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Abstract Water purification might be the most frequently invoked example of an econom-
ically valuable ecosystem service, yet the impacts of upstream land use on downstream
municipal water treatment costs remain poorly understood. This is especially true in devel-
oping countries, where rates of deforestation are highest and cost-effective expansion of safe
water supplies is needed the most. We present the first econometric study to estimate directly
the effect of tropical forests on water treatment cost. We exploit a rich panel dataset from
Malaysia, which enables us to control for a wide range of potentially confounding factors.We
find significant, robust evidence that protecting both virgin and logged forests against conver-
sion to nonforest land uses reduced water treatment costs, with protection of virgin forests
reducing costs more. The marginal value of this water purification service varied greatly
across treatment plants, thus implying that the service offered a stronger rationale for forest
protection in some locations than others. On average, the service value was large relative
to treatment plants’ expenditures on priced inputs, but it was very small compared to pro-
ducer surpluses for competing land uses. For various reasons, however, the latter comparison
exaggerates the shortfall between the benefits and the costs of enhancing water purification
by protecting forests. Moreover, forest protection decisions that appear to be economically
unjustified when only water purification is considered might be justified when a broader
range of services is taken into account.
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1 Introduction

Water purificationmight be themost frequently invoked example of an economically valuable
service provided by ecosystems to human society. The concept of this service is straightfor-
ward: water that runs off or seeps through forests and other natural ecosystems tends to be less
contaminated than water discharged by agricultural, urban, or industrial landscapes; hence,
it requires less costly treatment before it is fit to drink. Water with a high concentration of silt
and other suspended solids is especially costly to treat, as it requires a multi-stage treatment
process (coagulation, sedimentation, filtration, disinfection; http://water.epa.gov/learn/kids/
drinkingwater/watertreatmentplant_index.cfm). An econometric literature that dates back to
the 1980s confirms that the operating costs of treatment plants are lower when source water
is cleaner (Forster et al. 1987; Moore and McCarl 1987; Holmes 1988; Dearmont et al.
1998; Murray and Forster 2001; Piper 2003). A separate case-study literature has examined
investments in watershed protection programs by individual water utilities. It reports that,
by improving source water quality, the programs allow utilities to use simpler treatment
processes and thereby avoid large capital costs (Chichilnisky and Heal 1998; Dudley and
Stolton 2003; Barten and Ernst 2004; Postel and Thompson 2005; Sklenar et al. 2012; Alcott
et al. 2013; Gartner et al. 2013; Spiller et al. 2013). The best-known case is New York City,
which reportedly avoided the multi-billion-dollar cost of a new filtration plant by restoring
ecosystems in its Catskills watershed (Chichilnisky and Heal 1998).

Despite this prior work, the impacts of land use on water treatment costs remain poorly
understood. Hydrological research offers abundant evidence that runoff from forests tends to
have lower concentrations of suspended solids than runoff from other land uses (Dunne and
Leopold 1978; Hewlett 1982; Bruijnzeel 2004; Carlson et al. 2014), but the effects of forests
onwater quality vary in largewatershedswithmultiple land uses (Dissmeyer 2000;Bruijnzeel
2004; Hurley and Mazumder 2013). Econometric studies have largely ignored the effects of
land use, as opposed to water quality, on treatment costs.1 An exception is a study by Ernst
(2004; see also Ernst et al. 2004), which found that “for every 10% increase in forest cover in
the source area, treatment and chemical costs decreased approximately 20%” (p. 21; italics in
the original). When Freeman et al. (2008) augmented Ernst’s data with data from additional
treatment plants, however, the effect became smaller and statistically less significant. The case
studies on watershed protection programs directly address the effects of land use, but they
often report simulated, prospective savings, not actual savings. Sklenar et al. (2012, p. 12)
report that water utilities are reluctant to invest in these programs because information on the
programs’ benefits and costs is inadequate. The role of watershed management in reducing
capital costs has been debated even in the Catskills case (Sagoff 2002; Kenny 2006).

Here, we present an econometric study that directly analyzes the effect of forest cover on
water treatment cost. We extend the literature in two important ways. First, we control more
carefully than prior studies for factors that could confound identification of this effect. Our
dataset is a panel with monthly observations on 41 treatment plants during 1994–2007. It
is much larger than the datasets analyzed by the econometric studies cited above, and this
enables us to use fixed effects to control for unobserved characteristics of treatment plants,
their catchments, and time periods. The studies by Ernst (2004) and Freeman et al. (2008)
analyzed cross-sectional datasets of just 25 and 40 observations, respectively, and neither
one controlled for variables other than land use. Of the econometric studies that investigated
the effects of water quality, one analyzed a single treatment plant (Moore and McCarl 1987)

1 The process-basedmodel InVEST is increasingly being used to predict water treatment costs under different
land-use scenarios (Conte et al. 2011).
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and three analyzed no more than a dozen (Forster et al. 1987; Dearmont et al. 1998; Murray
and Forster 2001). Only two analyzed panels (Forster et al. 1987; Dearmont et al. 1998), and
both panels were very short (2 and 3 years, respectively); moreover, neither study exploited
the panel structure to control for unobserved effects.

Second, to the best of our knowledge, our study is the first econometric analysis on the
effect of forest cover on water treatment costs in the developing world. Most of the literature
cited above, including all of the econometric studies, refers to developed countries, mainly
the US. Our study site is the Malaysian state of Perak, which is an attractive site due to the
availability of not only a large panel dataset on water treatment plants but also forest cover
data that distinguish virgin (undisturbed) forests from logged forests. In addition, treatment
plants in Perak use the concentration of suspended solids as the “main source of guidance
on chemical use” (Mohd Nordin et al. 2000).2 This creates a plausible mechanism relating
forests to treatment costs, if forests indeed reduce suspended solids in source water.

Twoprevious empirical studies have investigated environmental aspects ofwater treatment
costs in the tropics, and both analyzed very small samples: monthly data for a single year
for one treatment plant in Thailand (Sthiannopkao et al. 2007) and six plants in Malaysia
(Abdul Rahim and Mohd Shahwahid 2011). Both reported that operating costs were lower
in months when source water was cleaner, but neither one provided empirical evidence on
the effect of forest cover on either water quality or treatment cost. A recent global study
predicted improvements in water quality and reductions in treatment costs that could result
from investments in watershed management programs by 534 cities, including many in the
developing world (McDonald and Shemie 2014), but it estimated the effect of water quality
on treatment cost using cross-sectional data from only US cities and a simple, uncontrolled
regression, and it simulated the effect of watershed management on water quality.

