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ABSTRACT This study combines hydrological modeling with applied micro-econo-
metric techniques to value a complex ecosystem service: drought mitigation provided by
tropical forested watersheds to agrarian communities. Spatial variation in current base-
flow allows estimation of drought mitigation values as the marginal profit accruing to
agricultural households. The paper shows that this uncommon focus on producer (not
consumer) surplus measures is appropriate for valuation as long as markets for com-
modities related to the environmental services are complete. For the typical household,
the estimated marginal profit is positive, validating the central hypothesis that baseflow
makes positive contributions to agricultural profits. There is some evidence, however,
that increased watershed protection will increase profits through greater baseflow only
in watersheds with a unique mix of physio-graphic and climatic features. The paper eval-
uates and provides some support for the hypothesis, put forward by hydrological
science and the Indonesian Government, that protected watersheds can supply latent
and unrecognized ecosystem services to local people.
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1. Introduction
Rapid disappearance of the world’s natural forest cover, at an estimated
net loss of 56.3 million hectares between 1990 and 1995, endangers the flow
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of socially useful goods and services from standing forests, e.g. timber,
fuelwood, fodder, herbs, medicines, erosion control, and mitigation of
floods and droughts. Economists diagnose this situation as symptomatic of
distorted or missing signals, i.e. individual economic agents and policy
makers are receiving unreliable and incorrect information regarding the
value of goods and services from tropical forests (Panayotou, 1992). This
argument has moved beyond the textbooks and seminars of economists
and is now widely accepted in international policy circles (Interagency
Partnership on Forests, 1997). Watershed services provided by protected
tropical forests are good examples of unpriced and undervalued ‘life
support services” resulting from natural ecosystem functions (Freeman,
1996; Barbier, 1994). A watershed service can be defined as the improve-
ment or maintenance of the ecological characteristics of the watershed that
results from soil and water conserving land uses. Dixon’s (1997) summary
of ecosystem services from protected watersheds includes stabilization of
hydrological regimes (mitigating floods and droughts) and control of soil
erosion and sedimentation. In many tropical settings the primary contri-
bution of these services is as inputs to agricultural production.

Because the market mechanism will not ensure optimum allocation of
watershed services, public intervention to protect tropical forest water-
sheds is necessary.! While Dasgupta’s (1996) contention that the ‘rural
poor are especially dependent’ on such resources adds urgency to the need
for government action, the level of watershed services that should be pro-
vided directly or indirectly by the government depends on the net benefits
of providing these services. Recent surveys of valuation studies reveal that
the economic benefits of protected watersheds are rarely quantified
(Georgiou et al., 1997; Dixon, 1997). Typically analysis of watershed ser-
vices have concentrated on soil erosion effects.

This paper addresses this gap in the literature by applying micro-econo-
metric methods, based on conventional producer welfare theory, to the
valuation of drought mitigation services from protected watersheds.? The
study also responds to recent criticisms of the Dasgupta logic that argue
that ‘evidence about the role of natural resources is anecdotal, conceptual
or based on simulations rather than econometrics” and that ‘regressions
that might include environmental quality as an input to a production func-
tion are rarely part of this literature’ (Horowitz, 1998, pp. 1529-30). The
focus on producer surplus measures is different from most environmental
valuation, which is typically structured on the theory of consumer welfare.

! Quasi-public good, externality, and high transaction cost aspects of watershed ser-
vices prevent them from being traded in any market. Hence missing or distorted
signals are not surprising.

2 While acknowledging the subtle differences between the terms ‘value’ and
‘benefit’, we use them interchangeably throughout this paper. We do not claim to
perform a comprehensive cost-benefit analysis of watershed protection; instead
we focus on the estimation of the benefits or values of watershed services.
Estimation of forest protection costs, including expenditures on management and
enforcement, and opportunity costs, are relatively straightforward because they
constitute market goods and services. In comparison, the non-market nature of
watershed services complicates the estimation of benefits.
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We contribute to the theory of valuation by deriving the theoretical con-
ditions under which changes in producer surplus are correct measures of
value to beneficiaries who are producer—consumer households. The study
is also unique in its empirical application to forested watersheds in a poor
agrarian region of a developing country: Manggarai, Indonesia.

Although forests in the highest watersheds of the Manggarai region on
the island of Flores had enjoyed some protection since the Dutch colonial
rule, the government of Indonesia established Ruteng Park on 32,000
hectares in 1993. The primary conservation goal was to provide greater
protection against deforestation threats and to initiate reforestation and
land conservation that enhances watershed protection. A recent evaluation
of water resources in the region finds that forests in Manggarai provide
drought mitigation service by protecting streams and rivers (Binnies and
Partners, 1994). Three other studies support this finding. First, research by
a local non-governmental organization finds that during the previous 25-
year period, streamflow has decreased in nine out of ten streams studied
in regions of Manggarai that are experiencing deforestation (Swiss
Intercooperation, 1996). Second, analysis of cross-sectional variation in
hydrological, topographic, and vegetation data from the 37 principal
watersheds within Ruteng Park shows that ‘reforestation has an important
role to ... increase ground water replenishment and springs and river dis-
charge during the dry period” (Priyanto, 1996, ix). Finally, survey findings
show that the Manggarai people living around Ruteng Park believe that
the protection of their water supply is a primary benefit of the park
(Kramer et al. 1997). Thus, while there is substantial bio-physical evidence
of the drought mitigation services of Ruteng Park to the farmers down-
stream from the park, the economic values of this service are unknown.
Next we propose an adaptation of Gregersen et al.’s (1987) three-stage
framework to estimate the economic value of this drought mitigation
service.

