 
AC $US E+6 
CTOT $US E+6 
POP E+3 
SCHISTO E+3 
MALARIA E+3 
BENP $US E+6 
PBASE M W 
PdTOT M W 
PwTOT M W 
PdVAR M W 
rwVAR M W 
BENIR $US E+6 
BENEX $US E+6 
BENNAV $US E+6 
COSTR $US E+6 
COSTP $US E+6 
COSTIR $US E+6 
COSTEX $US E+6 
COSTNAV $US E+6 
OMR $USE+6 
OMP $US E+6 
OMIR $US E+6 
OMNAV $USE+6 

Definitions 

J 

Annual benefits
 
Amortized annual costs
 
Total capital costs 
Pop surrounding basin developments 
Population positive for schistosomiasis 
Population positive for malaria 
Annual power benefit 
Base power 
Power produced in dry season 
Power produced in wet season 
Variable power in dry season 
Variable power in wet season 
Annual irrigation benefits net ann. inputs 
Benefits of H20 export to Dakar 
Annual navigation benefit 
Capital costs of dam/res construction 
Capital costs of power plants & equip 
Capital costs of irrigation development 
Capital costs of water diversion to Dakar 
Capital costs of navigation faciliLies 
Annual reservoir O&M 
Annual power plant O&M 
Annual irrigation site O&M 
Annual navigation facilities O&M 

Reservoir 1: Koukoutamba 

Hld m Q-head at beginning of dry season 
Headid m A, tual head at beginning of dry season 
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X11d 


X12d 

X13d 

WBINT11 
WBINT12 
Hlw 

Headiw 
Xllw 
X12w 

X13w 

Sld 

Slw 

Ald 

Alw 

LossId 
Lossiw 
Dld 


Dlw 

PERIM1 
COSTR1 
OMR1 

HUTRST1 


RESETR1 

POPR1 
MALR1 
SCHISTOR1 
Pld 

P1w 
PICAP 
COSTP1 
OMP1 

Reservoir 2: Boureya 

H2d 
Head2d 


X21d 

X22d 
WBINT2 

H2w 
Tad2w 
X21w 

X22 w 
S2d 


m 
m 
m 
0/1 
0/1 
m 

m 

m 

m 

m 


m3 E+9 

m3 E+9 

km2 

km2 


m3/sec 
m3/sec 
m3/sec 
m3/sec 


k m 

$US E+6 

$US E+6 

E+3 


E+3 
E+3 
E+3 
E+3 
MW 

M W 

MW 


$US E+6 

$US E+6 


m 
m 
m 
m 

0/1 
m 
m 
m 
m 


m3 E+9 

Dummy variable, max 25 
Dummy variable, max 15
 
Dummy variable, max 25
 
Integer variable
 
Integer variable
 
Q-head at beginning of wet season
 
Actual head at beginning of wet season 
Dummy variable, max 25 
Dummy variable, max 15 
Dummy variable, max 25 
Storage (vol) at beginning of dry season 
Storage at beginning of wet season 
Surface Area at beginning of dry season 
Surface Area at beginning of wet season 
Dry season evaporative loss 
Wet season evaporative loss 
Average outflow during dry season 
Average outflow during wet season 
Perimeter 
Capital cost 
Annual operation & maintenance costs 
Dwellings inundated by reservoir 
Forced resettlement (No. of individuals) 
Population surrounding reservoir 
Malaria positivity of surrounding pop 
Schisto prevalence of surrounding pop 
Capacity needed for power prod dry season 
Cap needed for power prod in wet season 
Power plant capacity 
Power plant capital cost 
Annual operation & maintenance costs 

Q-head at beginning of dry season 
Actual head at beginning of dry season
 
Dummy variable, max 30
 
Dummy variable, max 40
 
Integer variable
 
Q-head at beginning of wet season
 
ActuaTh-e-d-dat beginiinof w-et season
 
Dummy variable, max 30
 
Dummy variable,max 40
 
Storage (vol) at beginning of dry season 
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S2w m3 E+9 
A2d hm2 
A2w km2 
Loss2d m3/sec 
Loss2w m3/sec 
D2d m3/sec 
D2w m3/sec 
PERIM2 k m 
COSTR2 $US E+6 
OMR2 $US E+6 
HUTRST2 E+3 
RESETR2 E+3 
POPR2 E+3 
MALR2 E+3 
SCHISTOR2 E+3 
P2d M W 
P2w M W 
P2CAP M W 
COSTP2 $US E+6 
OMP2 $US E+6 

Reservoir 3: Manantali 

H3d m 
Head3d m 
X31d m 
X32d m 
X33d m 
WBINT31 0/1 
WBINT32 0/1 
H3w m 
Head3w m 
X31w m 
X32w m 
X33w m 
S3d m3 E+9 
S3w m3 E+9 
A3d km2 

A3w km2 
Loss3d m3/sec 

D3d m3/sec 
D3w m3/sec 
PERIM3 k m 

Vector Biology and Control Project 

Storage at beginning of wet season 
Surface Area at beginning of dry season
 
Surface Area at beginning of wet season
 
Dry season evaporative ioss
 
Wet season evaporative loss
 
Average outflow during dry season
 
Average outflow during wet season
 
Perimeter
 
Capital cost
 
Annual operation & maintenance costs
 
Huts inundated by reservoir
 
Forced resettlement
 
Population surrounding reservoir
 
Malaria positivity of surrounding pop
 
Schisto prevalence of surrounding pop
 
Cap needed for power prod in dry season
 
Cap needed for power prod in wet season
 
Power plant capacity
 
Power plant capital cost
 
Annual operation & maintenance costs
 

Q-head at beginning of dry season
 
Actual head at beginning of dry season
 
Dummy variable, max 20
 
Dummy variable, max 40
 
Dummy variable, max 25
 
Integer variable
 
Integer variable
 
Q-head at beginning of wet season
 
Actual head at beginning of wet season
 
Dummy variable, max 20
 
Dummy variable, max 40
 
Dummy variable, max 25
 
Storage (vol) at beginning of dry season
 
Storage at beginning of wet season
 
Surface Area at beginning of dry season
 
Surface Area at beginning of wet season
 
Dry season evaporative loss
 

-Wet--sesh-evap6rativeToss. . 
Average outflow during dry season 
Average outflow during wet season 
Perimeter 
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COSTR3 $U3 E+6 
OMR3 $U3 E+6 
HUTRST3 E+3 
RESETR3 E+3 
POPR3 E+3 
MALR3 E+3 
SCHISTOR3 E+3 
P3d 	 M W 

P3w 	 M W 

P3CAP M W 
COSTP3 $US E+6 
OMP3 $US E+6 

Reservoir 4: Badoumb6 

H4d m 
Head4d m 
X41d m 
X42d m 
X43d m 
WBINT41 0/1 
WBINT42 0/1 
H4w m 
Head4w m 
X41w m 
X42w m 
X43w m 
Tail4d m 
Tail4w m 
S4d m3 E+9 
S4w m3 E+9 
A4d 	 km2 