Developing a better understanding of the value ofwater purification by forests is especially
important in developing countries because rates of deforestation and forest degradation, and
thus threats to this service, aremuch higher than in developed countries (FAO2010).Attempts
to reduce these threats, including via payment programs for watershed services (Bennett et al.
2013), have been expanding rapidly in developing countries, with little empirical evidence
on the quantity or value of the services supplied by the conservation interventions that the
programs fund (Ferraro et al. 2012). Developing a better understanding of the service value
in developing countries is also important in view of the much higher percentage of the
population without access to safe drinking water.3 MillenniumDevelopment Goal 7, “Ensure
Environmental Sustainability,” includes as a target to “Halve, by 2015, the proportion of
people without sustainable access to safe drinking water and basic sanitation” (http://www.
unmillenniumproject.org/goals/gti.htm). Water-borne and water-related diseases continue to
loom large in the global burden of disease, especially for children in the developing world.
Given that the cost of improved municipal water supply in developing countries generally
exceeds households’ willingness to pay for it (Whittington 2010), forest protection might

2 Treatment plants in Perak measure the concentration of suspended solids in source water as it enters the
plant, and they adjust the amount of alum, the chief chemical used to remove suspended solids, accordingly.
Alum reduces the pH of treated water, thus requiring the addition of lime before the water is distributed and
causing a knock-on increase in treatment costs (Mohd Nordin et al. 2000). The third major treatment chemical
is chlorine, a disinfectant, but treatment plants in Perak add it as a standard dose that does not vary with source
water quality (personal communication, Perak Water Board, February 10, 2014).
3 The proportion of the population with access to piped water or another improved water source is
higher in Malaysia than in most developing countries: 88.2% in 1990 and 99.6% in 2010, accord-
ing to the World Bank’s World Development Indicators database (http://data.worldbank.org/data-catalog/
world-development-indicators). Currently, 98% of Perak households have a piped water connection (personal
communication, Perak Water Board, May 26, 2015).
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be able to enhance progress toward this target if forests do indeed have a substantial cost-
reducing effect.

The paper is organized as follows. The next section presents our panelmodel and discusses
associated econometric issues, construction of the variables in the model, and data sources.
The subsequent section presents our econometric results, which provide strong evidence
that protecting virgin forests against conversion to nonforest land uses reduced treatment
costs in Perak. Protecting logged forests against conversion also reduced costs, but by a
smaller amount. We use the econometric results to estimate the marginal value of the water
purification service supplied by virgin forests, and we find that the value varies greatly across
treatment plants. The final section discusses several issues that must be considered when
comparing estimates of this heterogeneous value to the marginal cost of forest protection.

2 Materials and Methods

2.1 Econometric Approach

The objective of our econometric analysis was to identify the marginal effect of land use—
specifically, forest cover—on water treatment cost. The analysis was guided by the theory
of using cost functions to value environmental inputs (McConnell and Bockstael 2005, p.
647; Vincent 2011, pp. 46–54; Freeman et al. 2014, pp. 240–244). It was strongly influenced
by two features of our data: the data were a panel, which enabled us to use fixed effects to
control for unobserved factors that might confound the effect of land use on cost; and the
cost data referred to operating cost, which meant we were analyzing a short-run effect.

A generic short-run cost function for a firm that uses one or more unpriced environmental
inputs includes four types of variables: (1) the firm’s output level, (2) prices paid by the firm
for labor and other nonenvironmental inputs, (3) the quantity of capital and other fixed factors
used by the firm, and (4) the quantity of environmental inputs used by it (McConnell and
Bockstael 2005, p. 629; Vincent 2011, pp. 46, 67–69). This led us to specify the following
fixed-effects regression model (Wooldridge 2010, Ch. 10–11):4

ln (Cit ) = ln
(
Liy

)
β+α ln (Qit )+ γ1 ln (Rit )+ γ2 (ln (Rit ))

2 + ci + θy + θm + uit . (1)

Cit is the operating cost of treatment plant (TP) i in time period t , which is a given month m
of a given year y.5 Liy is a matrix of land-use variables, which varied by year but not months
within a year. Qit is treated water volume (i.e., the quantity produced), and Rit is rainfall;
both varied by year and month. Land use and rainfall refer to a TP’s catchment. β, α, γ1,
and γ2 are coefficients to be estimated; ci , θy , and θm are fixed effects for TPs, years, and
months, respectively; and uit is the error term.

Comparing Eq. (1) to a generic cost function, water volume (Qit ) obviously represents
the first variable type (output level). The year effects (θy) control for the second type (input

4 This double-log specification for treatment cost and water volume is common in the econometric literature
on water treatment (Forster et al. 1987; Moore and McCarl 1987; Holmes 1988; Murray and Forster 2001;
Piper 2003).We confirmed the appropriateness of the log-transform of treatment cost by estimating a Box-Cox
model, which favored that specification over a linear specification: the estimated theta parameter in a left-
hand-side Box-Cox model was 0.117, which is much closer to 0 than to 1. We confirmed the appropriateness
of the log-transforms of the other explanatory variables by comparing the overall fit of models containing the
transformed variables to ones containing untransformed variables.
5 Some prior studies have used unit cost (C/Q) as the dependent variable (e.g., Dearmont et al. 1998; Piper
2003; Ernst 2004). Our double-log specification encompasses this as a special case (α = 1).
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prices). Three inputs—labor, energy, and treatment chemicals—account for nearly all of the
operating expenditures of TPs in Perak; the fourth operating expenditure category, mainte-
nance, equals zero in most months. Prices of these inputs vary over time but not across the
TPs in the sample, which are all operated by the same government agency, the Perak Water
Board. This agency has a civil-service pay scale, purchases electricity from the national grid,
and pays for the chemicals used by the individual TPs. The TP effects (ci ) control for the
third variable type (capital and other fixed factors). For TPs that were upgraded during the
sample period, we allowed the TP effects to differ before and after the upgrades.

Finally, the land-use variables (Liy) and rainfall (Rit ) represent the fourth variable type
(environmental inputs). The effect of land use is our main interest, but controlling for rainfall
is important because rainfall might affect changes in land use, for example by impeding the
burning of woody debris when forests are converted to nonforest uses. Controlling for rainfall
thus reduces the risk of biased estimation of the effect of land use on treatment cost. The fixed
effects similarly control for the potentially confounding effects of a wide range of unobserved
variables, both environmental and nonenvironmental: the TP effects (ci ) control for time-
invariant TP characteristics, including catchment area, topography, soils, and geology; the
year effects (θy) control for TP-invariant annual characteristics, including climate trends and
changes in state and national environmental and natural resource policies; and the month
effects (θm) control for TP-invariant monthly characteristics, such as seasonality. Given the
inclusion of the TP effects, we identified the effect of land use on treatment cost purely from
the variation in the data over time (“within variation”), not the variation between TPs.