In the first stage, we propose that the establishment of Ruteng Park pro-
duces a drought mitigation service that is measured as a change in
baseflow, where baseflow is the non-episodic residual streamflow that is
left over after rain has gone out of the hydrological system in the form of
either stormflow (runoff) or evapotranspiration.®* While the effect of
forested watersheds on the hydrological cycle is complicated, stormflow
and evapotranspiration are the two most important components of the
hydrological system affected by forests. The effects on evapotranspiration
and baseflow are determined primarily by the geometry of the forest
canopy, the eco-physiology of the dominant tree species, the litter layer,
and the below ground soil structure of forests. These characteristics deter-

3 By park we mean the forests protected by the policy mandate that is institutional-
ized in the form of a park. So drought mitigation results from the creation of the
park that protects the forests. One reviewer observed that it is possible to have
‘partial parks’ that correspond to varying degrees of forest protection. By way of
a preview, this observation is consistent with our findings (reported in section 5)
that less than complete (100 per cent) forest cover may be the optimum amount of
protection.
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mine whether forests are net consumers or net producers of baseflow in a
hydrological system (Bruijnzeel, 1990). The park management believes that
‘revegetation for water conservation will reduce run off during the rainy
season and increase infiltration” (Indonesian Ministry of Forestry, 1995, vol
II, p. 5). The forest hydrology literature posits that extensive tree cover
helps maintain baseflow levels in areas with environmental characteristics
similar to Ruteng, i.e. steep terrain, intense rainfall, and clayey and com-
pacted soil (Bonnell and Balek, 1993). The three forest hydrology studies
discussed in the previous paragraph suggest that in many Manggarai
watersheds, forests are net producers of baseflow.

In the second stage, given that agriculture is the predominant economic
activity in the region and because the farmers who benefit from this service
cannot choose the quantity and quality of forest protection that mitigates
drought, the primary economic role of baseflow is as a fixed input in agri-
cultural production. In this context, baseflow can be conceived as the part
of the hydrological cycle that is useful in farming: moisture available to
plants.

Finally in the third stage, the effect on agricultural production changes
the economic welfare of agricultural households living around Ruteng
Park. This change in welfare is a measure of the value of drought mitiga-
tion, which is one of several potential benefits (and costs) of a large forest
park such as Ruteng. These services can be related to other conventionally
valued market goods and services as either substitutes or complements,
because households make production and consumption tradeoffs among
market and non-market goods (Maler, 1991). Thus, by identifying the main
production relations and economic tradeoffs, the value of drought mitiga-
tion can be estimated as ‘willingness to pay (WTP)’ that is measured in
terms of market products. Section 2 shows that this value can be measured
as the incremental profits resulting from the increase in baseflow. Studies
that measure the impact of soil erosion, ozone pollution, or wetland
quality on agriculture (or mariculture) in terms of marginal cost or profit
effects are empirical precedents for the approach used to value drought
mitigation services. Apart from valuing distinctly different ecosystem
functions, these studies focus on measures of environmental value to pro-
ducers, rather than to producer—consumer households.*

The rest of this paper is structured along the following lines. First,
section 2 describes an agricultural household model in detail, using equa-

* Two classes of ecosystem services have received the most attention from econ-
omists: (a) wetlands services (Lynne, Conroy, and Prochaska, 1981), and (b) ozone
pollution (Garcia et al. 1986). In both cases, some proxy for the ecosystem service
(e.g., saline concentrations in estuarine wetlands or ozone concentrations in
farming counties) is related to a production activity (e.g., shrimp or corn produc-
tion), typically using econometric methods. The theoretical basis for this approach
to value ecosystem services as incremental profits (lowered production costs) is
summarized in Freeman and Harrington (1990) and Huang and Smith (1998).
Four decades ago, Eckstein (1958) and Ciriacy-Wantrup (1961) proposed a similar
reliance on market data and production tradeoffs to evaluate watershed services.
In the context of the ‘water project derivatives’ of the 1960s, they treat a watershed
as a ‘producing unit’ and watershed services as “producer goods’.
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tions and figures to establish the theoretical basis for drought mitigation
values. Section 3 briefly presents the empirical model. Section 4 describes
the baseflow simulations, the data collection procedures, the study area,
and the variables in the empirical model. The results are presented in
section 5. Finally, section 6 discusses methodological and policy implica-
tions.

2 Theory of drought mitigation value: agricultural household model

A static agricultural household model is developed to show that the value
of the drought mitigation service is measured by incremental profits, the
money metric of the utility increase. Even though drought mitigation
influences household well being through production activities, it is
important to develop a comprehensive model that relates drought mitiga-
tion, production, profits, and utility of farming households because in
neoclassical economics theory, welfare (well being or utility) is character-
ized within a utility maximization framework.

Agricultural households maximize utility, U, which is assumed to be a
concave, continuous, twice-differentiable function of agricultural com-
modities, X, (e.g., cereal) and inputs, Y (e.g., leisure). The function is
conditioned by household characteristics, H. Utility maximization is
subject to four constraints. First, an input constraint implies that the sum
of ‘own’ input supply, R, and ‘own” input consumption, Y, cannot exceed
the household input endowment, T, which depends on household charac-
teristics, H. Second, a convex, continuous agricultural production function,
F, assumes that baseflow, W, is a fixed input that measures the background
drought environment of the farm. W is a weak complement to other pro-
duction inputs, V, or outputs, Q, because the demand for W is zero if there
is no agricultural production (Maler, 1991). Biophysical and socioeconomic
inputs, Z, also mediate the production technology. Third, the household’s
budget constraint ensures that expenditures are equal to the sum of the
monetary equivalent of the household input endowment, agricultural
profits, m, and exogenous income, E; this sum is the ‘Beckerian’ full income
(Strauss, 1986). Fourth, two additional constraints, collectively termed
‘market environment constraints’, are imposed to show the role of the
market environment in deriving a theoretically correct measure of value. If
a perfect market exists for the particular output or input, then the output
or input can be freely traded and the market constraint is not binding (the
multiplier is zero). The exact nature of the market constraint determines
the magnitude of the restriction parameter, M, and M,. Equation (1)
describes the utility-maximization problem

Maximize Y000

£ = UG, Y5 H) + Alp, - TH) + (- Q = p,- V) + E—p, - Y =p
C WO VW, D gy B 1 v = v 23

The first-order conditions for the maximization problem, which have the
standard equi-marginal interpretations, are presented in appendix 1. By
assumption U and F have the necessary properties to ensure that second-
order conditions for utility maximization hold. The key result is that
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households face virtual prices, which are the set of prices that would
induce the household to make the same choices in a perfect market
environment as it actually makes when one or more markets are imperfect
(Thorton and Eakin, 1992). The virtual price is equal to the sum of the
market price and the shadow price and, therefore, deviates from market
price by the amount equal to the shadow price depending on whether the
market constraint is binding or not.

