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Abstract

Thc São Francisco Rivcr provides about 70% ofthc surface water in Northeast Brazil, and
like much or Brazil the basin includes communities characterized bya broad range of
incomcs, including persistent poverty. The basin's agricultUral systems cover a wide range
bctwccn capitalized cxport-focused enterprises and subsistcncc farms, and the basin also
hosts several important water-dependent ecological zones. Increasingly. the complex web
linking watcr availability, water quality, water productivity, economic growth, poverty
allcviation and community and ecosystcm health is coming into focus. Brazilian federallaw
rcquires that public policymakers promote and guide water management so as to improve
overall social welfare. Howevcr, knowledge gaps hamper implementation:

. We do not know how decisions on water use are taken by impol1ant water-use groups, and
once taken, how these decisions affect the waler-use options available in other parts of the
basin, now and in the future; and

. We lack information for assessing scale-dependenl, freshwaterdynamics and using these
dynamics to predict lhe effects of alternative water policies designed to promote increased
waler productivity, and enhancement 01'livelihoods and the environment.

This papel' dcscribes a basin-widc hydrologic model and a basin-wide economic model 01'
agriculture. When the models are linked, they are used to assess lhe effecls of access to and
lhe cost aI' irrigation water on agricultural change, and lhe efTects of agricultural changc
(perhaps promoted using water policies) on water resources. Two separate basin-wide modcls
are developed. The first is MIKE Basin, a model used to calculate water budgets for large
watersheds. Data are aggregated to the levei of user-defined sub-basins within the main
watershcd. MIKE Basin uses a conceptual rainfall-runoff model (NAM modcl) based O!1a
multiple-tanks concept that simulates the release of water from the differcnt storage units in
each sub-basin. Runoff from each user-dcfined sub-basin is accumulated 01'routcd down the

Tivernetwork; stage-discharge and rule curves are used to operate the reservoirs. The second
is a positive mathematical programming model developed at município (county) leveI. Thc
modeluses observed farmer behavior to identify factors influcncing the extent or agriculture.
crop mix and production technology, and then uses these relationships to predict the effects
of changcs in economic, policy ar hydralogic circumstances. These two models are thcn
'Iinkcd' lOassess lhe efTects ofagricultural change in water use (and hence on waler
resources). and lhe etTects of waler and other econom jç pol icies on agriculture.

Preliminary results slIggest that although the water resources ofthe SFRB are gcnerally
lInder-utilizcd, substantially cxpanding agriculture in the basin could put major pressurc 011
some of the river's environmental flows, evcn at the river's mouth. Increases in cultivated
arca would, however, increase agricultural GDP and rural employment, bolh of which would
hclp reduce rural poverty. Results also demonstate the potcntially uneven economic cffects of
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water-use regulations across farmer types; poor farmers are less affected than non-poor
farmers under some circumstances.

Given the array of hydrologically inter-relatedwater-scarce and water-surplus arcas within
the SFRB, a basin-wide approach to water management is clearly called for. In some areas
water is scarce (or will become scarce very soon) and policy aetion to identify water rights
and manage water resources should be put into place. In other areas, water use in agriculture
can be greatly expanded; in these areas, market access and capital constraints are the factors
limiting agriculturalexpansion and modemization.

Keywords
Hydrologicmodeling,cconomicmodelof agriculture,waterpolicy,Brazil,basin-widewater
management.

Introduction
The São Francisco River provides about 70% of the surface water in Northeast Brazil and,
like much of Brazil, the basin includes communities characterized by a broad range of
incomes, some ofwhich have very high rates ofpersistent poverty. The basin's agricultural
systems cover a similar range between highly capitalized, export-focused enterprises and
subsistence farms. Major corporations and cottage industries comprise the industrial water-
use seetor while cities and towns tap the basin for municipal supplies. The basin also hosts
severa) important water-dependent ecological zones. lncreasingly, the complex web linking
water avai)ability,water quality, water productivity, economic growth, poverty alleviation,
and community and ecosystem health is coming into focus. Conflict for water among various
water user communitiesand seetors is becoming common, ofien with negative consequences
for resource-poor stakeho)ders(ANA 2004).