An individual variable L in L was defined as the share of the surface area of a TP’s catch-
ment that was in a particular land use in a particular year. Denoting forest area by F and
catchment area by A, L = F/A. The Malaysian forest inventory data enabled us to distin-
guish three land uses: virgin forest, logged forest, and nonforest. Because the shares summed
to unity across these categories, we excluded one category—the nonforest share—which
became the reference land use against which the effects of the others were measured. So, a
negative coefficient β on a particular forest variable in L indicated that avoiding conversion
of that type of forest to nonforest land use reduced treatment cost, while a positive coefficient
indicated that avoided conversion raised cost.

Because virgin forest area equaled zero in some catchments, we used 1+ F/A instead of
F/A as the forest cover variable for both virgin and logged forests.Without this modification,
the elasticity of treatment cost C with respect to F would equal the estimated coefficient β̂;
with the modification, the elasticity is given by

β̂
F/A

1 + F/A
. (2)

The marginal effect of F on C is given by partially differentiating expected treatment cost
from Eq. (1) with respect to F, ∂E

(
C

∣∣L, Q, R, ci , θy, θm
)
/∂F , which yields

β̂ · E (
C

∣∣L, Q, R, ci , θy, θm
)
/A

1 + F/A
, (3)

where E
(
C

∣∣L, Q, R, ci , θy, θm
)
is treatment cost predicted by the regression.

Assuming β̂ < 0, the negative of Eq. (3) provides an estimate of the value of the water
purification service supplied by a marginal hectare of forest. It represents a conservative
estimate (i.e., an underestimate), for two reasons. First, given that C refers to just operating
costs, Eq. (3) omits potential reductions in capital costs of the sorts emphasized in the case-
study literature on water treatment cost and land use (Holmes 1988, p. 361). This could be a
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substantial omission:Mohd. Akbar and Rusnah (2004, p. 7) list six TPs inMalaysia that were
“forced … to be abandoned at a substantial loss,” and another five that “had to be upgraded
technically incurring huge costs in order to maintain their utility,” due to degradation of
source water quality caused by “extensive logging and land clearing.” None of the listed TPs
was in Perak, but as noted below several TPs in our sample closed during the sample period,
and a larger number were upgraded.6 If these actions were taken in response to degraded
source water quality, then we have underestimated the value of the water purification service,
as cleaner source water would have extended the lifetime of the TPs and enabled them to
avoid the capital costs of upgrading. Similarly, cleaner source water might have reduced the
original capital costs of some of the TPs.

The second reason is related to the fact that, as a partial derivative, Eq. (3) holds water
volume, Q, constant. If TPs are able to treat more water when their source water is cleaner, for
example because production is less constrained by retention time in the plants’ sedimentation
tanks (Mohd Nordin et al. 2000), then the net return on the additional treated water is also
part of the marginal value of the water purification service. Eq. (3) omits the value of this
“extensive margin” effect, however. Treating output quantity as fixed is a well-known cause
of undervaluation when cost functions are used to value environmental inputs (McConnell
and Bockstael 2005, p. 647; Vincent 2011, pp. 63).7

This second reason raises a further econometric issue: if TP managers can control the
volume of water they treat, at least up to a TP’s capacity, then Q is potentially endogenous.
This too is a well-known issue with cost functions (Vincent 2011, pp. 59–61), including cost
functions for water treatment (Piper 2003, pp. 6–7). In Sect. 3 , we will present evidence
that Q was not endogenous in our sample and that a presumptive instrumental variables (IV)
model yields results virtually identical to those from an OLS model.

Prior research enables us to sign the expected effects of water volume and rainfall in
Eq. (1). (We have no priors about the signs of the fixed effects, which control for multiple
unobserved factors.) We expect treatment cost to increase less than proportionally with water
volume (Forster et al. 1987; Holmes 1988; Dearmont et al. 1998; Murray and Forster 2001;
Piper 2003), thus bounding α̂ by 0 and 1. Regarding rainfall, much literature indicates that
rainfall increases sediment loads in rivers in tropical regions, as it erodes soil and transports
sediment as it runs off the land (Dunne 1979; Krishnaswamy et al. 2001; Bruijnzeel 2004;
Abdul Rahim and Zulkifli 2004). There is also evidence from Thailand (Sthiannopkao et al.
2007) and, outside the tropics, Texas (Dearmont et al. 1998) that treatment cost is higher
during wetter periods. Holmes (1988, p. 362) observes, however, that dilution can cause the
concentration of contaminants in source water to be lower, and thus treatment cost to be
lower too, when streamflow is greater. Given that rainfall increases streamflow, this dilution
effect could similarly cause treatment cost to be lower when rainfall is higher. To allow this
effect, we modeled the effect of rainfall as quadratic. We hypothesized that the dilution effect
would dominate the soil erosion effect and reduce cost at lower, less erosive rainfall levels
(γ1 < 0) but not at higher, more erosive rainfall levels (γ2 > 0).

6 In addition, data were incomplete for some TPs: 32% of the TP-years had fewer than 12months of data, with
19% having fewer than 11 months. It is possible that some of the missing observations resulted from outages
or failures caused by poor source water quality. We doubt that this explains most of the missing observations,
however, which were typically missing for all or nearly all of the TPs in the state or a particular region of the
state in a given month. This pattern implies problems with data recording and storage, not temporary closures
of individual TPs.
7 This problem can be avoided by estimating a profit function instead of a cost function. See Pattanayak
and Kramer (2001) for an application to a different watershed service, drought mitigation. We were unable to
estimate a profit function because the Perak Water Board did not provide data on revenue from water sales.
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A final econometric issue concerns the standard errors of the coefficients. We used
“sandwich” estimates (Huber 1967; White 1980), which are robust to heteroskedasticity.
Conventional robust standard errors (and OLS standard errors too) can underestimate true
standard errors and exaggerate significance when an explanatory variable varies at a higher
(more aggregate) level than the dependent variable does (Moulton 1986). This “Moulton
problem,” or pseudoreplication as it is known to ecologists, was a risk in our data, given that
land use was annual while treatment cost was monthly. It can be addressed by clustering
standard errors at the higher level (Angrist and Pischke 2009, Ch. 8), which in our case
implied clustering them by year for each TP. To be additionally conservative, we clustered
at an even higher level—by TP—which presumptively corrected for serial correlation within
and between years (Zeger and Liang 1986).