Because W is a producer good, an increase in baseflow (drought mitiga-
tion) increases household welfare, U, through the production process, and
its value is measured as an increase in profits, dw, which is equal to the
marginal WTP, dWTP. This d is the amount of exogenous income, dE, that
could be taken away to compensate for the dw arising out of higher W,
holding the household at the initial welfare level. The marginal profit, dm,
thus measures the value to the household of increased W. By the envelope
theorem, a marginal increase in baseflow, dW, increases utility, dU, only
through the production function, F, and as derived in equations (2), d{WTP
is equal to dE/dW and to dm/dW (see appendix 1 for details).

du =00 dWTP = —d—E— lh —D—F lb F
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Significance of shadow profit: testing for separability

The marginal value of drought mitigation is equal to the observed mar-
ginal profit plus the marginal ‘shadow profit’. This ‘shadow profit” arises
when the households face virtual prices that deviate from the market
prices by the shadow prices due to binding market constraints. When the
market constraint is not binding (u, = 0 = w,), the marginal value of
drought mitigation is equal to the margmal observed profit’ dw is an
appropriate measure of the marginal WTP for drought mitigation as long
as the household production and consumption decisions are separable,
which occurs when production is independent of consumption even
though consumption depends on production (Singh, Squire, and Strauss
(eds.), 1986). Under separability, household characteristics, H, that influ-
ence consumption, do not affect production allocations Q and V. Thus, an

v Vi

5 The empirical implication of a non-zero and unknown shadow price or mismea-
sured virtual price is that neither the original parameters (and the constraints they
are supposed to satisfy) nor the equilibrium level of profit can be identified and,
therefore, measurements of profits are problematic. The ‘endogenous price’
problem has been discussed in the literatures on non-linear hedonic price func-
tions and on estimation of demand for public goods from household production
functions, both of which suggest that additional information on the household is
necessary to identify structural equations or endogenous prices (Bockstael and
McConnell 1983). Jacoby (1993) illustrates the estimation of shadow wages using
socio-demographic characteristics of farming households.
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empirical test of separability is the statistical significance of H in estimated
output supply and input demand functions or in the profit function.
Statistical or economic insignificance of H coefficients is tantamount to
insignificance of the shadow profit, implying that changes in observed
profit are a theoretically correct measure of the value of drought mitiga-
tion. Using a similar test, Pitt and Rosenzweig (1986) and Benjamin (1992)
present evidence for perfect markets in agrarian communities of Java,
Indonesia. Scitovszky (1943) was one of the first to recognize the import-
ance of perfect markets in equating utility-profit-maximizing choices for
owner-firms.

Value of drought mitigation

Given that drought mitigation (AW) is exogenous to the household, inte-
gration of the marginal profits over the range from baseline, W, to
elevated, W,, baseflow generates the incremental profits, Am, that result
from AW (equation (3)).® This is equal to the change in area under the profit
curve, or the area bounded by the input demand or output supply curves
of a profit-maximizing firm (Freeman and Harrington, 1990).

Wy
Am = WTP = fw 7, dW @3)
0

Assuming complete markets, incremental profits are a theoretically appro-
priate measure of incremental value. Figure 1 illustrates this logic using

A
Q, X (composite agricultural commodity) e, (P, U,
U, (Y,.X,) 0, (V. W)
¢y (P, Uy)
U, (Y, X)
Qy (Vi Wp)
n, (W, P)
Ty (Wy, P,)
V (l1abor)
—

Y (home time)

Figure 1. Value of drought mitigation to representative household

Note: Q is the numeraire such that P, = 1 and Py, and  are normalized by P,

¢ Following the environmental valuation literature that use static models (Huang
and Smith, 1998; Freeman and Harrington, 1990), we assume path independence
in integrating the marginal value (i.e. line integral of the gradient is path inde-
pendent) and imply that the welfare measure depends on the difference between
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the case of a typical household based in the affected watersheds, and
experiences the baseflow increase (W, to W,) and the resulting utility
increase (U, — Uy). A monetary measure of this increased utility, or the
value of drought mitigation, is the expenditure difference, ¢, — ¢, (Ae).
Because W affects utility only through the profit level and markets are
perfect, the associated change in profits, m; —m, (Am) is equivalent to Ae
and, therefore, is an observable money measure of value of AW.”

3 Empirical model of economic value of drought mitigation

The normalized quadratic, a second-order flexible approximation of the
profit function, is used to establish the relationship between baseflow and
household agricultural production.

™ =Byt Bp, Py 05 BPnn(j) P

In equation (4), annual household profits, 7, are estimated as a function of
baseflow, W, vector of output and input prices, P, , and a vector of fixed
inputs, Z,. The subscript, i, refers to the household. Note that W, is an index
of the hydrological environment of the household. We do not attempt to
specify the technology by which households use baseflow; all that this
dual specification of the production process assumes is that agricultural
production (and, therefore, agricultural profit) is impossible without plant
available moisture.

The associated forms of the derived output supply and input demand
functions are presented in table 1A and B. These equations are derived by
taking the first derivative of the quadratic specification with respect to
price (Hotelling’s Lemma) and this implies cross-equation restrictions on
all coefficients, i.e. coefficients on the baseflow-price interaction terms in
the profit equation are equal to the coefficients on the baseflow term in the
output supply (and input demand) equation. The separability (complete
market) assumption can be tested by studying the statistical significance of
household compositional variables, H , in estimated output supply and
input demand equations.

P By Pyt Z+ B, P, W+ g4)

n wn

4 Data collection and summary description of study area

The empirical model is based on two kinds of data: secondary environ-
mental statistics that describe the hydrological situation in the study area
and household survey information on the microeconomic profile of the
Manggarai.

the final and initial values. In this case, we ask the question ‘what is the increase
in farming profits if more baseflow were to become available today’. While the
dynamic process of the baseflow creation and its use by farmers is an interesting
question, our narrower objective and use of a static model and cross-sectional data
focus our attention on the overall contribution of baseflow.