A4w km2 
Loss4d m3/sec 

Loss4w m3/sec 
D4d m3/sec 
D4w m3/sec 

D4xd m3/sac 
-.	 D4xw .. m3/sec 

PERIM4 km 
COSTR4 $US E+6 
OMR4 $US E+6 

Capital cost 
Annual operation & maintenance costs 
Huts inundated by reservoir 
Forced resettlement 
Population surrounding reservoir 
Malaria positivity of surrounding pop 
Schisto prevalence of surrounding pop 
Capacity needed for power prod in dry 
season
 
Capacity needed for power prod in wet
 
season
 
Power plant capacity
 
Power plant capital cost 
Annual operation & maintenance costs 

Q-head at beginning of dry season 
Actual head at beginning of dry season 
Dummy variable, max 28 
Dummy variable, max 22 
Dummy variable, max 20 
Integer variable 
Integer variable 
Q-head at beginning of dry season 
Actual head at beginning of dry season 
Dummy variable, max 28 
Dummy variable, max 22 
Dummy variable, max 20 
Tailrace = fn (Galougo & Gouina heads, 
outflow) in wet & dry season, respectively 
Storage (vol) at beginning of dry season 
Storage at beginning of wet season 
Surfa . Area at beginning of dry season 
Surface Area at beginning of wet season 
Dry season evaporative loss 
Wet season evaporative loss
 
Average outflow du.ing dry season
 
Average outflow during wet season
 

Outflow by-passing power plant 
-Outflow-bypassing-pawerplant.. 
Perimeter
 
Capital cost
 
Annual operation & maintenance costs
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HUTRST4 
RESETR4 
POPR4 
MALR4 
SCHISTOR4 
P4d 
P4w 
P4CAP 
COSTP4 
OMP4 

Reservoir 5: Galougo 

H5d 
Head5d 
X51d 
X52d 
X53d 
WBINT51 
WBINT52 
H5w 
Head5w 

X51w 
X52w 
X53w 
Tail5d 
Tail5w 
S5d 
S5w 
A5d 

A~w 
Loss5d 

Loss5w 
D5d 
D5w 
PERIM5 
COSTR5 
OMR5 

HUTRST5 
RESETR5 
POPR5 .. -

MALR5 
SCHISTOR5 
P5d 

E+3 

E+3 

E+3 

E+3 

E+3 

M W 

M W 

M W 


$US E+6 

$US E+6 


m 
m 
m 
m 
m 
0/1 
0/1 
m 
m 

m 
m 
m 
m 
m 

m3 E+9 
m3 E+9 

k2 

kin2 
m3/sec 

m3/sec 
m3/sec 
m3/sec 

km 
$US E+6 
$US E+6 

E+3 
E+3 
E+X--
E+3 
E+3 

M W 

Vector Biology and Control Project 

Huts inundated by reservoir
 
Forced resettlement
 
Population surrounding reservoir
 
Malaria positivity of surrounding pop
 
Schisto prevalence of surrounding pop
 
Cap needed for power prod in dry season
 
Capacity needed for power prod in wet seas
 
Power plant capacity
 
Power plant capital cost
 
Annual operation & maintenance costs
 

Q-head at beginning of dry season 
Actual head at beginning of dry season
 
Dummy variable, max 15
 
Dummy variable, max 20
 
Dummy variable, max 25
 
Integer variable
 
Integer variable
 
Q-head at beginning of dry season
 
Actual head at beginning of dry season
 
Dummy variable, max 15
 
Dummy variable, max 20
 
Dummy variable, max 25
 
Tailrace is also a function of Gouina head
 
Tailrace is also a function of Gouina head
 
Storage (vol) at beginning of dry season
 
Storage at beginning of wet season
 
Surface Area at beginning of dry season
 

Surface Area at beginning of wet season
 
Dry season evaporative loss
 

Wet season evaporative loss 
Average outflow during dry season 
Average outflow during wet season 
Perimeter 
Capital cost 
Annual operation & maintenance costs 
Huts inundated by reservoir 
Forced resettlement 
-Popula0ion surroundig -res-erv-ir 
Malaria positivity of surrounding pop 
Schisto prevalence of surrounding pop 
Cap needed for power prod in dry season 



79 S6n6gal River Basin Case Study 

P5w 
P5CAP 
COSTP5 
OMP5 

Reservoir 6: Gouina 

H6d 
Head6d 
X61d 

X62d 
X63d 
WBINT61 
WBINT62 
H6w 
Head6w 
X61w 
X62w 
X63w 
S6d 
S6w 
A6d 
A6w 
Loss6d 
Loss6w 
D6d 
D6w 
PERIM6 
COSTR6 
OMR6 
HUTRST6 

RESETR6 
POPR6 
MALR6 
SCHISTOR6 
P6d 
P6w 

P6CAP 
COSTP6 

OMP6 

Reservoir 7: Gourbassi 

H7d 
Head7d 

M W 

M W 


$US E+6 

$US E+6 


m 
m 
m 

m 
m 
0/1 
0/1 
m 
m 
m 
m 
m 

m3 E+9 
m3 E+9 
km2 
km2 

m3/sec 
m3/sec 
m3/sec 
m3/sec 

k m 
$US E+6 
$US E+6 

E+3 
E+3 
E+3 
E+3 
E+3 
M W 

M W 


M W 

$US E+6 

$US E+6 


m 
m 

Cap needed for power prod in wet season 
Power plant capacity 
Power plant capital cost 
Annual operation & maintenance costs 

Q-head at beg nning of dr season 
Actual head at beginning of dry season 
Dummy variable, max 35 
Dummy variable, max 15 
Dummy variable, max 10 
Integer variable 
Integer variable 
Q-head at beginning of wet season 
Actual head at beginning of wet season 
Dummy variable, max 35 
Dummy variable, max 15 
Dummy variable, max 10 
Storage (vol) at beginning of dry season 
Storage at beginning of wet season 
Surface Area at beginning of dry season 
Surface Area at beginning of wet season 
Dry season evaporative loss 
Wet season evaporative loss 
Average outflow during dry season 
Average outflow during wet season 
Perimeter 
Capital cost 
Annual operation & maintenance costs 
Huts inundated by reservoir 
Forced resettlement 
Population surrounding reservoir 
Malaria positivity of surrounding pop 
Schisto prevalence of surrounding pop 
Cap needed for power prod in dry season 
Cap needed for power prod in wet season 
Power plant capacity 
Power plant capital cost 
Annual operation & maintenance costs 