2.2 Variable Definitions and Data Sources

We obtained TP-level data on treatment cost and treated water volume from the Perak Water
Board, a state-owned utility that operated 46 TPs during 1994–2008. These are most of the
TPs in the state.8 We excluded four TPs that drew water from a source other than run-of-
the-river (e.g., a reservoir)9 and one without reliable information on the location of its water
intake.10 The final sample thus included 41 TPs (Fig. 1). The fact that we dropped only one
qualified TP from our sample makes our sample more complete than many in the literature;
for example, incomplete information forced Holmes (1988) and Piper (2003) to drop more
than half of the TPs or water utilities in their US samples. Most (33) of the TPs in our sample
were established before 1994 and operated the entire period; of the remaining eight, four
were established before 1994 and closed before 2008,11 while four were established after
1994 and operated through 2008.12 The panel was thus unbalanced. Eleven of the TPs were
upgraded during 1994–2008 (Lembaga Air Perak n.d., pp. 50–51).13

The TPs in the sample used a standard treatment process: raw water was extracted from
a river, screened to remove debris, aerated to remove gases and oxidize impurities, mixed
with alum to coagulate suspended solids, passed through sedimentation tanks and then sand
filters to remove the coagulated solids (“floc”), and finally dosed with lime to adjust pH and
with chlorine to kill pathogens. The TPs varied mainly in terms of capacity, not technology.
Malaysia’s drinking water quality standards14 match those in the US15 for many parameters
(e.g., zero total coliforms and E. coli; 250 mg/l chloride) but are somewhat less stringent for
others (notably, 1000 mg/l total dissolved solids instead of 250 mg/l). Water treatment costs

8 A private company, the Malaysian Utilities Corporation, operates two additional TPs in Perak (Sultan Idris
Shah II, Ulu Kinta). It operated a third until 2001 (Pekan Parit). A second company, GSL Water, operates
two others (Gunung Semanggol, Taiping Headworks). We excluded these private TPs from the analysis due
to their different management and because the companies did not report plant-level data in all time periods.
9 Air Kuning, Gerik V, Jalan Baru, and Pulau Banding. The exclusion of TPs that used reservoirs probably
biased our estimate of the effect of forests on treatment costs downward, as we have ignored dredging costs.
10 Selama, which is one of the newest TPs (established in 2004).
11 Grik, Sg. Jelintoh, and Ulu Soh, which closed in 2000, and Felda Bersia, which closed in 2001.
12 BB Seri Iskandar (opened in 2001), Sg. Tapah (2002), Tg. Malim (2003), and Hilir Perak (2006).
13 Perlop (1995), Terong (1999), Padang Rengas (2001), Teluk Kepayang (2001), Kota Lama Kiri (2002),
Sg. Kampar (2004), Kg. Paloh (2005), Pengkalan Hulu (2005), Jelai (2007), Sumpitan (2007), and Manong
(2008).
14 A complete list is available at: http://kmam.moh.gov.my/public-user/drinking-water-quality-standard.
html.
15 A complete list is available at: http://water.epa.gov/drink/contaminants/#List.
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Fig. 1 Map of Perak showing major rivers and streams and the locations of water intakes (black dots) and
catchments (gray shading, black boundaries) for the 41 TPs in the regression sample. Light gray: larger
catchments, dark gray: smaller catchments. The Perak River is the large river that flows north–south through
the state. The state’s western border is the Strait of Malacca; other borders are with Thailand (north) and other
Malaysian states (northwest, east, south)
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and thus the potential benefits of cleaner source water would have been higher if the TPs had
been required to meet the more stringent US standards. This is another reason our results
underestimate the value of the water purification service in Perak.

The Perak Water Board provided summary monthly data on the TPs in multiple spread-
sheets that varied in format and coverage (number of TPs, number of months). We extracted
data on total operating cost and water volume.16 Total operating cost was expressed in the
Malaysian currency, the ringgit (RM; 2005 exchange rate: 3.79 RM/US$). We used the
MalaysianGDPdeflator to convert it to 2005price levels. Treatedwater volumewas expressed
in cubic meters. The number of observations with data on both cost and water volume was
4246.17

We obtained land-use data from the Forestry Department Peninsular Malaysia, which
has conducted National Forest Inventories (NFIs) approximately every ten years since 1971.
The Department granted us restricted access to GIS layers from NFI 3 (1992) and NFI 4
(2004), which enabled us to classify catchment area into virgin forest, logged forest, and
nonforest land use. The forests in the catchments are tropical rainforests located mostly on
hilly or mountainous terrain. The coastal plains of the Peninsula were once covered by low-
land rainforests, but most of these forests were already converted to nonforest land uses,
mostly rubber and oil palm plantations, by the 1980s (Vincent and Hadi 1993; Vincent and
Mohamed Ali 2005). The NFI data also distinguished five categories of virgin forests:18

montane forests, mostly located above 1000 m, and four categories of nonmontane forests
based on standing volumes of commercial timber (superior, good,moderate, poor).We aggre-
gated the latter into two groups, better quality (superior, good) and worse quality (moderate,
poor).

We estimated the forest areas for years between the NFI dates and after 2004 by linearly
interpolating the natural logarithms of the NFI estimates for each catchment. The resulting
estimates surely contain measurement error. Randommeasurement error tends to bias regres-
sion coefficients toward zero (Wooldridge 2010, pp. 78–82), and fixed effects tend to amplify
this attenuation bias (Wooldridge 2010, pp. 365–368). There is no obvious reason that our
interpolation procedure generated systematic measurement error that induced a bias in any
particular direction. Thus, at worst, the interpolation caused our estimates of the effects of
forest cover on treatment cost to be conservative: they were less likely to detect an effect if
it existed, and less likely to exaggerate it if they detected it.