7 A diagramatic expression of perfect markets is the price ratio line, tangent to and
separating the production function and the utility curve (or the separating hyper-
plane). The slope of this line is determined by market forces and not the
household allocations. By geometry, Ae is equal to Am because both are equal to
the vertical distance between the two price ratio lines, which remain parallel (com-
plete markets) even though baseflow changes household allocations.
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Table 1. Normalized quadratic technology: profit function, marginal and incremental
values

A. Profit function
=By + By P T 05-Bpygy - P24 By Py Z+ By, Py Wy Wy + ¢
B. Output supply (input demand) function
9y = Bpyi t Bpy, - P 105 BPnj ’ Pji T Bz LBy Wyt epn
C. Value of drought mitigation service

Marginal value

[ok o
m,= = >pB*P,
w1 aW 1 wn ni

i

Incremental value
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Hydrological data collection

The hydrological analysis is based on secondary data derived from: (1)
hydrological models from the regional soil and water conservation
departments that supplied information on evapotranspiration, intercep-
tion, stormflow, and ground water recharge, (2) precipitation records from
the regional meteorological department, and (3) topographic, vegetation,
and soils data from the national ministries of public works and agriculture.
An Indonesian hydrologist used a water balance model to derive baseflow
volumes for thirty seven sub-watersheds (j) in the buffer zone of the park.
Process-based hydrological models are used to calculate the evapotranspi-
ration (Et].), interception (In ].), stormflow (Sf].), and ground water recharge
(Gw)) that correspond to current land use. These calculations are combined
with precipitation (Ppt)) records in equation (5) to simulate the annual
baseflow volume (Wj), simply referred to as ‘baseflow’ (see Priyanto (1996)
for additional details).

W, = Ppt,— (Et, + In, + Sf, + Gw)) ®)

At the hydrological scale in this study, the type of land use and vegetation
cover affects all components of the water balance model except for pre-
cipitation. For each of the thirty seven sub-watersheds, baseflow levels
correspond to the current vegetation cover and, thus, this cross-sectional
variation in current baseflow is sufficient to econometrically establish the
influence of baseflow on agricultural profits.®

8 There are no projections of the baseflow levels that will result from Ruteng Park’s
protection and re-establishment of forests. As an alternative to evaluating a hypo-
thetical baseflow change, we conduct exploratory regression of the cross-sectional
hydrological data and predict baseflow increases based on regression coefficients.
The regression results are reported in appendix 4.



132 Subhrendu K. Pattanayak and Randall A. Kramer

Socio-economic data collection

The household data are drawn from a socio-economic survey conducted in
the Manggarai district in 1996 as part of a larger project on the economic
analysis of protected areas. Details of the larger project and the data col-
lection procedures are presented in Kramer et al. (1997). Because the
hydrological effects of the park are likely to dissipate over geographical
distance, the study area was restricted to the forty eight village clusters
(desas) in the buffer zone of Ruteng Park that are contiguous to the pro-
tected area. A map of Indonesia and the study area is presented in figure
2. Ruteng Park is located in the western part of Flores Island in western
Indonesia. The study area is presented in figure 3. Of the 13,700 farming
households in the buffer zone, five-hundred were chosen on the basis of
stratified random sampling in which the weights reflected the population
density of the desas. The survey was administered by sixteen Indonesian
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KALIMANTAN

akarta  SEA A BANDA
SEA

< =
INDIAN Flores o

OCEAN D 9= 2
Kupang ,ﬁ TIMOR
Sumba -®.s SEA

Figure 2. Map of Indonesia (arrow points to Flores Island)
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Figure 3. Rivers of Manggarai (37 watersheds in west-central Flores)
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undergraduate agronomy students who spoke the Manggarai dialect. The
interviewers received three days of training and were monitored during
the data collection. The nineteen page survey was designed using focus
groups, pretests, and informant interviews. It comprised of five sections:
demographic characteristics, biophysical profile of farm land, farm pro-
duction budget, labor and financial allocations, and opinions.

Household characteristics

We report summary statistics in table 2 to describe the buffer zone of Ruteng
Park in terms of the typical or average household. The average Manggarai
household has little education and wealth. They exhibit a heavy reliance on
agriculture, primarily growing coffee and rice, and keeping chickens and
pigs. Although 87 per cent of the local people are employed in agriculture,
in their own or others farms, non-agricultural sources of employment
include local government, NGOs, kiosks, and logging crews. The statistics
on both hiring-in and hiring-out labor indicate that the labor markets in
Manggarai region are important.’ Fertilizers are the other important inputs.

Table 2. Summary description of Ruteng Park buffer zone (Manggarai)

Variable Mean Std. Dev.
Average education of household (years) 6.00 1.89
Average farming experience (years) 15.1 12.4
Illness index (average count) 1.01 0.62
Number of adults 3.42 1.52
Wealth index (number of consumer durables) 0.82 1.28
Electricity (1=available, 0=not available) 0.14 0.35
Expenditure on food (million rupiahs) 0.31 0.41
Annual agricultural profits (million rupiahs) 0.74 1.10
% of Annual income from agriculture 85 29
Annual production of coffee (kilograms) 120.5 137.2
Annual production of rice (kilograms) 431.9 431.1
Number of pigs owned 1.7 0.9
Number of chickens owned 55 45
Labor hired out (days) 56.0 91.6
Labor hired in (days) 214 14.5
Fertilizer (kilograms) 38.7 54.7
Farm Size (hectares) 1.27 1.1
% Farm with contour farming 32 38

% Farm with irrigation 14 25

% Farm with slope facing north 23 35

% Farm with volcanic soil 32 39
Steepness of the farm (Likert Scale: 1-4) 2.25 1.00
Annual baseflow (meters) 1.02 0.16
Annual rainfall (meters) 2.50 0.33
Sample size (N) 494

? Fifty eight per cent of all households sampled reported hiring-out labor, whereas
31 per cent reported hiring-in labor. In all villages sampled at least one household
was hiring-out labor, and in 87 per cent of the villages at least one household was
hiring-in labor.
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Typically, the Manggarai farm small, steep, and unirrigated parcels of land
that has primarily volcanic soil. While the Manggarai region receives on the
average 2.5 meters of rainfall annually, the fact that about 40 per cent (1.02
meters) stays in the system as baseflow (a more appropriate drought
measure) indicates that many sub-watersheds are likely to frequently
experience drought situations, especially during the dry season.