Q-head at beginning of dry season 
Actual head at beginning of dry season 
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X71d 
X72d 
X73d 
WBINT71 
WBINT72 
H7w 
Head7w 
X71w 
X72w 
X73w 
S7d 
S7w 
A7d 
A7w 
Loss7d 
Loss7w 
D7d 
D7w 
PERIM7 
COSTR7 
OMR7 
HUTRST7 
RESETR7 
POPR7 
MALR7 
SCHISTOR7 
P7d 
P7w 
P7CAP 
COSTP7 
OMP7 

Site 8: Flou 

P~d 
P8w 
P8CAP 
COSTP8 
OMP8 
D8d 
D8wm3sc 

Surface irrigation: Al 

EAld 

In 
m 
m 

0/1 
0/1 
m 
m 
m 

m 

m 


m3 E+9 

m3 E+9 

km2 

km2 


m3/sec 

m3/sec 

m3/sec 

m3/sec 


k m 

$US E+6 

$US E+6 


E+3 

E+3 

E+3 

E+3 

E+3 

MW 

M W 

MW 


$US E+6 

$US E+6 


MW 

M W 

M W 


$US E+6 

$US E+6 
m3/sec 

. 

m3/sec 

Vector Biology and Control Project 

Dummy variable, max 15
 
Dummy variable, max 12
 
Dummy variable, max 6
 
Integer variable
 
Integer variable
 
Q-head at beginning of wet season
 
Actual head at beginning of wet season
 
Dummy variable, max 15
 
Dummy variable, max 12
 
Dummy variable, max 6
 
Storage (vol) at beginning of dry season
 
Storage at beginning of wet season
 
Surface Area at beginning of dry season
 
Surface Area at beginning of wet season
 
Dry season evaporative loss
 
Wet season evaporative loss
 
Average outflow during dry season
 
Average outflow during wet season
 
Perimeter
 
Capital cost
 
Annual operation & maintenance costs 
Huts inundated by reservoir 
Forced resettlement 
Population surrounding reservoir 
Malaria positivity of surrounding pop 
Schisto prevalence of surrounding pop 
Cap needed for power prod in dry season 
Cap needed for power prod in wet season 
Power plant capacity 
Power plant capital cost 
Annual operation & maintenance costs 

Cap needed for power prod in dry season 
Capneeded for power prod in wet season 
Power plant capacity 
Power plant capital cost 
Annual operation & maintenance costs 
Dry season 
W -sefason.. . 

Average diversion to Al in dry season 
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EAlw m3/sec 
LA1 ha E+3 
LAld ha E+3 
LAiw ha E+3 
RIAld m3/sec 
RIAlw m3/sec 
BENIRA1 $US E+6 
COSTIRA1 $US E+6 
SOCINFA1 $US E+6 
LAlPOP E+3 
MALA1 E+3 
SCHISTOA1 E+3 

Alternate irrigation: A2 

EA2d m3/sec 
EA2w m3/sec 
LA2 ha E+3 
LA2d ha E+3 
LA2w ha E+3 
RIA2d m3/sec 
RIA2w m3/sec 
BENIRA2 $US E+6 
COSTIRA2 $US E+6 
SOCINFA2 $US E+6 
LA2POP E+3 
MALA2 E+3 
SCHISTOA2 E+3 

Recession Agriculture: B 

EBd m3/sec 
EBw m3/sec 

LB ha E+3 
BENIRB $US E+6 
LBPOP E+3 
MALB E+3 
SCHISTOB E+3 
RIBd m3/sec 
RIBw m3/sec 

Rainfed Agriculture: C 

LC ha E+3 
BENIRC $US E+6 

Average diversion to Al in wet season
 
Maximum hectarage under Al
 
Al dry season hectarage
 
Al wet season hectarage
 
Average return flow fromAl in dry season
 
Average return flow fromAl in wet season
 
Annual benefits from irrigation
 
Capital cost of Al
 
Social infrastructure costs assoc with Al
 
Population associated with Al
 
Pop at Al positive for malaria
 
Pop at Al with schistosomiasis
 

Average diversion to A2 in dry season 
Average diversion to A2 in wet season 
Maximum hectarage under A2 
A2 dry season hectarage 
A2 wet season hectarage 
Average return flow fromA2 in dry season 
Average return flow fromA2 in wet season 
Annual benefits from irrigation 
Capital cost of A2 
Social infrastructure costs assoc with A2 
Population associated with A2 
Pop at A2 positive for malaria 
Pop at A2 with schistosontiasis 

There is no flood in dry season 
Diversion for artificial flood 

Max hectarage to recession agriculture 
Annual ben from recession agriculture 
Population associated with recession at; 
Pop around B positive for malaria 
Pop around B with schistosomiasis 
Av'g return flow from flood in dry season 
Av'g return flow from flood in wet season 

Max hectarage devoted to rainfed crops 
Annual benefits from rainfed crops 
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LCPOP E+3 Population associated with rainfed ag 
MALC E+3 Pop at C positive for malaria 
SCHISTOC E+3 Pop at C with schistosomiasis 

Export & Navigation 

EXd m3/sec Average export to Dakar in dry season 
EXw m3/sec Average export to Dakar in wet season 
r,outd m3/sec Minimum outllow in dry season 
Doutw m3/sec Minimum outilow in wet season 

The Parameters 

The parameters listed below include any of the coefficients that are ei
ther calculated or ordinarily taken as givens, such as the value of hy
droelectric power, the expected yields and value of the agricultural 
output, the mean annual inflows from the different tributaries, or the 
expected rate of evaporation for the different reservoirs. As mentioned in 
the body of the report, any parameter can be treated as a variable to 
explore the impact of these variations (which may represent, for 
instance, uncertainty about their precise value, or changing economic 
or climatic conditions) on project design. In the spreadsheet model, the 
distinction between the two is mechanical because decision variables 
occupy cells adjusted to maximize (or minimize) the value of the objec
tive cell, while parameters occupy cells with fixed values for a given 
model run. 

A partial listing of the model's parameters follows. The 
parameterization of a number of the basin's important physical rela
tionships, particularly those involving the reservoirs (e.g. volume/head,
surface area/head), leads to a number of parameters that are more 
easily listed in the equations determining the resulting constraints than 
in the following section. 