To construct the rainfall variable, we first divided Perak into four zones: a western coastal
zone, a southeastern interior hilly zone, and two zones for the upper (northern) and lower
(southern) portions of the Perak River basin, which accounts for most of the state’s area
(Fig. 1). The Malaysian Drainage and Irrigation Department provided data (daily in most
cases, monthly in a few) for 59 rainfall stations that it operates in these zones. The data

16 Data on other variables, such as the components of total operating cost (labor, energy, chemicals, mainte-
nance) or quantities of specific treatment chemicals, were too incomplete to analyze.
17 We dropped 13 observations that appeared to be affected by data-entry error, as indicated by water volumes
or unit costs that were either more than twice as large or less than half as large as any other values for the same
TPs. These observations came from 11 TPs. Dropping them had a negligible impact on the regression results.
18 The NFIs contain information on the approximate time periods when logged forests were harvested. The
different NFIs do not define all the time periods consistently, however. Furthermore, for time periods defined
consistently between NFI 3 and NFI 4, the reported areas exhibit substantial logical inconsistencies in many
catchments (e.g., the area classified as having been logged before a given year is reported as being larger in
NFI 4 than in NFI 3). For these reasons, we did not analyze the effect of years since logging on treatment
cost. This effect is likely negative: sediment loads decrease relatively rapidly after logging in tropical forests,
though they remain higher than sediment loads from virgin forests for decades (Bruijnzeel 2004; Abdul Rahim
and Zulkifli 2004).
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Table 1 Descriptive statistics for the main regression sample. Unbalanced panel: 3894 monthly observations
on 41 water treatment plants during 1994–2007

Variable Mean Min Max SD

Overall Within

Treatment cost (RM/month, 2005 prices)a 34,874 1099 420,268 60,391 10,929

Water volume (m3/month) 383,551 1792 4,492,433 713,791 153,297

Unit treatment cost (RM/m3, 2005 prices) 0.18 0.01 2.67 0.21 0.12

Catchment area (ha) 146,848 587 929,063 315,405 0

Rainfall (mm/month) 214.5 9.4 570.3 106.4 98.8

Virgin forest (%) 40.1 0.0 95.9 28.5 4.4

Virgin forest (%): better quality 11.8 0.0 81.4 18.8 1.3

Virgin forest (%): worse quality 23.9 0.0 95.3 24.5 3.1

Virgin forest (%): montane 4.4 0.0 29.8 6.5 0.4

Logged forest (%) 36.9 2.3 100.0 22.8 4.7

a 2005 exchange rate: 3.79 RM/US$

ended in 2001 for the western zone and 2007 in the other zones. We calculated the simple
average of the readings across the stations for a given month of a given year in a given zone,
and we used these zonal rainfall values as the rainfall variables for the TPs located in the
zones.

Table 1 presents descriptive statistics for the sample used inmost of the regressionmodels.
This sample has somewhat fewer observations (3894) than the entire sample (4246) because
it is formodels that included the rainfall variables, which as just notedwere not available in all
years for all TPs. Comparison of the minimum values, maximum values, and overall standard
deviations to the means indicates that the data show much variation. On average, forests
(virgin and logged combined) accounted for a majority of the surface area of the catchments,
with the area split nearly evenly between virgin and logged forests (on average, 40.1% of
catchment area vs. 36.9%). Given our fixed-effects specification, however, the variation that
matters is the variation over time within TPs, not the overall variation. Comparison of the
last two columns of the table reveals that the within variation is more limited for the forest
cover variables than for the other variables, especially for virgin forests and, within the virgin
category, for better quality forests and montane forests. This can be expected to increase the
difficulty of detecting a significant effect of those variables.

Figure 2 illustrates the magnitude of the within variation of virgin and logged forest cover
across the TPs, using data fromNFI 3 and NFI 4. For both forest types, forest cover decreased
in some TPs and increased in others, but the general pattern was for virgin forest to decrease
and logged forest to increase. A decrease in virgin area is expected in the presence of logging,
as logging is what causes a virgin forest to lose its virgin status. The few TPs that show an
increase in virgin area probably represent cases where some of the logged forest in their
catchments was logged so long ago and had recovered so much that the NFI misclassified it
as virgin. In principle, logged area can either increase or decrease, depending on the balance
between additions (from the logging of virgin forests) and subtractions (due to conversion
to nonforest land uses). The magnitudes of most of the changes displayed in Fig. 2 are large
by developing country standards. According to UN estimates (FAO 2010, Tables 2 and 8),
the percentage of the land area of Africa, South and Southeast Asia, and Central and South

123

Author's personal copy



Valuing Water Purification by Forests: An Analysis of. . .

Fig. 2 Distribution of catchments for the 41 TPs in the regression sample by mean annual change in forest
cover: % forest cover in 2004 minus % forest cover in 1992, divided by 12

America covered by virgin forest decreased by 0.12%/year during 1990–2005, while the
percentage covered by logged forest decreased by 0.06%/year.19

Figure 3 plots the natural logarithm of unit treatment cost (constant 2005 prices; the 3rd
variable in Table 1) against percent virgin forest cover (the 6th variable in Table 1) for the
3894-observation regression sample.Anegative association is apparent in thefigure.A similar
plot for logged forest (not shown) does not exhibit this association. These relationships in
the raw data suggest that virgin forests reduced treatment cost while logged forests did not,
but such conclusions are premature before considering the more careful regression analysis
reported next.

3 Results

3.1 Effects of Land Use on Treatment Cost

Table 2 presents our core regression results. Column (5) shows results for the fully controlled
model given by Eq. (1). In this model, both virgin and logged forests have a negative effect
on treatment cost, with the effect of virgin forest being larger (in absolute value) and more
significant (P = 0.013 vs. P = 0.027). The difference between the coefficient estimates
for the two forest types is significant at P = 0.050. Expressed as elasticities, the estimates
indicate that avoiding the conversion of 1% of the virgin forest in a TP’s catchment to
nonforest land use reduced treatment cost by 0.47%, while avoiding conversion of 1% of
the logged forest reduced it by 0.31%. These estimates are comparable to the elasticity of

19 The sample for this calculation included only countries that reported a positive virgin forest area in 1990.
The UN estimates refer to primary and secondary forests, which we assumed correspond to virgin and logged
forests as defined in Malaysia. The endpoints, 1990 and 2005, are the UN reporting years closest to NFI 3
(1992) and NFI 4 (2004).
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Fig. 3 Scatter plot of rawdata in regression sample (3894points).Unit treatment cost is expressed inMalaysian
ringgit (2005 prices) per month. Coefficient on % Virgin forest in trend line: −0.0104 (P = 0.007, based on
SEs clustered by TP)

treatment cost with respect to soil erosion—not forest cover—reported by Forster et al. (1987;
−0.41) and the elasticities of treatment cost with respect to turbidity (a common measure
of suspended solids) reported by Moore and McCarl (1987; −0.32 to −0.40), Dearmont et
al. (1998; −0.27), and Murray and Forster (2001; −0.30).20 Although the elasticities from
these studies do not refer to forest cover, they are consistent with our elasticities in suggesting
that environmental quality, however defined, has a less-than-proportional effect on treatment
cost.