Brazilian federallaw requires that public policymakers promote and guide water management
so as to improve overall social welfare. More specifically, the law clearly places hydrological
resources in the public domain. It charges policymakers with the wise and sustainable
management of these resources via the use of water price policy and other policy instruments,
some ofwhich remain to be developed. However, formidable challenges confront
implementation.Two of the challenges this research seeks to address in the context of the São
Francisco River Basin (SFRB) are:. Incomplete understanding of how water-use decisions are taken by important water-use

groups, and once taken, how these decisions affect the water-use options available in other
parts of the basin, now and in the future; and

. Incomplete information for assessing scale-dependent, freshwater dynamics and using these
dynamics to predict the effects of altemative water policies designed to promote increased
water productivity, and enhancement oflivelihoods and the environment.

1'his paper describes a basin-wide hydrologic model and a basin-wide economic model that
are being developed and linked to address policy issues related to agriculture, rural poverty,
and inter-sectoral and inter-basin trade-offs regarding water use. The next section briefly
describes the hydrologic mode!. Section 2 demonstrates the usefulness ofthe hydrologic
model for examining the hydro)ogic consequences of expansions of the agricultural frontier
in the SFRB; Section 3 uses the basin-wide hydrologic model to assess some of the economic
and environmental consequences of such an expansion. Sections 4 and 5, respectively,
describe the economic model of agriculture and demonstrate its usefulness for predicting the
effects of water use regulation on agricultural activities. Section 6 ends the paper with some
preliminary observations related to rural poverty.

1. The basic hydrologic model
MIKE Basin is a simple model used to calculate water budgets for large watersheds where
hydrologic data are scarce. The data needed to run the model are minimal, but the
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information it provides is also limited. This information is aggregated to the levei of user-
defined sub-basins within the main watershed. Input data on runoff from each user-defined
sub-basin are accumulated or routed down the river network to calculate output discharges
for each sub-basin; stage-dischargeand rule curves are used to operate the reservoirs.

Depending on the complexity ofthe simulation, the user will need hydrologic information,
which typically includes runoff, precipitation, evapotranspiration,and water management
data from groundwater and reservoirs (pumped water from groundwater and water
withdrawals from reservoirs and rivers).
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Figure I. The São Francisco River Basin configuration in MIKE Basin. Source: Authors'
calculations.

For the purposes ofthis project, the SFRB is divided into several arcas in order to calculate
the water budget and the water availability at key points in the basin. The key areas chosen
are those formed mainly by the drainage areas (sub catchments) ofthe main reservoirs in the
watershed plus several support nodes at main known river gauges. These extra support nudes:
i) allow for the calculation of the water budget in the reservoirs, which are the main water
suppliers to satisfy irrigation, industrial, and urban water demands; and ii) due to the strategic
importance ofreservoirs, discharge records ofhigh quality, reliability, and temporal
resolution should exist for those points. The spatial configuration of the basin was determined
by the discharge stations for which data were available. The entire SFRB was divided into 15
watersheds indicating the drainage areas of each station (Figure I). A water user representing
agricultural water demand was assigned to each watershed. The simulations are run using a
monthly time step.

For each watershed, monthly data on precipitation and evapotranspirationare available from
the CRU._TS_2.10dataset (Mitchell and Jones, 2005) and discharge is available from the
DSS522.1 dataset (Bodo, 200I). It is therefore possible to construct a simple characterization

-



Maneta et aI.

of the climate or each of the 15zones in terms of their mean conditions each month and the
expected variability (Figure 2). The southem and westem parts ofthe basin have climates that
can be classified as tropical with a dry season in the central months of the calendar year. In
general, the dry season is more contrasting as we move to wetter areas in the south and west.
In the central north and northeast parts ofthe basin the amount ofprecipitation is much
lower, while the atmospheric demand is high and constant throughout the year. This produccs
a climate with strong semiarid characteristics. Near the outlet ofthe São Francisco River, the
climate has strong oceanic innuences and the rainfallpattem reverses, i.e., the central months
of the year tend to be the wettest months.
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Note: Blue bars are mean monthly averages for precipitation and potentiaJ evapotranspiration (ETp). Red
whiskers are standard deviation of precipitation or ETp for the month. January is month number I.

Figure 2. Mean monthly precipitation and potential evapotranspirationand their standard deviations
for the SFRB. Source: CRU_TS_2.1Odataset (Mitchell and Jones, 2005) and Marco
Maneta.

While the precipitation regime shows important differences for different parts of the basin,
the evapotranspirationpattern is stable for the entire basin, showing high evapotranspiration
demand for ali the months but slightly lower during the cooler winter months. This winter
rccession is more contrasting as we move south in the basin.