Parameters Values Units Definitions 

General parameters 

DR 8% Discount Rate 
Ptifiie . .50 - yr. -P6jet-ti-mespan 
CRF 0.0817 Capital recovery factor (calc from above) 
Days-d 212.24 sec E+6 Seconds in dry season (Dec-Jtme) 
Days-w 153 sec E+6 Seconds in wet season (July-Nov) 
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VFd 
VFw 

[Inflows [ 

Fld 
Flw 
F2d 
F2w 
F3d 
F3w 

F4d 
F4w 
F5d 
F5w 
F6d 
F6w 

Reservoirs [ 

SICAP 
S2CAP 
S3CAP 
S4CAP 
S5CAP 
S6CAP 
S7CAP 
Maxlevi 
Maxlev2 
Maxlev3 
Maxlev4 
Maxlev5 
Maxilev6 
Maxlev7 

Startlevl 
Startlev2 
Startlev3 
Startlev4 
Startlev5 
Startlev6 
Startlev7 

A1MAX 
A2MAX 
A3MAX 
A4MAX 

54.5 
75.6 

16 
378 
51 

584 
1 

225 

16 
175 

15 
374 

3 
21 

4.6 
14 
40 
15 
40 
15 
6 

555 
410 
245 
180 
138 
125 
103 

490 
340 
160 
110 
85 
65 
70 

175 
480 

1100 
800 

10^9/sec 
10A9/sec 

m3/sec 
m3/sec 
m3/sec 
m3/sec 
m3/sec 
m3/sec 

m3/sec 
m3/sec 
m3/sec 
m3/sec 
m3/sec 
m3/sec 

m3 E+9 
m3 E+9 
m3 E+9 
m3 E+9 
m3 E+9 
m3 E+9 
m3 E+9 

m 
m 
m 
m 
m 
m 
m 

m 
m 
m 
m 
m 
m 
m 

km2 

km2 

km2 

km2 


Dry season vol/flow scale factor
 
Wet season vol/flow scale factor
 

Dg season inflow 1 
Wet season inflow 1 
Dry season inflow 2 
Wet season inflow 2 
Dry season inflow 3 
Wet season inflow 3 
Dry season inflow4 
Wet season inflow 4 
Dry season inflow 5 
Wet season inflow 5 
Dry season inflow 6 
Wet season inflow 6 

Maximum volume reservoir 1 
Maximum volume reservoir 2 
Maximum volume reservoir 3 
Maximum volume reservoir 4 
Maximum volume reservoir 5 
Maximum volume reservoir 6 
Maximum volume reservoir 7 
Max dam crest elevation res 1 
Max dam crest elevation res 2 
Max dam crest elevation res 3 
Max dam crest elevation res 4 
Max dam crest elevation res 5 
Max dam crest elevation res 6 
Max dam crest elevation res 7 
Min dam crest elevation res 1 
Min dam crest elevation res 2 
Min dam crest elevation res 3 
Min dam crest elevation res 4 
Min dam crest elevation res 5 
Min dam crest elevation res 6 
Min dam crest elevation res 7 
Maximum surface area res 1 
Maximum surface area res 2 
Maximum surface area res 3 
Maximum surface area res 4 
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A5MAX 

A6MAX 


A7MAX 
Evapid 

Evaplw 

Evap2d 


Evap2w 

Evap3d 

Evap3w 

Evap4d 

Evap4w 

Evap5d 

Evap5w 

Evap6d 

Evap6w 

Evap7d 

Evap7w 

Taill 

Tail2 

Tail3 

Tail4 

Tail5 

Tail6 

Tail7 

PAl 

PA2 

PA3 

PA4 

PA5 

PA6 

PA7 
OMRCoeff 
HUTCOST 

Power 	production 

alpha 

beta 

Dhrs 


....-Wh-rs......... 
BaseBen 
VarBen 
VarOM-factor 

2400 km2 
1350 km2 
475 km2 

1.139 m 
0.391 m 
1.139 In 

0.391 m 
1.357 m 
0.463 m 
1.357 m 
0.463 m 
1.681 m 
0.579 In 
1.681 in 
0.579 m 
1.357 In 
0.463 	 m 

477 m 
328 m 
156 m 

Variable m 
Variable 	 In 

53 m 
70 In 

2.35 
1.32 
0.61 
0.35 
0.53 
0.55 
1.06 
0.02 	 $US E+6/km 

$0.10 	 $US E+6/1000 

huts 

0.0082 

199 

5.1 Hrs E+3/season 

Vector Biology and Control Project 

Maximum surface area res 5 
Maximum surface area res 6 
Maximum surface area res 7 
Res 1 dry season evap coeff 
Res 1 wet season evap coeff 
Res 2 dry season evap coeff 

Res 2 wet season evap coeff 
Res 3 dry season evap coeff 
Res 3 wet season evap coeff 
Res 4 dry season evap coeff 
Res 4 wet season evap coeff 
Res 5 dry season evap coeff 
Res 5 wet season evap coeff 
Res 6 dry season evap coeff 
Res 6 wet season evap coeff 
Res 7 dry season evap coeff 
Res 7 wet season evap coeff 
Reservoir 1 tailrace level 
Reservoir 2 tailrace level 
Reservoir 3 tailrace level 
Reservoir 4 tailrace level 
Reservoir 5 tailrace level 
Reservoir 6 tailrace level 
Reservoir 7 tailrace level 
Perin/surface ratio res 1 
Perin/surface ratio res 2 
Perim/surface ratio res 3 
Perin/surface ratio res 4 
Perim/surface ratio res 5 
Perin/surface ratio res 6 
Peiim/surface ratio res 7 
Reservoir O&M (cost/km) 
Cost of dwelling construction 

Conversion factor for power production 
Arbitrary constant to aid calculations 
Hours in dry season 

3.--Hrs-E+3/season--41oursin wet-season--
0.03 $US E+6 Value of base power 
0.01 $US E+6 Value of variable power 

0.006 $US 	E+6/MW Coeff for PP O&M calculations 
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FixOM-factor 

[Irrigation 

Alparam 
A2_param 
B-param 
C-param 
H20_surf dry 
H20_surfwet 
H20_.altdry 
H20_altwet 

Costlr-surf 

Costlr-alt 
RF11 
RF12 
RF21' 
RF22 

Population 

PopRlparam 
PopR2_param 
PopR3_param 
PopR4_param 
PopR5_param 
PopR6_param 
PopR7_param 
AlPop-param 
A2Pop-param 
BPop-param 

CPopparam 

Disease
 

MPrevR1 

MPrevR2 

MPrevR3 

MPrevR4 

MPrevR5 

MPrevR6 


....MPrevR7--

MPrevA1 
MPrevA2 
MPrevB 

0.1 $US E+6 Coeff for PP O&M calculatinns 

0.50 $US E+611000 ha Value of Al harvest 
0.50 $US E+64000 ha Value of A2 harvest 
0.14 $US E+6/000 ha Value of B harvest 
0.08 $US E+6/1000 ha Value of C harvest 
2.19 m Al wet seasson water requirement 
1.78 m Al dry seasson water requirement 
1.40 m A2 wet seasson water requirement 
1.17 m A2 dry seasson water requirement 

1.3 	 Capital cost Al development 
3.9 	 Capital cost A2 development 

0.10 	 Short-term return of irrigation diversions 
0.05 	 Delayed return of irrigation diversions 
0.30 	 Short-term return of floodwaters 
0.35 	 Delayed return of floodwaters 