Converting our elasticities to semielasticities facilitates comparison to other published
results. Using notation from Sect. 2.1, avoiding the conversion of 1% of a TP’s catchment
from forest to nonforest land use changes expected treatment cost by β̂/(1 + F/A)%. At
mean values in our sample, avoiding the conversion of 1% of a catchment from forest to
nonforest land use reduced treatment cost by 1.16% in the case of virgin forest and 0.85% in
the case of logged forest. These estimates are much smaller than the semielasticity reported
by Ernst (2004) for US TPs, a 2% reduction in cost for an additional 1% of a TP’s catchment
being forested. This discrepancy could be due to differences between tropical Malaysia and
the temperate US or, more likely in our view, the lack of control for confounding factors in
Ernst’s analysis.

Results for models (1)–(4) reveal that a negative effect of forest cover, especially virgin
forest cover, is evident even in models that are not fully controlled. Model (1) is the least
controlled model. It includes just an aggregate forest cover variable (the percent of a TP’s
catchment in virgin and logged forest combined) and water volume, without rainfall or fixed
effects of any kind. This pooled OLS model estimates the effect of forest cover using all the
variation in the data, both between TPs and within TPs. The estimated effect is negative but
not very significant. Models (2)–(4) allow the effects of virgin forest and logged forest to
differ, and they progressively add controls for potentially confounding factors, first rainfall

20 Holmes (1988) reported a much lower turbidity elasticity, −0.07.
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and then the fixed effects.21 The effect of virgin forest remains negative and larger and more
significant than the effect of logged forest as these controls are added.

Model (6) is an IV version of the fully controlledmodel that treatswater volume as endoge-
nous,22 with the second lag of water volume used as an instrument. This variable satisfies
the exclusion restriction—there is no apparent reason for it to influence current treatment
cost—and it is an extremely strong instrument (F = 1399 in the first-stage regression). We
chose the second lag instead of the first lag to guard against correlation with the error term,
if the latter is serially correlated.23 As can be seen, the estimated effects of virgin and logged
forests differ little from those in model (5). Moreover, Wooldridge’s (1995) robust score test
indicates that the IV correction is unnecessary, as the test does not reject the null that water
volume is exogenous (P = 0.464).24

Models (1)–(6) address the Moulton problem by clustering the standard errors by TP.
Clustering is an asymptotic correction that requires a large number of clusters, with 40–50
clusters being the rule-of-thumb (Angrist and Pischke 2009, Ch. 8). The number of clusters
in the models was 41. The importance of clustering can be revealed by comparing the TP-
clustered standard errors for the virgin and logged forest variables in model (5) to alternative
standard errors for these variables (Table 3). Consider the virgin forest variable. The TP-
clustered standard error for this variable is 0.628 (the first row), which provided the basis
for the P value reported in Table 2. The conventional robust standard error is less than half
as large (the second row). Using the latter would exaggerate the significance of the effect
of virgin forest on treatment cost. As discussed in Sect. 2.1, TP-clustered standard errors
address both the Moulton problem and serial correlation. The Moulton problem is the more
important source of the discrepancy between the clustered and conventional robust standard
errors: the Newey-West standard error (the third row), which addresses heteroskedasticity
and serial correlation but not the Moulton problem, is not much larger than the conventional
robust standard error, whereas the standard error clustered by TP-year instead of TP (the
fourth row), which addresses theMoulton problem and serial correlation within years but not
between years, is not much smaller than the TP-clustered standard error. The same patterns
held for the standard errors for the logged forest variable. Addressing the Moulton problem
is obviously necessary.

Model (7), which likemodels (5) and (6) is a fully controlledmodel, addresses theMoulton
problem in a different way: it eliminates the repeated observations on land use across months
within a given year by collapsing all the data to annual. The effects of the forest variables

21 Fixed effects were more appropriate than random effects because the sample included nearly all TPs in
Perak, not a random selection of them (Wooldridge 2010, pp. 285–287; Kennedy 2008, p. 291). Moreover,
Hausman tests rejected the null that the random effects were uncorrelated with the error term: χ2(24) =
95.3 (P = 0.000) if the test used the disturbance variance estimate from the random effects model and
χ2(24) = 97.0 (P = 0.000) if it used the estimate from the fixed effects model. Despite these test results, the
random effects coefficient estimates were not very different from the fixed effects estimates given by model
(5) in Table 2: −1.41 (P = 0.000) for virgin forest and −1.06 (P = 0.000) for logged forest.
22 Endogeneity of a different sort—a correlation between the forest cover variables and the error term—
could occur if the four TPs that were established after 1994 were designed to cope with the effects of the
land-use changes that occurred during the sample period. Reestimating model (5) with those TPs excluded
from the sample did not change the results much: the coefficients on virgin forest and logged forest were
−1.56 (P = 0.019) and −1.13 (P = 0.0.34), respectively.
23 Results are very similar to those for model (6) if we use the first lag as an IV: the coefficients on virgin
forest and logged forest are−1.62 (P = 0.009) and−1.18 (P = 0.020), respectively. The instrument is again
very strong (F = 1989).
24 This is also the case if we use the first lag as an instrument (P = 0.711).
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Table 3 Robustness checks for model (5) in Table 2: alternative standard errors (SEs)

Model description Coefficient estimates and SEs for

ln(1 + Virgin share) ln(1 + Logged forest)

Model (5) from Table 2 −1.63** −1.17**

(0.628) (0.511)

Robust SEs, no clustering −1.63*** −1.17***

(0.258) (0.229)

Newey-West SEs −1.63*** −1.17***

(0.304) (0.265)

Robust SEs, clustered by TP-year −1.63*** −1.17**

(0.540) (0.491)

Robust SEs, clustered by zone-year −1.63** −1.17**

(0.702) (0.526)

PCSEa without TP correlations −1.66*** −1.14***

(0.405) (0.382)

PCSE with TP correlations −1.66*** −1.14***

(0.441) (0.402)

Model (5) from Table 2, excluding 6
TPs with large catchments

−1.47** −1.07**
(0.625) (0.491)

∗∗∗ P < 0.01; ∗∗ P < 0.05; ∗ P < 0.1
a Panel-corrected SEs (Beck and Katz 1995)

remain negative in this model and are only slightly smaller than the effects in model (5).
Their significance is somewhat lower, especially for the logged forest variable.