The most unpredictable month in terms of precipitation is March. In general, the expected
variability in rainfall is proportional to the average, so that months with a large mean
precipitation tend to have the most months with precipitation well above or well below the
long-term average. Furthermore, the variability in monthly precipitation is typically larger for
the areas with semiarid and oceanic climates than for those in the southern or wcstern parts of
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the basin. Conversely, the dry months are the most 'reliable.' During those months, there is
very little precipitation and there is rarely a year during which the amount of precipitation is
much larger than the mean. Evapotranspiration is high and relatively constant.

Discharge, the basin response to precipitation, reflects pattems similar to those for
precipitation (Figure 3). January through April is the period with the largest river discharge,
as one would expect, and the months with highest discharge are also the months with the
largest standard deviations for discharge. The most predictable rates of monthly discharge
occur during the winter (dry) months, when river and its tributaries see their lowest discharge.
In general, the monthly pattem shows the integratedeffects of the climates of the basin (plus
the regulating effect ofthe multiple reservoirs), for example, at the mouth ofthe São
Francisco River the highest precipitation occurs during the winter months but the highest
discharge rates occur during the summer months.

1 2 3 '" 5 6 7 B 9 10 11 12
nvth

Note: Blue bars are mean monthly averages for precipitation and potential evapotranspiration (ETp). Red
wh iskers are standard deviation of precipitation or ETp for the month. Source: DSS522.! dataset (Bodo,
200 I ) and Marco Maneta.

Figure3. Monthlyriverdischargeandstandarddeviationsin theSFRB

Precipitation,evapotranspiration,and discharge are clearly interdependent in the SFRB.
Typically, years with above-average monthly precipitation will have above-average monthly
discharges and (slightly) lower monthly potential evapotranspiration.Catculating the
covariance structure ofthe three variables and assuming they follow a multinormal
distribution, we can obtain the probability density function, which givcs us informationabout
the likelihoodof different scenarios. With this joint probability function, we can calculate the
probability of a given monthhaving a given precipitation,a given potential
evapotranspiration, and with these calculate discharge.
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2. Usingthe hydrologicmodelto assesstbe ctTectsof ao expaosioDof cultivatcd arca
Ifwe know the irrigated area in each ofthe polygons that comprise the entire basin, the
monthly crop-specific water requirements throughout the year, and irrigation efficiency, we
can estimate irrigation water demand as follows:

(I) Waterdemand(L3T-I)=(ETp[L3T-l]* Kc- P[L3T-I])/leff
Where ETp is potential evapotranspiration;

Kc is an effective crop coefficient for a given crop mix;
P is precipitation;and
Ieff is a dimensionless irrigation efficiency factor (O>Ieff<=I) that represents the
irrigation technology used.

We obtained climate data from the above-mentioned databases.For the model simulations
reported below we used KC =1 and Ieff= 0.8 as representative average values for the crop
coefficient and the irrigation efl1ciencythrough the SFRB.

Because we characterized statistically the hydrologic inputsand responses of the system and
agricultural water demand, we can evaluatc statistically the probability that a given amount of
water will be required. To do so we use a Monte Carlo method in which the model is mn
multiple times drawing from ajoint probability distribution of prec,ipitation
evapotranspiration, and discharge. In doing 50,we obtain a set of possible outcomes
regarding surface water stocks, including the maximumand minimum levels expected given
the worse and best climatic conditions. , We also obtain the set of possible watcr demands for
each of the 15agricultural 'water users' that comprise the SFRB.

We demonstrate the usefulness of this approach by assessing the effects of an expansion of
the agricultural frontier in the SFRB. Let us imagine that the irrigated area were increased by
22,000 hectares (holding constant the area-specific crop mix) in each ofthe catchment areas
identified in the current configuration ofMIKE Basin. Assuming that irrigation efficiency
was equal to 0.8; we can simulate the effects of this expansion of agricultural activities 011
average water demand per month, and its knock-on effects on the water rcsources throughout
the basin.

Figure 4 presents the results of this agricultural expansion on water demand for a subset of
water users in the basin (the four water use graphs measure increases in water demand vis-à-
vis the baseline). As expected, the results reflect the climatic features of each area. In the
southem region where the amount of precipitation is large, the average increase in water
demand is low. There are important increases in water demand by water users further north il1
the semiarid region of the basin.

For most users, especially those in the semiarid areas of the basin, the central months of the
year (dry season) are the months with the highest average demandoJt is interesting to note
that while demand duríng the June-September period is quite consistent (narrow standard
deviation); demand during the wet season is more variable because frequently the 'wet'
months are drier than usual. This type of analysis helps identify areas of drought risk and
measure the extent of risk for rain-fed agriculturalísts, as well as measure the frequency with
which and the extent to which water needs will not be met for irrigated agriculture.