3 Individuals/dwelling around res 1 
3 Individuals/dwelling around res 2 
3 Individuals/dwelling around res 3 

3.6 	 Individuals/dwelling around res 4 
3.8 	 Individuals/dwelling around res 5 
3.8 	 Individuals/dwelling around res 6
 

4 Individuals/dwelling around res 7
 
4.0 	 Pop assoc with each ha Al 
4.0 	 Pop assoc with each ha A2 
1.0 	 Pop assoc with each ha B 
1.0 	 Pop assoc with each ha C 

66% % malaria positive at R1 
56% % malaria positive at R2 
44% %malaria positive at R3 
28% % malaria positive at R4 
40% % malaria positive at R5 
40% % malaria positive at R6 
520/&-...... -% malaria positive at-R-7 
60% % malaria positive at Al 
20% % malaria positive at A2 
30% % malaria positive at B 
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MPrevC 20% %malaria positive at C 
SPrevR1 85% % schisto positive at R1
 
SPrevR2 72% % schisto positive at R2
 
SPrevR3 63% % schisto positive at R3
 
SPrevR4 35% % sphisto positive at R4
 
SPrevR5 54% % schisto positive at R5
 
SPrevR6 55% % schisto positive at R6
 
SPrevR7 68% % scbisto positive at R7
 
SPrevAl 80% % schisto positive at Al
 
SPrevA2 10% % schisto positive at A2
 
SPrevB 30% % schisto positive at B
 
SPrevC 10% % schisto positive at C
 

Navigation and export 

NavMin 300 m3/sec Minimum outflow for navig .tion 
MaxEx 17 m3/sec Maximum export to Dakar 
H20_value $0.10 $US/rn3 Nominal value of water exported 

The Constraints 

The model includes both equality and inequality constraints. The 
equality constraints consist of continuity constraints, (which are 
responsible for ensuring that the amount of water coming into the 
system, or any component of the system, is the same as the amount that 
comes out,) and constraints that are essentially definitions, such as 
COSTR = COSTR1 + COSTR2 + . . . + COSTR7. In addition to 
aggregating data that may be of interest to decision makers, these 
constraints make the model more readable. 

Equality Constraints 

General Constraints j 
AB = BENP + BENIR + BENEX 
AC = CRF * CTOT 
CTOT = COSTR + COSTP + COSTIR 
POP = LAlPOP + LA2POP + LBPOP + LCPOP + POPR1 + POPR2 + POPR3 + 

POPR4 + POPR5 + POPR6 + POPrD7 
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SCHISTO = SCHISTOR1 + SCHISTOR2 + SCHISTOR3 + SCHISTOR4 + 
SCHISTOR5 + SCHISTOR6 + SCHISTOR7 + SCHISTOA1 + 
SCHISTOA2 + SCHISTOB + SCHISTOC 

MALARIA = MALR1 + MALR2 + MALR3 + MALR4 + MALR5 + MALR6 + MALR7 + 
MALA1 + MALA2 + MALB + MALC 

BENP = BenGWh * (Dhrs + Whrs) " PBASE + VarBen * (PdVAR * Dhrs + 
PwVAR + Whrs)
 

PdTOT = Pld + P2d + P3d + P4d + P5d + P6d + P7d + P8d
 
PwTOT = Pw + P2w + P3w + P4w + P5w + P6w + P7w + P8w
 

dVAR = Pld + P2d + P3d + P4d + P5d + P6d + P7d + P8d - PBASE
 
PwVAR = 
Pw + P2w + P3w + P4w + P5w + P6w + P7w + Pw - PBASE 
BENIR = Alparam * (LAld + LAiw) + A2_param * (LA2d + LA2w) + B-param

* LB + CQparam * LC 
BENEX = (Seccd * EXd + Sec-w * EXw) * H20_value
 
COSTR = COSTR1 + COSTR2 + COSTR3 + COSTR4 + COSTR5 + COSTR6 +
 

COSTR7
 
COSTP = COSTP1 + COSTP2 + COSTP3 + COSTP4 + COSTP5 + CosrP6 +
 

COSTP7 + COSTP8
 
COSTIR = COSTIRA1 + COSTIRA2
 
COSTEX (No cost: the Canal de Cayor is already in place)
 
OMR = OMR1 + OMR2 +OMR3OMR4 + OMR5 + OMR6 + OMR7
 
OMP = OMP1 + OMP2 + OMP3 + OMP4 + OMP5 + OMP6 + OMP7 + OMP8
 

Reservoir 1 variables: Koukoutamba 

H1CAP = Maxlevl - Startlevl 
Hld = Xlld +Xl2d + Xl3d
 
Headld = Startlevl - Taill + Hid
 
Hlw = Xllw + Xl2w +X3w
 
Head1w = Startlevl - Taill + Hiw
 
Sld = 0.2/25 * Xiid + 0.8/15 * Xl2d + 3.6/25 * Xi3d
 
Siw = 0.2/25 * Xliw + 0.8/15 * Xi2w + 3.6/25 * Xl3w
 
Ald = 20/25 * Xlld + 80/15 * Xl2d + 60/20 * Xl3d
 
Alw = 20/25 * Xiiw + 80/15 * Xi2w + 60/20 * Xi3w
 
Lossld = Ald * Evapld/Sec_d
 
Lossiw = Alw*Evapw/Sec_w
 
Did = F2d + VFd * Sld - VFd * Siw - Lossid
 
Diw = F2w + VFw * Slw - VFw * Sld - Lossw
 
PERIMI = 6.75 * Hld 
COSTR1 = 20/25 * Xild + 20/15 * X12d + 50/21 * X13d + HUTCOST * HUTRST1
 
OMR1 = OMRCoeff * PERIM1
 

_HUTRST1 . =01215*X2d,+0.18/15* X.1,d 
RESETR1 = HUTRST1 * PopRlparam 
POPRI = PAl * RESETR1 
MALR1 = POPR1 * MPrevR1 
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SCHISTOR1 = POPRI * SPrevRl
 
COSTP1 = 0.11 * P1CAP
 
OMP1 = VarOMfactor * PICAP
 

Reservoir 2 variables: Boureya 

H2CAP = Maxlev2 - Startlev2 
H2d = X21d + X22d
 
Head2d = Startlev2 - Tail2 + H2d
 
H2w = X21w + X22v"
 
Head2w = Startlev2 - Tail2 + H2w
 
S2d = 230 * X21d + 12/40*X22d
 
S2w = 2/30 * X21w + 12/40 *X22w
 
A2d = 180/30 * X21d + 300/40 * X22d
 
A2w = 180/30 * X21w + 300/40 * X22w
 
Loss2d = A2d * Evap2d/Secjd
 
Loss2w = A2w * Evap2w/Sec-w
 
D2d = Dld + VFd * S2d - VFd * S2w - Loss2d
 
D2w 
 = D1w + VFw * S2w - VFw * S2d - Loss2w 
PERIM2 = 350/40 *H2d 
COSTR2 = 95/50 * H2d + HUTCGST * HUTRST2 
OMR2 = OMRCoeff * PERIM2 
HUTRST2 = 1.8/46 * H2d 
RESETR2 = HUTRST2 * PopR2_param 
POPR2 = PAP * RESETR2 
MALR2 = POPR2 * MPrevR2 
SCHISTOR2 = POPR2 * SPrevR2 
COSTP2 = 0.1 * P2CAP 
OMP2 = VarOM_factor * P2CAP 