Next we briefly summarize the model specification. For the profit func-
tion the dependent variable is annual agricultural profits, m, calculated as
total revenue less total variable costs. The independent variables are
prices, fixed inputs, and variables for the separability test. The set of prices,
P, include two chief outputs—coffee and rice, and one primary input—
labor. Fixed inputs, Z, are grouped into two sets: (1) conventional private
quasi-fixed inputs—amount of farm land and extent of private irrigation—
and (2) bio-physical fixed inputs—baseflow, rainfall, and slope of land
(measured on a four-point Likert scale referring to ‘flat’, ‘somewhat steep’,
‘steep’, and ‘very steep’ land parcels). The five household compositional
variables (H,,), used to test for the completeness of markets, include: family
size, fraction of household reporting illness, average age, fraction of house-
hold who are adults, and fraction of household who are males. If this set
of five variables is statistically unrelated to coffee and rice supply and
labor demand, it suggests that production decisions are made independent
of consumption decisions because the labor and the food market are
perfect and hired labor and purchased food can be substituted for family
labor and own production. The fact that a large proportion of households
report input and output prices, and the proximity of roads and other
market infrastructure (e.g., stores and credit facilities) provides some evi-
dence that markets are complete for agricultural products and labor.

5 Results

In table 3, we report the results from estimating the normalized quadratic
profit function, as defined in equation (4) and table 1A. In table 4, we
present the results of the estimated output supply and input demand func-
tions for the quadratic function (table 1B). First, we summarize the results
of our separability tests. Estimated coffee and rice supply and labor
demand functions that included five household compositional variables
are reported in appendix 3. Of the fifteen coefficients associated with the
compositional variables in the three estimated equations, twelve are stat-
istically insignificant and the three statistically significant variables are
economically insignificant.!® The five variables are jointly insignificant in
each equation. These results legitimize the complete market assumption.

10 Given the possibility that collinearity of the household compositional variables
could result in statistical insignificance, the first principal component of the five
variables was also tested in separate regressions (Greene, 1997, pp. 424—427). This
variable too was statistically insignificant. Our results are robust to the inclusion of
other socio-demographic variables, such as education, and to the Cobb-
Douglas specification. A reviewer has suggested that the overall insignificance of
theseregressors could be due to data quality. While acknowledging this possibility,
webelieve thatlacking better empirical tests and/or potentially better data, the best
interpretation of our data is the rejection of the incomplete market hypothesis.



Environment and Development Economics 135

Table 3. Generalized least square estimates of normalized quadratic profit function

Description of explanatory variable B P-value
P, Coffee price —270.21 0.006
Rice price —1167.80 0.017
Labor price —261.72 0.000
p? Coffee price? 0.27 0.89
Rice price? 308.26 0.003
Labor price? 9.56 0.001
PP, Coffee price * Rice price —7.47 0.70
Coffee price * Labor price —2.68 0.38
Rice price * Labor price —55.45 0.007
P*Z  Coffee price * Farm size 88.11 0.000
Coffee Price * Baseflow 155.65 0.008
Coffee price * Irrigation 65.94 0.048
Coffee price * Slope 7.11 0.36
Coffee price * Rainfall 56.66 0.019
P*Z  Rice price * Farm Size 411.94 0.000
Rice price * Baseflow 475.44 0.076
Rice price * Irrigation 1462.44 0.000
Rice price * Slope —65.33 0.091
Rice price * Rainfall 255.77 0.046
P;*Z, Labor price * Farm size —18.70 0.000
Labor price * Baseflow 3.57 0.90
Labor price * Irrigation —60.90 0.000
Labor price * Slope -6.19 0.11
Labor price * Rainfall 71.22 0.000
Constant 130.49 0.13
N 487
Adjusted R? 0.28
X2 (18) statistic* 134.21 0.000

Note: * Cross equation parameter restrictions on all terms. A separate
specification with parameter restrictions on price, price squared, and ‘price
baseflow” terms could not be rejected at a 99 per cent confidence level.
Acknowledging an efficiency, versus bias tradeoff, the above table reports
only the theoretically correct specification, i.e. restrictions on all parameters,
despite the high x? statistic.

The normalized quadratic profit, output supply (coffee and rice), and
input demand (labor) functions are estimated as a SUR equation system
with cross-equation parameter restrictions, e.g. the coefficient on coffee
price in the profit equation is equal to the constant in the coffee supply
equation (see tables 1A and B for all restrictions). The profit and prices are
normalized with respect to the price of fertilizer, and the fertilizer demand
equation is dropped to ensure linear independence of the equations. The
x? (27) statistic of 130 suggests that the cross-equation restrictions should
be rejected, but many coefficients in the unrestricted system are statisti-
cally insignificant, and have theoretically implausible sizes and signs.!!

A partially restricted system, a hybrid of the completely restricted and unre-
stricted system was also estimated. The signs and significance of baseflow
coefficients are not substantially different in these two alternative regressions.
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Table 4. Generalized least square estimates of output supply and input demand
functions of normalized quadratic profit function

Coffee Rice Labor**
Description of explanatory variable B (P-value) B (P-value) B (P-value)
Coffee price ($/kilogram) 0.27 —7.47 2.68
(0.89) (0.70) (0.38)
Rice price ($/kilogram) —7.47 308.26 55.45
(0.70) (0.003) (0.007)
Labor price ($/day) —2.68 —55.45 —9.56
(0.38) (0.007) (0.001)
Farm size (hectares) 88.11 411.94 18.70
(0.000) (0.000) (0.000)
% Farm with irrigation (0-1) 65.94 1462.44 60.90
(0.048) (0.000) (0.000)
Steepness of farm land (0-4) 7.11 —65.33 6.19
(0.36) (0.091) (0.11)
Level of annual rainfall (meters) 56.66 255.77 —-71.22
(0.018) (0.046) (0.000)
Level of annual baseflow (meters) 155.65 475.45 -3.60
(0.008) (0.076) (0.90)
Constant —155.43 —1167.80 261.72
(0.29) (0.017) (0.000)
Adjusted R? 0.12 0.15 0.17
Sample size 487
Restrictions statistic*: x?(27) 134.21
(0.000)

Notes: * Cross equation parameter restrictions on all terms. Only the
theoretically correct specification, i.e. restrictions on all parameters, is
reported here, despite the high x? value (see text for explanation).

** The coefficients in the labor equation are the negative of coefficients of
corresponding variables in the profit equation.

The discussion here is limited to the theoretically correct restricted system,
acknowledging that the exclusive attention to these coefficients accepts
some bias in the interest of greater efficiency. The ‘goodness of fit” is mea-
sured by Adj. R? (0.28, 0.12, 0.15, and 0.17 for the profit, coffee, rice and
labor functions respectively). Because the variables in the supply and
demand equations have the same coefficients and therefore the same
interpretation as the corresponding variables in the profit equation
(compare corresponding equations in tables 1A and B and the variables in
tables 3 and 4), the coffee, rice, and labor equations are used to evaluate the
theoretical strength of the model.