For example, in the Boqueirão area (upper left graph in Figure 4) an irrigation system
designed to guarantee about 400 m35' to irrigate the entire cultivated area during the dry
season would likely be sufficient to meet irrigation water needs evcn in the driest years. This
is because thcre is very little varíability in dry-season rainfall pattems. However, in that same
area, designing a system able to supply 200 m3S.Iduring the wet season may be problematic
since in 34% ofthe years (approximately 68% ofthe cases bound by:J::Istandard deviation)
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water demand would be almost 400 m3 S.I, twice wl:1attl:1esystem could supply. This
characterization can be used to produce a map for assessment of risk analysis.
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Note: Red !ines indicate average water demand and blue lines depict standard dcviations; grey lines are
the results of specific Monte Carlo experiments. Source: Marco Maneta, MIKE Basin model simulations.

Figure4. Theeffectsof expandingagricultureonwaterdemandinthe SFRB

3. An assessmcotor the economicbenetits and environmentalcostsor agricultural expansion
Aside from using additional water resources, area expansion in agriculture also generates
benefits in terms of increased income flows and increases in rural employment. One easy way
to predict these marginal benefits is to assume tl:1atas cultivated arca in eacl:1município is
expanded, the current (2006) município-specific proportionalland use patterns are retained,
and the site-specific gains are (hence) proportional to those genemted by existing agricultural
activities. Market forces, agroecological characteristics,etc. are chiefly responsible for
observed land use pattems, so, for small changes in cultivated land, using existing patternsas
our guide seems reasonable.

Table 1. Income and employmentbenefits of agricuJturalexpansion

Gross value oftotal additional Total increase in
Selected municípios agricultural output employment

(thousands 2006 R$) (person-months/yr)

Barreiras 36,524 2,350

Petrolina 192,854 14,300

Paracatú 41,989 7,400

Rio Paranaiba 3,676 190

-

Source: Authors' calculations based on IBGE data.
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Table I presents estimates 01'what these marginal benefits might be for four municípios in
the SFRB (see Figure 4 for their location). The very large differences in the values of output
and employment benefits attributablc to the simulated agricultural expansion are due chiefly
to the differences in product mix, though area expansion in the Rio Paranaiba município was
smaller than in the other municípios. In the case of Petrolina, in particular, area expansion
occurred primarily in irrigated, high-value, high-employment fruit/vegetable production.
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MonteCarloexperiments.Source:MarcoManeta,MIKEBasinmodelsimulations.

Figure 5. The effects of expanding agriculture on above-ground water storage in the SFRB

Once water demand associated with the simulated agricultural expansion has been
characterized, the impacts on the river system (river discharge and the dynamics of above-
ground water stocks) can be also evaluated. Figure 5 depicts estimates of river discharge for
selected locations in the river system and the storage dynamics of two reservoirs (the Três
Marías and Sobradinho dams). It is clear from the simulations that even in the worst-case
rainfall scenario the effects on water storage in the two reservoirs are very limited. In no case
can we expect the water stocks in either dam to be depleted below the levels required to
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maintain (assumed) environmental flows. However, the effects ofthe simulated agricultural
expansion on environmental flows could be quite substantial, e.g., the final discharge ofthe
São Francisco River could be zero during several months (compare the two right-hand graphs
ofFigure 5).

While the large capacity of the reservoirs reduces the impact of the c1imatic conditions and
the expansion of cultivated area on the water storage, the discharge in rivers is more variable,
hence the farmers and others depending on these discharges are more vulnerable. The rivers
in the northern part of the basin have a clear dry season during which flow rates are generally
low, but during the wet season these rivers may experience highly variable flow rates
depending on weather conditions during the specific ycar (see graph in upper-right portion of
Figure 5). River discharge in the southem part ofthe basin (see graph in the lower-right
portion ofFigure 5) shows a more regular discharge regime, but inter-annual variabilíty 01'
this discharge is also important indicating high sensitivity to the climatic variability. While
rivers in the semiarid regions show larger variability in discharge rates during the high-flow
months, in the wetter parts ofthe basin this variability is very similar throughout the year.