Reservoir3 variables: Manantali 

H3CAP = Maxlev3 - Startlev3 
H3d = X31d + X32d + X33d
Head3d = Startlev3 - Tai13 + H3d 

H3w = X31w +X32w + X&3w 
Head3w = Startlev3 - Tail3 + H3w 
S3d = 1.4/20 * X31d + 15/40 * X32d + 23.6/25* X33d 
S3w = 1.4/20 * X31w + 15/40 * X32w + 23.6/25 * X33w 
A3d = 10 * (X31d + X32d) + 20 * X33d 
A3w = 10 * (X31w +X32w) + 20 * X33w 
Loss3d = A3d * Evap3d/Sec d 
Loss3w = A3w * Evap3w/Secw 
D3d = F3d + D2d + VFd * Sd - VFd * S3w - Loss3d 
D3w = F3w+ D2w + VFw * S3w - VFw * S3d - Loss3w 
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PERIM3 = 6.25 * H3d
 
COSTR3 = 1.8 *H3d + HUTCOST * HUTRST3
 
OMR3 = OMRCoeff * PERIM3
 
HUTRST3 = 0.1 * X31d + 0.5 * WBINT31 + 0.044 * X32d + 0.089 * X33d
 
RESETR3 = HUTRST3 * PopR3_param 
POPR3 = PA3 * RESETR3
 
MALR3 = POPR3 * MPrevR3
 
SCHISTOR3 = POPR3 * SPrevR3
 
COSTP3 = 0.13 * P3CAP
 
OMF3 = VarOMfactor * P3CAP
 

rReservoir4 variables: Badoumbe 

H4CAP = Maxlev4 - Startlev4
 
H4d = X41d +X42d +X43d
 
Head4d = Startlev4 - Tail4d + H4d
 
H4w = X41w +X42w +X43w
 
Head4w = Startlev4 - Tail4w + H4w
 
S4d = 0.8/28 * X41d + 5.2/22 * X42d + 10/20* X43d
 
S4w = 0.8/28 * X41w + 5.2/22 * X42w + 10/20 * X43w
 
A4d = 80/28 * X41d + 240/22* X42d + 480/20 * X43d
 
A4w = 80/28 * X41w + 240/22* X42w + 480/20 * X43w
 
Loss4d = A4d * Evap4d/Sec_d
 
Loss4w = A4w * Evap4w/Sec-w
 
D4d = Fld + VFd *S4d -VFd *S4w- D4xd -Loss4d
 
D4w = Fiw + VFw * S4w 
-VFw * S4d - D4xw -Loss4w 
PERIM4 = 220/60* H4d 
COSTR4 = 170/70 * H4d + HUTCOST * HUTRST4 
OMR4 = OMRCoeff * PERIM4 
HUTRST4 = 1.5/60 * H4d 
RESETR4 = HUTRST4 * PopR4_param 
POPR4 = PA4 * RESETR4 
MALR4 = POPR4 * MPrevR4 
SCHISTOR4 = POPR4 * SPrevR4 
COSTP4 = 0.14 * P4CAP 
OMP4 = VarOM_factor * P4CAP 

Reservoir 5: Galougo 

H5CAP = Maxlev5 - Startlev5
 
H5d = X5ld + X52d + X53 ..... ...
 

Head5d = Startlev5 - Tail5d + H5d 
H5w =X51w +X52w+X53w 

Head5w = Startlev5 - Taii5w + H5w 
S5d =1/15 *X51d + 7/20 *X52d +52/25 *X53d 
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S5w = 1/15 *X51w + 7/20 * X52w + 52/25 * X53w
 
A5d = 100/15 * X51d + 800/20* X52d + 2100/25 * X53d
 
A5w = 100/15 * X51w + 800/20 *X52w+ 2100/25 * X53w
 
Loss5d = A5d * Evap5d/Sec-d
 
Loss5w = A5w * Evap5w/Sec_w
 
D5d = D3d + D4d + D4xd + F4d +VFd * S5d - VFd * S5w - Loss5d
 
D5w = D3w + D4w + D4,:,w + F4w + VFw * S5w - VFw * S5d - Loss5w
 
PERIM5 = 1200/55 * H5d
 
COSTR5 = 160/63 * H5d + HUTCOST * HUTRST5
 
OMR5 = OMRCoeff * PERIM5
 
HUTRST5 = 0.4/15 * X51d + 1.6 * WBINT51 + 2/20 * X52d + 0.6 * WBINT52 + 5.4/20 

* X53d
 
RESETR5 = HUTRST5 * PopR5_param
 
POPR5 = PA5 * RESETR5
 
MALR5 = POPR5 * MPrevR5
 
SCHISTOR5 = POPR5 * SPrevR5
 
COSTP5 = 0.08 * P5CAP
 
OMP5 = VarOMfactor * P5CAP
 

Reservoir 6 variables: Gouina 

H6CAP = Maxlev6 - Startlev6 
H6d = X61d + X62d + X63d 
Head6d = Startlev6 - Tail6 + H6d 
H6w = X61w + X62w + X63w 
Head6w = Startlev6 -Tail6 + H6w 
S6d = 0.4/35 * X61d + 5.6/15 * X62d + 9/10 * X63d 
S6w = 0.4/35 * X61w + 5.6/15 * X62w + 9/10 * X63w 
A6d = 100/35 * X61d + 500/15 * X62d + 750/10 * X63d 
A6w = 100/35 *X61w + 500/15 * X62w + 750/10 * X63w 
Loss6d = A6d * Evap6d/Sec_d 
Loss6w = A6w * Evap6w/Sec_w 
D6d = D5d + VFd * S6d - VFd S6w - Loss6d 
D6w = D5w + VFw * S6w - VFw * S6d - Loss6w 
PERIM6 = 740/60* H6d 
COSTR6 = 160/60* H6d + HICOST * HUTRST6 
OMR6 = OMR Coeff* PERIM6 
HUTRST6 = 0.6/35 * X61d + 2 * WBINT61 + 1/15 * X62d + 4.4/17 * X63d 
RESETR6 = HUTRST6 * PopR6_param 
POPR6 = PA6 * RESETR6 
MALR6-. =POPR6*-MPrevR6 .... 
SCHISTOR6 = POPR6 * SPrevR6 
COSTP6 = 0.08 * P6CAP 
OMP6 = VarOMfactor *P6CAP 
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Reservoir 7 variables: Gourbassi 