The own price coefficients in the coffee, rice, and labor equations show

The x? statistic indicates that restrictions cannot be rejected at a 99 per cent sig-
nificance level, and the model has theoretically appropriate regression
coefficients. There are no significant differences in estimated incremental values
and profit elasticities between the unrestricted, partially restricted, and com-
pletely restricted systems of equations.
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that profits are increasing in output prices and decreasing in input prices
(although the coffee coefficient is insignificant). The cross-price elasticity
with respect to labor in both the coffee and rice equations also has the
expected negative sign. Coefficients on farm size and irrigation show that
profits are positively related to farm size, and understandably irrigation
has a greater effect on the water-intensive output, rice.!? Steep slopes are
negatively correlated with rice supply, and rainfall increases output
supply while diminishing labor demand.

Estimated marginal value of baseflow

Critically, the baseflow variable has a positive and significant coefficient in
both the coffee and rice supply equations, lending support to the central
hypothesis that drought mitigation services can make positive contribu-
tions to agricultural profits, in this case through increased production of
the chief crops, coffee and rice. Based on the formula in table 1C and the
coefficients in table 4 the estimated elasticity of profit with respect to base-
flow is 1.29 for the ‘typical household’, characterized by the sample mean
value of all regressors in the statistical model. The mean marginal annual
profit is $0.36 per mm of baseflow. Median, minimum, and maximum
marginal profits in nine Manggarai counties (kecarmatan) are reported in
table 5 to describe the spatial distribution of economic benefits. These esti-
mated values provide a credible approximation of the economic
contribution of baseflow (an indicator of drought mitigation) to agricul-
tural profitability in Manggarai. This claim rests on the values derived
from estimated profit parameters that are economically meaningful and
statistically significant.

Table 5. Marginal value of baseflow for Manggarai counties

Kecamatan hNoZTeb}zegl;{; Baseflow (mm) — Marginal value ($/mm)
(county) sampled — median* min/max* median*  min/max*
Borong 83 1,071 958/1,186 0.35 0.27/0.44
Elar 64 1,075 923/1,082 0.37 0.27/0.51
Langke Rembong 38 904 841/904  0.37 0.28/0.50
Pembantu Borong 29 870 864/923  0.37 0.28/0.46
Pembantu Elar 29 1,043 1,043/1,109 0.35 0.28/0.42
Pembantu Lambaleda 127 1,144 904/1350 0.35 0.27/0.46
Pembantu Ruteng 23 904 904/904  0.34 0.27/0.50
Ruteng 22 848 793/904  0.40 0.31/0.42
Satarmese 72 816 770/1,044 0.35 0.27/0.46

Notes: * Median, minimum, and maximum for the set of sampled households
within the county.

** These benefits are per household per year (measured at three different
points of the distribution—median, minimum and maximum).

12 The irrigation effect is somewhat diminished for rice production in watersheds
with higher baseflow, as indicated by the coefficient on interaction terms of base-
flow and irrigation. In the interest of analytical tractability, we did not pursue
these ‘third-order effects” any further.



138 Subhrendu K. Pattanayak and Randall A. Kramer

Incremental value of drought mitigation: an exploratory simulation

We do not have projections of the baseflow levels that will result from
Ruteng Park’s protection and re-establishment of forests. As an alternative
to evaluating a hypothetical baseflow change, we construct an exploratory
model, predict baseflow by analyzing the cross-sectional hydrological
data, and report results in appendix 4.3 A regression of baseflow as a per-
centage of rainfall on forest cover, rainfall, slope, and percentage of
primary forest cover (in quadratic terms), has an Adj. R? of 0.72. The coef-
ficient on the forest cover variable is positive and significant, offering
further evidence of the link between forests and drought mitigation.
Simulated baseflow, calculated at 25 and 75 per cent increases in forest
cover (bounded above by 100 per cent), are reported in table 6A and B

Table 6. Drought mitigation benefits of increased forestation (25% and 75%) in
Manggarai counties

Baseflow increase Drought mitigation
Kecamatan from 25% increase in benefits of 25% forest
(county) forest cover™ (mm) cover increase* ($)**
6A median min/max median  min/max
Borong 15 —25/49 4.27 —10.67/20.45
Elar =17 —25/14 —6.74 —12.76/4.73
Langke Rembong -25 —27/12 —9.57 —12.72/3.42
Pembantu Borong 9 —25/48 3.36 —9.74/19.54
Pembantu Elar 36 12/36 10.15 3.31/15.28
Pembantu Lambaleda —23 —34/—-4 —8.06 —14.15/-1.32
Pembantu Ruteng —12 —12/-12 —4.25 —6.23/—3.38
Ruteng -5 —25/16 —0.86 —10.46/6.37
Satarmese 9 —26/23 3.35 —11.52/10.12

Baseflow increase Drought mitigation
Kecamatan from 75% increase in benefits of 25% forest
(county) forest cover™ (mm) cover increase* ($)**
6B median min/max median min/max
Borong 25 —31/88 8.48 —13.04/37.04
Elar —24 —54/21 —9.83 —24.34/9.01
Langke Rembong —68 —68/25 —24.68 —34.31/7.08
Pembantu Borong —-10 —48/48 —3.32 —18.59/19.54
Pembantu Elar 36 12/36 10.15 3.31/15.28
Pembantu Lambaleda —66 —90/28 —22.83 —37.60/11.53
Pembantu Ruteng 28 28/28 9.44 7.52/13.84
Ruteng —26 —69/16 —7.46 —28.21/6.37
Satarmese 16 —24/23 4.98 —9.11/10.12

Notes: * The minimum of 25% (75%) increase or 100% of watershed area.
** These benefits are per household per year (measured at three different
points of the distribution—median, minimum and maximum).