The Moulton problem results from the error term not being independently distributed
across months in a given year for a given TP. Another potential source of nonindependence
is correlation of errors between TPs (i.e., spatial correlation). We investigated this in three
ways, and all indicated that correlations between TPs were not large. First, we clustered
the standard errors by rainfall zone-year (the fifth row in Table 3), to allow correlations
between TPs in the same zone. The estimates were only slightly larger than the TP-clustered
estimates. Second, we estimated the fully controlled model using Beck and Katz’s (1995)
panel-corrected standard errors, which can correct for correlations between TPs in addition
to heteroskedasticity and serial correlation. The panel-corrected standard errors were only
slightly larger with the correction for TP correlations (the seventh row) than without it (the
sixth row). Third, we estimated the fully controlled model for a sample that excluded six
TPs on lower to middle stretches of the Perak River (Fig. 1).25 The catchments for these
TPs include the catchments for several other TPs nested within them, which could cause
correlated errors. Omitting the six TPs reduced the number of observations to 3242, but it
barely changed the TP-clustered standard errors for either forest variable. It did not change
the coefficients for these variables much either.

Our data enabled us to estimate two variations on Eq. (1) that included more complex
specifications of the effect of forest cover. The results did not indicate any advantage to
using these models instead of model (5) and thus are not shown. The first variation tested for
differences across types of virgin forest by including variables for better quality and montane

25 Air Ganda, BB Seri Iskandar, Kg. Gajah, Kg. Paloh, Kota Lama Kiri, and Teluk Kepayang.
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virgin forests in addition to the overall virgin forest variable. Among the three virgin forest
types, montane forests tend to be found on the steepest slopes and better quality forests on
the least steep slopes. This topographical pattern implies a negative coefficient on montane
forests (protection against a higher risk of soil erosion) and a positive coefficient on better
quality forests (protection against a lower risk). The coefficients on the two additional virgin
forest variables were not significant (P > 0.6), however, which suggests that their effects do
not differ from the effect of the reference, worse quality category. As Table 1 shows, however,
these two types vary less over time than does the worse quality type. We cannot rule out the
possibility that their insignificance resulted from this limited within variation.

The second variation allowed the effect of forest cover to vary with catchment size, by
interacting the forest cover variables with catchment area. The rationale for this interaction
is evidence from the forest hydrology literature that sediment yield per unit area decreases
with catchment area, as larger catchments trap a larger share of sediment upstream in river
channels and valleys (Dunne and Leopold 1978; Bruijnzeel 2004; Abdul Rahim and Zulkifli
2004).26 This redeposition effect implies a positive coefficient on the interaction terms. That
is what we found, but neither of the interaction terms was very significant (P > 0.2).

3.2 Effects of Water Volume and Rainfall on Treatment Cost

Although our focus is on the effects of forest cover, results for the other variables offer
evidence on the credibility of our models. Prior research suggests that water volume should
have a positive, less-than-proportional effect on cost, and that is what we find in model (5)
in Table 2. With cost and water volume both being log-transformed, the coefficient on water
volume is directly interpretable as an elasticity, and its value is 0.154 (P = 0.028). This is
much smaller than the elasticities reported by econometric studies on water treatment cost
in the US, which range from 0.66 to 0.96 (Forster et al. 1987; Holmes 1988; Dearmont
et al. 1998; Murray and Forster 2001; Piper 2003). An explanation for this discrepancy is
suggested by results for models (1)–(3) in Table 2, which have elasticities closer to those in
the US studies, 0.648–0.656. These models exclude TP fixed effects; hence, their elasticities
are influenced by variation between TPs, not just within TPs as in model (5). The samples
for the US studies were all either cross-sections or short panels, and none of the panel studies
included TP effects; hence, the US elasticities are also influenced by variation between TPs.
The explanation is thus that returns to scale in water treatment are stronger within individual
TPs, which is implied by the lower elasticity inmodel (5), than between TPs, which is implied
by the larger elasticities in models (1)–(3) and the US studies.27

Results for the rainfall variables in model (5) are consistent with our hypothesis of a
nonlinear effect that is negative at lower levels of rainfall (cost is decreasing in rainfall, due
to a stronger dilution effect) and positive at higher levels (cost is increasing, due to a stronger
soil erosion effect).28 The turning point is at 212 mm/month, which is the 56th percentile

26 Table 1 in FAO and CIFOR (2005) indicates that land use affects sediment loads only in catchments up
to 10,000 ha, which is smaller than 40% of the observations in our sample. Ogden et al. (2013) note that the
table is drawn from a source that provides no citations to support this threshold.
27 An additional explanation could be that the US elasticities are biased upwards by a correlation between
water volume and some omitted variable. A strong candidate for such a variable is catchment area. In our
sample, water volume has a relatively large positive correlation with catchment area (ρ = 0.310, P = 0.000).
This correlation is not surprising; larger TPs require larger supplies of source water and thus have larger
catchments. The US studies do not control for catchment area, but model (5) controls for it through the TP
effects.
28 The sign pattern on the linear and quadratic terms is the opposite (positive and negative) if TP effects are
excluded, as in model (3). This demonstrates the importance of controlling for unobserved TP characteristics.
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Fig. 4 Marginal value of water purification service supplied by virgin forests to TPs in Perak during 1994–
2007. Each point refers to a particular TP in a particular year (304 points)

of the rainfall distribution in the sample. The sign pattern is retained but the effects are less
significant in the annual model in column (7), which implies that intraannual variation in
rainfall affects cost much more than interannual variation does.

3.3 Marginal Value of the Water Purification Service

Figure 4 displays the marginal value of the water purification service supplied by virgin
forests to TPs in Perak during 1994–2007. The marginal value is defined as the annual
reduction in treatment cost that results from avoiding the conversion of 1 ha of virgin forest
to a nonforest land use. Monthly estimates were calculated by applying Eq. (3) to data in
the regression sample for model (5) in Table 2 and then converted to annual estimates by
multiplying the mean across the months in a given TP-year by 12. The figure does not show
the marginal values for six TPs with very large catchments (> 400,000 ha; the next largest
in the sample is 51,000 ha), which are off the scale to the right. The mean marginal value for
them, RM1.81/ha/year, is much smaller than the mean marginal value for the 35 TPs shown
in the figure, RM67.75/ha/year.

Two features of the figure are notable. One is that the scatter trends downward, which is the
expected shape for a textbook marginal benefit curve. This shape results from the derivative
of Eq. (3) with respect to virgin forest area—i.e., ∂2E

(
C

∣∣L, Q, R.ci , θy, θm
)
/∂F2—being

positive. It implies that cost-minimizing TPs would pay diminishing amounts to protect
additional hectares of virgin forest: their demand curve for the water purification service is
downward-sloping. The second feature is more striking, and it is that the marginal values
vary greatly for a given area of virgin forest. This mainly reflects variation between TPs: the
water purification service is much more valuable to some TPs than to others. Variation in
marginal values over time for a given TP is a secondary explanation.