H7d = X71d+X72d+X73d 
Head7d = Startlev7 - Tail7+H7d
 
H7w = X71w+X72w+X73w
 
Head7w = Startlev7 - Tail7+H7w
 
S7d =0.5/15 * X71d+1.2/12 * X72d+3.3/6 * X73d
 
S7w = 0.5/15 * X71w+l.2/12 * X72w+3.3/6 * X73w
 
A7d = 70/15 * X71d+310/12 * X72d+200/13 * X73d 
A7w = 70/15 * X71w+31012 * X72w+200/13 * X73w
 
Loss7d = A7d * Evap7d/Sec_d
 
Loss7w = A7w * Evap7w/Sec_w
 
D7d = F5d+VFd * S7d - VFd * S7w - Loss7d
 
D7w = F5w+VFw * S7w -VFw * S7d - Loss7w
 
OMR7 = OMRCoeff * PERIM7
 
HUTRST7 (See inequality constraints)
 
RESETR7 = HUTRST7 * PopR7_param
 
POPR7 = PA7 * RESETR7
 
MALR7 = POPR7 * MPrevR7
 
SCHISTOR7 = POPR7 * SPrevR7
 
COSTP7 = 0.08 * P7CAP
 
OMP7 = VarOM.factor * P7CAP
 

Fdlou variables 

COSTP8 = 0.22 * P8CAP
 
OMP8 = VarOM_factor * P8CAP
 
D8d = D6d + D7d - EAld - EA2d - F6d
 
D8w = D6w + D7w - EA1w -EA2w - EBw - F6w
 

Irrigation: Al ] 
EAld = H20 surf.dry * LAld
 
EA1w = H20_surf wet * LAlw
 
RIAld = RF11 * EAld + RF12*EA1w
 
RIAlw = RF11 * EA1w + RF12 * EAld
 
BENIRA1 = Al-param * (LAld + LAiw)
 
COSTIRA1 = CostIr surf* LA1 + SOCINFA1
 
LA1POP = AlPopparam * LA1
 
MALA1 = LA1POP * MPrevA1
 

-SCHISTOA-- - = LAIPOP * SPrevAl--

Irrigation: A2 

EA2d = H20_altdry * LA2d 
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EA2w = H20_altwet * LA2w
 
RIA2d = RF11 * EA2d + RF12 * EA2w
 
RIA2w = RF11 * EA2w + RF12 *EA2d
 
BENIRA2 = A2_param * (LA2d + LA2w)
 
COSTIRA2 = Costr..alt * LA2 + SOCINFA2
 
LA2POP = A2Pop_param * LA2
 
MALA2 = LA2POP * MPrevA2
 
SCHISTOA2 = LA2POP * SPrevA2
 

Recession agriculture 

EBw = VFw * 0.067 * LB
 
BENIRB = B-param * LB
 
LBPOP = BPopparam * LB
 
MALB = LBPOP * MPrevB
 
SCHISTOB = LBPOP * SPrevB
 
RIBd = RF21 * EBw
 
RIBw = RF22 * EBw
 

Rainfed agriculture 

BENIRC = C.p-,'am * LC 
LCPOP = CPop-param * LC 
MALC = LCPOP * MPrevC 
SCHISTOC = LCPOP * SPrevC 

Navigation 

Doutd = D8d - RIAld + RIA2d + RIEJ - EXd
 
Doutw = D8w + I,.klw + RIA2w + RIBw - EXw
 

Inequality constraints 

Reservoir 1: Koukoutamba 

Hid- Hiw <= 5
Hlw - Hld <= 5 
Hld <= HICAP
X11d <= 25 

X11d >= 25 * WBINT11 
X12d <= 15 * WBINT11 
X12d. . >=-- -.. 15" WBINT4-2 ...... 
X13d <= 25 * WBINT12 
Xllw <= 25 
Xllw >= 25 * WBINT11 
X12w <= 15 %WBINT'11 
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X12w >= 15 * WBINT12 

Plw <= PiCA? 
P2Id-a( HeadiI&Ipre* Dld+Headd* Dl4jre- Headfl&I-re* DI~jre) 
Pld-a( HeadIijpre* Dld+Headld* Dktjre-Head1~dIre* DIA-jre) 
Plda(Headre*Dd+Hdd*D4jrmea~d-pe* Dlrre) 
Plw-a(Headllwjr* Dlw+Headlw* DLKwre-Headliw Ire* Dlw-re) 
Plw-a(Head1wjre* Dlw+Headlw* Dlw-jre- Headl2w re* Dlwjre) 
Plw-a(Head13Uvre* Dlw+Headlw* Diw 1re-Head13w I-re* Dlwj-re) 

Reservoir 2: Boureya 

H2d -H2w <= 5 
H2w -H2d <= 5 
X2ld <= 30 
X21d >= 30 * WBINT2 
X22d <= 40 * WB1NT2 

X21w>= 30 *WBINT2 
X22w <= 40 * WRINT2 

P~ <= 

P2w-ac(He-d2-w ireD2w+Head2w*D2wrpre-Head2Wre* D26v-re) 
P2w-(Heid2Av prD%+HeadvD2w peHead2WlreDwire) 

Reservoir 3: Manantali 

H3d -H3w <= 
H3w -H3d <= 
H3d <= 
X3ld <= 
X3ld >= 
X32d <= 
X32d >= 

X33d <= 
X3 1w<= 
X3lw >= 
X32w <=44 
X32w >= 

X33 

P3d < = 
P3w <= 

5
 
5
 
H3CAP
 
20
 
20 * WBINT31
 
40 * WBINT31
 

40 * WBINT32 

25 *WBINT32 
2 
20 *WBINT3I 

*WWNT31 

40 * WBINT32 
25 *W-BINT32.__ 
P3CAP 

P3CAP 

c-- P(W BINT II) 
<-- f(1-W BJNTII+W BIZ2 
<-- I3(1BINTIZ 
<--f= IT 
<-- f[l-W BINT fl+W BINTIZ 
<- P3(1-W BINT 1Z 

3(-W INT 

-<=-P(WBINT2) 
<-- P(1-W B1NTZ 

PI-ct( Head3I&Ire* D&I+Head~i* D&IIre-HmId3kJdre* D&cpre) <-- __(W BINT3I)
 
P&I-t( HeadW-re* D~d+Head3d* D&UreHadUtjr* D3djre) <= f3__(1-W BIhT31+W BM32D
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PM-a( H!id3re*D&I+HmdWi* D&I eHmdILr* D~dijre) <= f3(1-W B1NTD
 
P~-(a~-DwHmd3wjr* *D~kvjre- Heed~lw re* D~wvpie) <-- (WRBIT31)
 

P3w-a( H!d!vr* D3w+HegAUD3w are-Headl3w pr* D3w..jre) <-- f(1-W BINT31+WBINT32 
P3w-a(Hmd33wjpre* Dav+Hesd3w* Davre-Head3wjye* D3w...re) <=f(1-W BINMD 