13 We would like to emphasize that these regressions are an example of exploratory
data analysis (EDA). We are using baseflow data generated by the hydrologist
and basic knowledge of watershed hydrology to estimate a regression model
with the highest predictive power.
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(columns 1 and 2). These simulated increases in forest cover are consistent
with the reforestation goals of the Park management. The decreases in
baseflow in some watersheds, despite the positive coefficient of the forest
cover variable, can be attributed to the negative effect of the percent forest
cover variable (the coefficients on the first and second quadratic terms are
negative and positive respectively). As discussed in section 1, several bio-
physical factors condition this relationship; baseflow decreases even as
forest cover increases, probably because of the mixed influences of forest
conditions, topography, climate, and land use peculiar to those water-
sheds.

Using the formula in table 1C, the simulated baseflow changes can be
combined with the marginal value of baseflow (estimated in the profit
model) to calculate the incremental value of drought mitigation services.
These are reported per household per year in table 6A and B in columns 3
and 4; the reported median, maximum, and minimum amounts are for
nine counties. The distribution of incremental values across counties offers
three insights. First, increased forest cover will not necessarily increase
baseflow (mitigate drought conditions) for all households in a watershed
or in all watersheds. Second, there is a distinct spatial pattern to the
drought mitigation because the wetter southern watersheds (in Pembantu
Borong, Borong, and Satarmese counties), frequently exposed to moist
winds from the southern seas and continually shrouded by cloud cover
(Binnies and Partners, 1994), consistently realize positive drought mitiga-
tion from increases in forest cover. Perhaps in these more moist
watersheds, trees are less competitive with agricultural crops. Finally,
where increased watershed protection mitigates droughts, the economic
benefits can be sizeable (as much as 10 per cent of annual agricultural
profits), even though the physical increase in baseflow is small. In sum, to
the extent that our exploratory baseflow model is correct, the spatial dis-
tribution and economic magnitude of drought mitigation services offer a
clear policy message regarding the best locations and importance of public
watershed management activities. It is important to emphasize that
regardless of the mechanism that generates baseflow, baseflow itself has a
positive economic value.

6 Discussion of methods and policy

This study shows that hydrological modeling can be combined with
applied microeconomic theory and econometric techniques to value a
complex ecosystem service: drought mitigation provided by forested
watersheds in an agrarian region of a developing country. The multidi-
mensional hydrological service is made analytically tractable by
approximating it as a change in baseflow, an index simulated with a water-
balance model. By exploiting the spatial variation in current baseflow, the
value of the drought mitigation service can be measured as the marginal
profit accruing to agricultural households in the affected watersheds. We
derive the theoretical conditions under which changes in profits are an
appropriate measure of the value of environmental services received by
agricultural households; the requirement is that all relevant markets are
complete.
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We estimate a system of equations including functions of agricultural
profit, output supply, and input demand to exploit all of the available
information. A second-order approximation of the profit function, the nor-
malized quadratic specification, satisfies most theoretical conditions.
Market prices and environmental variables are the most important regres-
sors in the estimated model, and the statistical test for the critical structural
assumption regarding complete markets is satisfied. For the typical house-
hold, the estimated marginal profit and profit elasticities are positive,
validating the central hypothesis that baseflow makes positive contribu-
tions to agricultural profits and hence welfare of agricultural households
ceteris paribus.

Exploratory regression analysis to evaluate the impact of increased
forest cover shows that physiographic and climatic factors strongly influ-
ence the likelihood of drought mitigation from watershed protection
activities. The estimated regressions predict that positive increases in base-
flow will arise in the southern watersheds in Pembantu Borong, Borong,
and Satarmese counties. While the physical increases in baseflow are
small, economic values reported in table 6 that range from 1 to 10 per cent
($3.5-$35) of annual agricultural profits indicate the potential for sizeable
economic benefits in these watersheds. Based on small and negative corre-
lation coefficients, we also find weak evidence that the estimated values
are inversely correlated with agricultural profits and wealth indices.!*
The estimates of a profit elasticity of 1.29 and a marginal value of $0.36
reveal that watershed management that effectively mitigates drought
could increase the annual agricultural profit of each household. However,
increased watershed protection will mitigate droughts by increasing base-
flow only when the watershed has a particular mix of climatic and
physiographic features. Therefore, policy makers should adopt a selective
approach targeting specific watersheds (with the above characteristics and
low protection costs) to fulfill the goals of the management plans to
‘provide conservation benefits to communities in the buffer zone” through
watershed protection (Indonesian Ministry of Forestry, 1995, vol. I, p. 4).
Given that the baseflow prediction module of our study is an exploratory
attempt to model bio-physical features, a more rigorous forest hydrolog-
ical analysis is necessary to identify the precise bio-physical factors that
condition the relationship between watershed protection and baseflow.
Regardless of the mechanism that effectively mitigates drought, it is clear,
however, that increases in baseflow have positive economic value.

While it is not our purpose to conduct a comprehensive cost-benefit
analysis, the estimates of annual minimum benefits ($3.5-$35) reported
above can be compared with watershed re-greening costs, computed as an

4 We thank a reviewer for encouraging us to investigate whether poor households
benefit more than rich ones. Although we find weak negative correlation
between estimated values and income and wealth, further proof lies in the exist-
ence of ‘second-order correlations’ between estimated values and wealth.
Rigorous investigation of this would require that we incorporate second-order
wealth and profit terms in the profit equation and that we abandon the tra-
ditional normalized quadratic specification adopted here.
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average annual amount of $5-$13 per household.!®> This type of
cost-benefit comparison could help policy makers to judge the overall
worthiness of investments in Ruteng Park. To the extent that the hydro-
logical service extends further downstream to counties not included in this
study, the results reported above understate the overall worth of drought
mitigation service on Flores Island. The Park management could also use
the results to explain the economic value of forest protection to local gov-
ernment and communities. Finally, we reiterate that any aggregate value
of drought mitigation constitutes one element in the calculation of the net
present value of the overall integrated conservation and development
project for Ruteng Park.

Our approach to link ‘upstream’ resource management to ‘downstream’
economic impacts can be applied to a variety of dispersed or offsite exter-
nalities related to natural resources.'® Examples of downstream externalities
of land and forest management include fisheries, mariculture, hydropower
production, navigation, and irrigation that are linked through the water and
soil resources. Hodgson and Dixon (1992) and Swallow (1994) illustrate
applications to coastal fishing and coral resources. Irrespective of the appli-
cation, the generalizability of this approach depends critically on the ability
to link the non-market upstream resource to a downstream market good.