The magnitude of these values can be gauged in several ways. One is to consider the
implications for the cost of operating a TP if it had to pay for the water purification service,
just as it pays for labor, energy, chemicals, and maintenance. This cost can be estimated by
multiplying the marginal values in Fig. 4 by the corresponding virgin forest areas, and then

123

Author's personal copy



J. R. Vincent et al.

expressed as a ratio by dividing by the actual operating cost for eachTP in each year. Themean
of this ratio was 0.417 (SD=0.273): on average, the value of water purification provided by
virgin forests, valued on the margin, was equivalent to more than a third of TPs’ expenditures
on priced inputs. The maximum value of the ratio in the sample was 1.20; that particular TP
received a water purification service whose value was greater than its expenditure on priced
inputs. Clearly, virgin forests provided a valuable service to the TPs.

A second way to gauge the magnitude of the service values is to compare them to the
opportunity cost of protecting virgin forests from conversion. Malaysian input–output tables
report aggregate operating surplus for rubber and oil palm plantations in 2005 (Department
of Statistics 2010). This is a good measure of short-run profits in those sectors, albeit for
all of Malaysia and not specifically for Perak. The input–output tables also report taxes paid
by the sectors, which can be added to operating surplus to form a more complete measure
of producer surplus in the sectors. These values can then be divided by aggregate plantation
areas in 2005 (provided by the Department of Statistics) to calculate producer surplus per
ha. The resulting values are RM2,360/ha/year for rubber and RM2812/ha/year for oil palm.
Each of these is more than 30 times the mean value of the water purification service shown
in Fig. 4. Taken at face value, this suggests that the value of the water purification service is
insufficient to justify protecting virgin forests against conversion to plantation crops.

The value of the water purification service can also be compared to the opportunity cost
of protecting virgin forests against logging instead of conversion. The relevant measure of
value in this case is the difference in service values between virgin and logged forests, which
is given by

−
(
β̂V − β̂L

)
· E (

C
∣∣L, Q, R, ci , θy, θm

)
/A

1 + FV /A
, (4)

where V and L distinguish the coefficients on virgin and logged forests, respectively.
For the TPs and years in Fig. 4, this expression has a mean of RM19.06/ha/year
(SD=RM14.78/ha/year; range RM0.41– 81.87/ha/year). All forests in Malaysia are owned
by state governments, and the loss of fiscal revenue from royalties and other timber fees is a
major opportunity cost of protection against logging that has concerned the Perak state gov-
ernment (Schwabe et al. 2014). Data from the Forestry Department Peninsular Malaysia
indicate that this revenue was RM2831.88/ha logged in the state in 2005. The Depart-
ment recommends a 30-year harvest cycle, which implies an annual timber revenue flow
of RM94.40/ha/year if the state’s forests were managed sustainably in 2005. Although this
is greater than the mean difference in service values, the gap is much smaller than in the case
of protecting virgin forests against conversion to plantation crops.

4 Discussion and Conclusions

We have presented significant, robust evidence that protecting virgin and logged forests
against conversion to nonforest land uses can reduce the operating costs of water treatment
plants. This evidence is based on Malaysian panel data, which enabled us to use fixed-
effects regression models to control more completely for potentially confounding factors
than previous studies have done. Our estimates indicate that forests have an inelastic effect
on treatment cost, with virgin forests having a larger effect than logged forests. We detected
these effects despite using interpolated estimates of forest cover, which likely biased the
estimated effects toward zero, and despite the relatively limited amount of variation in forest
cover over time, especially for virgin forests.
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Valuing virgin forests at the marginal reductions in treatment costs that they generated
indicates that the forests’ value to treatment plants was equivalent, on average, to more
than a third of the plants’ aggregate expenditures on priced inputs (labor, energy, chemicals,
maintenance). Our estimate of the marginal value of this service is very small, however,
compared to producer surpluses for rubber and oil palm plantations in 2005, which we
used to estimate the opportunity cost of protecting virgin forests against conversion. For
multiple reasons, we believe that this comparison exaggerates the gap between the service’s
marginal benefit and its marginal cost. Regarding the marginal benefit, as just mentioned our
estimate of the effect of virgin forest on treatment cost was probably biased downward due
to measurement error, and as discussed earlier our analysis did not account for reductions
in capital costs or the net value of additional treated water that treatment plants might have
produced as a result of having cleaner source water.

Regarding the marginal cost of the service, our producer surplus estimates for rubber and
oil palm are short-run estimates, which represent an amalgam of returns to all fixed factors of
production, not only land. Establishing rubber and oil palm plantations requires substantial
investments in infrastructure, terracing, and drainage. A proper marginal cost estimate for
the water purification service would include only land rent, which is net of returns on these
other investments. Moreover, our producer surplus estimates are averages across all existing
plantations in Malaysia, not estimates for marginal plantations in Perak. Most plantations
in Malaysia are in the lowlands, which offer superior conditions for growing rubber and oil
palm. These plantations can be expected to generate larger surpluses than new plantations in
the hilly and mountainous regions of Perak where most virgin forests remain. For these two
reasons, our producer surplus estimates overstate the marginal cost of the service by amounts
that are unknown but surely large.

For similar reasons, we have underestimated the marginal benefit and overestimated the
marginal cost of the enhancedwater purification service generated by protecting virgin forests
against logging. Our estimate of the average economic shortfall for this type of protection
was already much smaller than the average shortfall for protecting virgin forests against
conversion to rubber or oil palm. This suggests that water purification services are more
likely to justify protection of virgin forests in locations where the main threat comes from
logging (i.e., degradation), not conversion to plantation crops (deforestation).

We close by emphasizing two points. The first is that averages across treatment plants do
not tell the whole story, or even the most important part of the story. Figure 4 demonstrates
that the marginal value of the water purification service exhibits great heterogeneity; hence,
the marginal benefits of virgin-forest protection are much greater in some locations than in
others. If the marginal costs of protection also exhibit heterogeneity, as they surely do, then
it is possible that protection could be justified even in locations where marginal benefits are
low (if marginal costs are even lower) and not justified in locations where marginal benefits
are high (if marginal costs are even higher).

The second point is that water purification is just one of many watershed services and
other ecosystem services that tropical forests can supply (Pattanayak 2004; Pattanayak and
Wendland 2007). In Malaysia, recent research indicates that tropical forests can also mitigate
floods (Tan-Soo et al. 2014) and generate large values related to biodiversity conservation
(Vincent et al. 2014). Protection decisions that appear to be economically unjustified when
only water purification is considered might turn out to be justified when a broader range of
services is taken into account.
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