[Reservoir 4: Badoumb6 

H4d -H4w <= 5
 
H4w -H4d <= 5
 

Tai~d>= H5d + Startlev5
 
Tai~d>= H5w + Startlev5
 
Tai~d>= H6d + Startlev6
 
Tail~d>= 6w +Startlev6
 

Head4d > 4
 
Head4w >= -45
 
X41d <= 28
 
X4ld >= 28 *WBINT41 
X42d<= 2*WBN4 
X42d >= 22 * WBINT42 

X43d<= 20 * WBINT492 

X41w >= 28 *WBINT41
 
X42w<= 2*WBN4
 

X43w<= 20 *WBINT42 

P4d-a(Headkldpre* D~k+Head~ki* D4&jr-eHad4k~re* D4&pe)___ <-- f(WBINT41) 

P4d-a(Hea101 Ire* D~k+Head4d* D e.Hed43a-v? DdA&jre) --fP(1-W BINT42 
P4w-(x(Hed41w-re*DJ4w+d4w* D4w pre- Head4lw_re* D4Wpe) <- P(W BINT4I) 
P4w-cx( HeuliAv-re* Dv+Hea4w* D4v -re- Head42wjpre* D4w.4pre) <-- P(1-W BIT41+W BINT2 
P4w-(x(HeadO3v-jre* D4w+Head4w* D4wjre- Head43w Ipre* D4w-re) <-- (1-W BINT2 

Reservoir 5: Galougo 

H5d < 5A 

TaiI~w > -77= 
Tail5d >= H6d+Startlev6 

Tai~d>= H6w + Startlev6 

Head5w >= -45 
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X51d <= 15
 
X51d >= 15 *WBINT51
 
X52d <= 20 * WNT~l51
 
X52d >= 20 * WBINT52
 
X53d <= 25 * WBINT52
 
X51W <= 15
 
X51W >= 15 * WBINT51
 
X52w <= 20 *WBINT51
 
X52w >= 20 * WBINT52
 

P5w <= P5CAP
 
P5i-z( Head5ld-pre* D~d+Head&1* D~dxImHadsk~re* D&Ure) 

P51-a( Head3U..jre* D~d+Head5i* D&I~pre- HeadMAre* D&Ijre) 

P~d-cx(Head5Sijje*D&I+Hmid&3* DedjHad53ijre*D5djre) 

P5w-ct(Head51wjr* D5vv+Head5w* D5w -re- Head5lwjre* D5Av re) 


P J-aHmSv-Ie* D5wv+Head5w* D5w ire*Head~wiK-re* D5wj-re) 
P&Mr-a(Hmid53,v-e* D56v+Head5w* D5Avje- HeadS3wjze* D&Nwjre) 

R~eservoir 6: Gouina 

H6d- h6w <= 5
 
H6w -H6d <= 5
 

X61d>= 15 * WBINT61
 
-X2d<= 10 * WBINT61
 

-X6lw >= 35 * WBINT62 

-X62w<= 1*WBN6
 
X62w>= 1*WBN6
 

X63w<= 10 * WBINT62 

-P6w < 6A
 
-P&1-a( Head6kdjr* D~i+Head&I* Djre-Had6k&Jre* D&Ijre)

P~i-x( HeadUre* D&I+Head&I* D dpe-Hefdakt-re* D&Urpe) 

-P&I-t( Head63i-pre* D~+edd D~~mHad6Mire* D~dijre)
P~w-ac( Head61w-.pr*j +edwDi~r-ed_preDr) 
P~wc(Had2vj-re* D~w+Head6w* D6w ireHead~v re* D6w re) 
PON- a(Head63wjr* D~w+Heai6w* D& _pre- Head463w. 4re* D6w rM) 

[Weseiiioir 7: Gorbs-

H7d <= H7CAP 

95
 

<-- (W BINT51)
 
<-- P(1-WBINT51+WB1NTQ
 
<-- (1-WBJNTM
 
-0- P3(W BMN5I)
 
<-- _a(1-W BJNT51+W BINTM
 
<-- _P(1-W BINTM
 

<--f(W BINT61) 
<-- P(1-W BINT61+W BINT&E) 

<= f3(1-W BINT62 
<- _(BN6

<= f3(1-W BINT61+W BINT64 
<-- (1-W BINT64 
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X71d <= 15
 
X71d >= 15 * WBINT71
 
X72d <= 12 * WBINT71
 
X72d >= 12 * WBINT72
 
X73d <= 6 * WBINT72
 
X71w <= 15
 
X71w >= 15 * WBINT71
 
X72w <= 12 * WBINT71
 
X72w >= 12 * WBINT72
 
X73w <= 6 * WBINT72 
PERIM7 >= 400/30 * H7d
 
PERIM >= 400/30 * H7w
 
COSTR7 >= 50/30 * H7d + HUTCOST * HUTRST7
 
COSTR7 >= 50/30 * H7w + HUTCOST * HUTRST7
 
HUTRST7 >= - 1 + 1.6/15 * X71d +.3/12 *X72d +.5/7 * X33d
 
HUTRST7 >= - 1+ 1.6/15 * X71w +.3/12 *X72w +.5/7 * X33w
 
P7d <= P7CAP 
P7w <= P7CAP 
P7d-a( Head71dpre* D7d+Head7d* D7d_pre-Head7ld_pre* D7d_pre) <= O(W BINT7I) 
P7d-a(Head7Adpre* D7d+Head7d* D7&pre-Hpd7Aipre* D7dre) <= j(1-W BINT71+W BINT7Z 
P7d-a(Head73dpre* D7d+Head7d* D7d-em-Head7&Lpre* D7dre) <= f3(1-WBINT74
P7w-o(Hed71w-re*D7w+Head7w*D7w pre-Head7lw re*D7wkpre) <= P3(WBINT71)
P7w-a(Head7?v2jre* IXw+Head7w*D7w pre-Head?2wjpre* D7w_pre) <= (1-W BINT71+WBINT7Z 
P7w-a(Head7Av-jre*D7w+Head7w*D7v pre-Head73w pre*D7w_pre) <= P(1-WBINT72) 

Site 8: FMlou
 
PHd <= M8AP

P8w <= P8CAP 

P8d <= 16 * alpha * D6d
 
P8w <= 16 * alpha * D6w
 

Irrigation constraints 
LA1 + LAP, <=- 48D
 
LB +LC <= 280
 

LA1 + LA2 + LB + LC <= 525
 
LAId <= LA2
 
LAlw <= LA1

LA2d <= LAP, 

LA2w <= LA2 

I Export and Navigation 

EXd <= MAXEX
 
EXw <= MAXEX
 

Doutd >= NAVMIN
 
Doutw 
 >- NAVMIN 
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