Perhaps most important, the simulated expansion of the agricultural frontier thoughout the
SFRB brought about dramatic reductions in seasonal flows, with potential negative
implications for ecosystem services to which these flows may contribute (e.g., aquatic life,
waste removal, etc.). At the top of Figure 5, two nested figures show the baseline flows 01'
two selected points along the SFRB. Note that in both cases the baseline flows never reached
zero, but in both cases area expansion in agriculturc caused flows to dry up and remain dry,
in one case for severa I months.

4. Ao economicmodelof agriculture
Water allocation and water use decisions are influenced by public poliey and other factors
both within and beyond the basin. Within the basin, public policy can take the form or
investments in water conveyance infrastructure (e.g., canal systems), the establishment 01'
water-user associations, the establishment (and enforcement) ofwater- or land-use
regulations, the establishment ofwater pricing schemes, ete. Outside the basin, policies such
as national tax policies relating to irrigationdevelopment, operations, and maintenance;
agricultural input and output pricing policies; and inter-basinwater transfer schemes can act
either to reinforce or to mitigate effects or policies at the basin or sub-basin levels.

To idcntify the effects of alternative water management options, we are developing a basin-
wide, município-leveIeconomic model that focuses agriculture. The model incorporatesthe
optimizing behavior of farmers and takes into consideration the ability of farmers to respond
to changes in economic incentives,among them changes in the cost of applied water. Tn
developing this model, we paid particular attcntion to policies that regulate surface water use,
and those that establish basin-wide and sub-basin water prices. We also considered how such
policies might independent1yand jointly affect cropping patterns, agricultural productivity
and profitability, employment, and poverty, and water use efftciency in the basin.

The economic model or agriculture for the SFRB described here is based on a class of models
called Positive Mathematical Programming (PMP), described in more detail in Howitt
(1995a), and widely used in applied research and policy analysis by Howitt and Gardner
(1986), House (1987), Kasnakoglu and Bauer (1988), Arfini and Paris (1995), Lence and
MilIer (1988), Heckelei and Britz (2000) and Helming et aI. (2000).

The model considers municípiosas economic agents who manage multi-output, multi-input
production operations with a specific objective in mind (net-income maximization)and
subject to an array of biophysical and socioeconomic constraints. The net income (NI) is
divided in two parts: I) revenue, defined as the price of crops,p, multiplied by the quantity 01'

-



Maneta et ai.

crop produced q, which is assumed to be a function of the quantities of input,x; and 2) cost,
c, which is a function of input prices, w, and input quantities, x. Input and output prices are
given, that is, production decisions at the município levei do not atIect market prices. In this
context, the net-revenue equation for municípios can be written as:

(2) NIs = LP;qj(Xy)-Cj(xij' w,), fors = 1 , S municípios,
j

Where q; (xij) is the production function for i = 1,..., Jcrops;
xij is the quantity of input j.forj = 1,...,J inputs, used in the production of crop i;
c (X , w. ) is the cost function associated with crop 1;

I Y Y

xi) is defined as above; and
wij is the price of input j used in the production of crop i.

We assume also that there are constant returns to scale. That is, for a given levei of land
quality, if farmers double the amount of ali inputs used, crop production will also double.
Under these assumptions, the production function for the model is represented by:

I

(3) q; =a/2:pyXpr ,

Wherc qi is the quantity of output for crop i, andoxijis the quantity or inputj used in the
production of crop i;
O;,and /li)are parameters to be calculated;

0--1
r=-;and

()

cr is the elasticity of substitution among inputs in the production processo

For the cost function we assume the foltowing specification:

(4) c, = WjXij+fII;X,~.

Whcre w} is the market pricc associated with inputj used in crop I;

x,} as the quantity ofthe inputj used in production of crop I; and

X,I is the number of hectares allocated to crop i.

Thus, the cost to produce crop i is defined by two terms: the first term on the right-hand sidc
is the market price of the inputs, wj' multiplied by the quantity of inputs used, xi}; and the

second term is the implicit cost associated with land allocation. It has a quadratic
specification with parameter 1fI,and incorporates the increasing marginal costs associated

with allocating increasing amounts of land to a particular crop. The rationale for including
such implicit land al\ocation costs are based on land quality heterogeneity and risk. lt is
important to stress that, at least for this version of the model, we do not intend explicitly to
model risk and/or land heterogeneity. We only assume instead that there is an implicit cost
associatcd with land atlocation to a particular crop, which may take the form of risk, land
heterogeneity or both, and that this cost has a quadratic functional form associated with land.