Although parks in tropical countries have been envisioned as integrated
conservation and development projects for more than a decade, few
studies have attempted to quantify how conservation of tropical forests
facilitates economic development. This study describes and implements a
theoretically consistent approach to valuation of drought mitigation ser-
vices provided by forest protection. Estimated positive value of drought
mitigation provides rare evidence of a substantive, quantified economic
benefit of tropical forest conservation, and makes an important addition to
the literature. Conventional producer welfare theory is applied to the
problem of valuing drought mitigation. The theoretical section of the
paper shows that this atypical focus on producer (not consumer) surplus
measures is an appropriate approach as long as markets for commodities
related to the environmental services are complete. We do not be claim that
this exercise has established the precise value of a complex ecosystem
service. Instead, the estimated economic models and the parameters
provide some signals for policy makers and management information to
Ruteng Park managers regarding the spatial distribution and economic
magnitude of watershed protection benefits. They also provide support for
the hypothesis, put forward by hydrological science and the Indonesian

15 This number is computed by multiplying Binnies and Partner’s (1994) annual per
hectare re-greening cost estimates with the planned hectares of reforestation, and
dividing the product by the number of households in the study area. These
average costs do not reflect any differences attributed to terrain and pre-existing
forest conditions. Thus, we consider such cost-benefit comparisons to be illustra-
tive.

16 We thank a reviewer for noting the general applicability of the our approach.
Gregersen et al. (1987) and Brooks et al. (1992) provide more details on down-
stream benefits of land use practices.
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government, that protected watersheds can supply latent and unrecog-
nized ecosystem services to local people.
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Appendix 1: The optimization problem
Maximize y y o v, ,,
L=UX Y, H) +\Np,-TH) + (pg- Q—p, V) +E—p,- Y —p,-X]
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The first-order conditions for the maximization problem are
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Derivation of dWTP = d is as follows. Holding utility constant (dU = 0),
and totally differentiating the Lagrangian only with respect to E and W,
i.e., allowing only dE to compensate for dW, we see that the dWTP is equal
to dE/dW (equation (3)) and dw/dW (equations (3) through (5))

dU=00 N-dE—{-F,-dW=0

0 WTP = £ _ Y F 3

AW x W )
Holding dZ = 0, the total differentiation of the production function (con-
dition 6 in equation (2)), provides an expression for F,

Fy=-Fy-Qy—F, -V 4)
Substitution into equation (3) generates equation (5)
) i
DWTP=K-FQ-QW+:-FV-VW (5)

Using the definitions for virtual price derived in conditions 4 and 5 of
equation (1), we get

Py

W
WTP = [pg = =31+ Qu = [py + 571+ Vyy
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Appendix 2: Derivation of the separability test
Because virtual prices, P*, equilibrate the supply and demand sectors of
the household such that V* = M,, + T(H) — Y*(,H), P,* is a function of
household characteristics, H, by virtue of being the sum of the exogenous
market price and the ‘endogenous’ shadow price, which is a function,
g(H,.).
* My _ th
P =Pyt T T
¥

= _I 'Fv[Q/ MV + T(H) - Y(PV/ PQ/ H/ W, Z)/ W/ Z]

= PPy Py H W, 2) = p, + ¢(H, py, W, 2) (1)

By similar logic

FAQ V; W, 2)

po* =po + WH, po, W, Z) @)

Shadow prices, g(H,.) and h(H,.), imply that profits, output supply, and
input demand will be a function of H, a set of ‘consumption side” charac-
teristics that would not belong typically in the argument of a neoclassical
profit function if allocations were separable and markets were perfect.

w =m(p, + gH, ), Pot h(H, .), W, Z) # n(p,, oW, Z, H)
Q= Qpy, +gH, ) py+ hH,.),W,2)#Qpy, poy W, Z, H)
V=Vip, +gH, ), py + WH,.),W,2Z)# Vpy, po, W, Z, H)

O m,#20,Q,#0and V,;#0

py 2 0and Po %0 (3)
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Appendix 3: Testing for separability: coffee and rice supply and labor
demand with household compositional variables

Coffee Rice Labor
Mean = 155  Mean = 588  Mean = 112
Description of explanatory variable B (P-value) B(P-value) B(P-value)
Coffee price ($/kilogram) -1.11 —25.49 0.41
(0.79) (0.14) (0.81)
Rice price ($/kilogram) 106.49 550.45 70.75
0.07 (0.02) (0.00)
Labor price ($/day) 1.52 95.33 —14.64
(0.92) (0.14) (0.02)
Farm size (hectares) 79.76 279.04 15.17
(0.00) (0.00) (0.00)
% Farm with irrigation (0-1) —12.73 1078.30 54.06
0.77) (0.00) (0.00)
Steepness of farm land (0-4) 491 —80.80 492
(0.63) (0.05) (0.22)
Level of annual rainfall (meters) —6.49 40.66 —97.96
(0.87) (0.81) (0.00)
Level of annual baseflow (meters) 173.89 578.88 4.92
(0.02) (0.05) (0.22)
Family size —5.62 12.40 089
(0.40) (0.66) (0.74)
Fraction of family reporting illness ~ —58.31 126.64 —22.33
(0.01) (0.19) (0.02)
Average age of family —0.72 16.05 0.11
(0.65) (0.02) (0.86)
Fraction of family who are males —29.30 250.16 -17.07
(0.66) (0.37) (0.52)
Fraction of family who are adults 127.77 —550.35 16.54
(0.18) (0.16) (0.66)
Constant —155.43 —946.33 324.84
0.29) (0.12) (0.000)
Sample size and adjusted R? 486 (0.15) 486 (0.19) 486 (0.11)
Restrictions statistic: F [5,472] 1.53 (0.18) 1.73 (0.13) 1.24 (0.29)

Appendix 4: Regression analysis of baseflow using hydrological data

from Manggarai watersheds.

Baseflow (% of Rainfall) p=42.7 o =847
Description of explanatory variable B (coefficient) p-value
Forest cover (acres) 0.005 0.003
Rainfall (mm) —0.023 0.000
Slope (degrees) 0.149 0.156
Forest cover (% of watershed) —0.336 0.112
Forest cover? (% of watershed) 0.002 0.265
Constant 103.60 0.000
Adjusted R? 0.72

F (3,31) 19.43 0.000

Estimated coefficient allowed exploratory simulation of baseflow increments
due to park based forest cover increase by 25 per cent or 75 per cent (see table

6A and B, columns 1 and 2).