For this exercise, we use data from the most recent Brazilian Agricultural Census (1995/96)
to estimate the mode!. The lowest leveI of geopolitical aggregation in Brazil is the município
(Brazilian counties); this is the spatial unit of observation used in this exercise. For the
demonstration version ofthis model we have chosen the 6 municípios that comprise to the
Rio Preto River Basin, a sub-watershed ofthe São Francisco River Basin (Figure 6).
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Figure 6. Municípios that make up the Rio Preto River Basin.
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Figure7. Effectsofreducedwateravailability(10/%,20%,30%and40%)on irrigatedarca,by
município.Source:Authors'calculations.

We now use the model sketched out above to examine the effects of mandated reductions in
watcr use in agriculture to restore seasonal surface water flows; we highlight the effects on
irrigated area, crop allocation, and applied water. Note that ali results are presented in terms
of deviations from an established agricultural baseline.

5. Usingthe ecoDomicmodel to predict the effectsofreduced suppliesofwater to agriculture
Figure 7 depicts the effects on the amount of area under irrigationof a series of decreases (10,
20,30 and 40% decrease) in water availability (as mandated by water management policy). A
10% reduction in water availability is enough to induce reductions in irrigated land in
Formosa, Unaí, and Cristalina. Notice that there is no change in irrigated area in BonfinópoJis
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de Minas, Cabeceiras and Brasília, which is due to the fact that water is not a constraint in
these 3 municípios even with a 10% reduction. However, as water becomes more scarce (i.e.,
as availability is reduced by 20, 30, and 40%) we begin to see major reductions in the area
under irrigation in almost all municípios.

Farmers also react to reductions in water availability by changing what they produce and how
much water they apply. Figures 8 and 9 show the changes in crep mix and water use per crep
(again, by by município) associated with a 10%reduction in water availability. Note once
again, the highly varied responses across municípios to a uniform increase in water scarcity;
different soils, access to market, etc., can greatly influence the marginal contribution of
applied water to overall protits. For example, in rice, which is among the most water-
sensitive crops, there are reductions in area across all municípios,while the same is not true
for (say) citrus. Perhaps most important, the model suggests that increased water scarcity
generates a broad array of responses in terms of crop mix, area in some crops will expand
(c.g., orchard fruits) while the arca dedicated to other crops such as rice and com willlikcly
fali. This reshuffiing of crop mix in response to water scarcity is a result ofthe non-uniform
marginal contribution of water to output across crops, and of farmers' efforts to allocate
increasingly scarce resources (in this case, water) to their best uses in terms ofprotitability.
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6. Rural Poverty
The basin-wide hydrologieand economic models presented above can be uscd to examine the
effects ofweather and poliey aetions on agrieulture and henee on rural poverty. We highlight
several important examples here.

First, although the proportion of irrigated area is increasingthroughout the SFRB, most
agriculture in the SFRB is rainfed and hence remains exposed to drought risk, though this
drought risk is not uniform across the basin. The stochastie version of the basin-wide
hydrologic model can be used to identify high-risk areas as regards drought and the economic
model can predict the final effeets of droughts on agriculturalists,once their profit-
maximizing adjustments have been taken into account. Ifthe direct effeets (via ineome
declines) or the indirecteffects (via employment declines)of droughts on rural poverty merit
policy aetion, these models ean suggest where interventionswiII be most needed and what
types of interventions will be most effective.

Seeond, even in irrigated areas, inter-annual variations in rainfall ean lead to unmet water
demand, with implications for farm ineome and employment. 80th models ean be used to
predict where sueh unmet watcr demand will occur and how frequently it is likely to occur

-

Oonfinopolls de Min..

O

2

-.

-6

.8

-10

.12

- ..

Unai

Q L ,_ I _':L
-5

'0

,'5

-20

.25

-30

.35

"0

C.becetras



Maneta et ai.

and how large unmet demand will be. It can also suggest upstreamand water storage
management changes to reduce the likelihood or intensity of such shortfalls.

Third, while the economic model of agriculture demonstrates the ability of farmers to adjust
to changes in water availability and to changes in water prices, not shown here. Field
observations confirm the direction and extent ofsuch adjustments, however, the adjustments
are not costless and some may be beyond the reach of resource-poor tàrmers. To adjust
optimally to changing water availability and other situations, farmers need:

. Reliable information (00 weather, for example);

. Access to credit (to cover the costs of on-farm water conveyanceaod irrigation infrastructure,
for example):

. Advice 00 how to grow, process, and transport the broaderaITayofproducts that irrigation
can make available; and

. Access to markets for these products.
The public sector has important roles to play in helping to provide each ofthese.
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