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A B S T R A C T

A number of studies show that payments for ecosystem services (PES) programs contribute to reducing defor-
estation, but few have measured the impact on ecosystem service provision or compared economic benefits and
costs of these programs. We integrate impact evaluation and ecosystem service measurement to examine the
effects of PES programs in Veracruz, Mexico. We use quasi-experimental methods to measure the effect of en-
rolling in PES on forest cover. We link these changes in forest cover to field-calibrated measures of water reg-
ulation and carbon storage. After converting these changes in ecosystem services to monetary values we cal-
culate the net benefits of the programs. We find that PES reduces losses of forest cover but that the additional
gains in forest cover are small. However, these gains in forest lead to positive water regulation and carbon
storage services. The net benefits of the PES programs over a 10-year period are as large as USD 3.2 million for
watershed services and USD 4.9 million for water plus carbon storage. However, when there is no additionality
in forest cover due to PES, the programs result in economic losses. Adopting this type of integrated modeling of
PES impacts sheds light on the economic efficiency of these approaches.

1. Introduction

Freshwater hydrological services, including water regulation, water
yield, and water quality, are some of the most critical and threatened
ecosystem services globally (Brauman et al., 2007). These hydrological
processes are inextricably linked to forest structure and composition
(Keleş, 2019; Bonnesoeur et al., 2019). Payments for hydrological ser-
vices (PHS) programs have been implemented throughout Latin
America and the world to address growing problems of forest loss and
water security (Martin-Ortega et al., 2013; Bremer et al., 2016a; Grima
et al., 2016). PHS are part of a broader suite of tools known as payments
for ecosystem services (PES). In PES programs, ecosystem service users
provide extrinsic incentives to ecosystem service providers for changes
in natural resource management behaviors that lead to offsite benefits
(Muradian et al., 2010; Wunder, 2015). This broad definition en-
compasses the many government-funded PES programs that provide
subsidies for conservation behaviors (Schomers and Matzdorf, 2013).

Additionally, in many places, PES programs target development out-
comes alongside conservation goals (Shapiro-Garza et al., 2019). PES
policies operate within coupled natural-human (CNH) systems, and the
interactions and feedbacks within these systems can affect the degree to
which these programs achieve their stated objectives (Asbjornsen et al.,
2015).

Despite the popularity of PES programs worldwide, there is little
empirical evidence that these conservation approaches achieve their
targeted ecosystem service outcomes (Brouwer et al., 2011; Naeem
et al., 2015). To date, most PES programs focus on forest cover as a
proxy for ecosystem service provision (Börner et al., 2017). Although
efforts to monitor ecosystem services are increasing (e.g. Bremer et al.,
2016b) the ability of these programs to provide ecosystem services
beyond what would have happened without the program are less clear
(Ferraro and Pattanayak, 2006). Concern about the ability to achieve
ecosystem service provision is of particular importance for PHS pro-
grams (Brouwer et al., 2011) because some of the hydrological benefits
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promoted by these programs are not necessarily supported by the
prescribed management practices. For example, increased forest cover
does not typically lead to increased water yields even though the stated
objective of some forest conservation programs is to increase water
quantity (Asbjornsen et al., 2015). A major step forward for under-
standing whether and when PHS programs lead to positive hydrologic
service outcomes would be to measure the causal impact of these pro-
grams on ecosystem service provision (Ferraro et al., 2015). These
outcomes can be expressed in biophysical metrics or converted to a
monetary value in order to compare them with the costs of im-
plementing the program (Boyd et al., 2015).

Linking the biophysical and economic sciences for integrated impact
evaluation of PHS policy on ecosystem service outcomes faces several
challenges. Unlike performance monitoring that tracks program out-
comes over time, impact evaluation is focused on identifying the causal
impact of programs (Mascia et al., 2014). This requires comparing what
would have happened without the program (the counterfactual) with
what actually happened with the program (Ferraro and Pattanayak,
2006). When a program is not randomly implemented, quasi-experi-
mental impact evaluation methods can be used to construct a coun-
terfactual scenario and estimate the causal impact of policies. While
counterfactual evidence of the impacts of PES programs on conserva-
tion outcomes is increasing, the majority of these studies stop at
changes to land cover (Pattanayak et al., 2010; Samii et al., 2014;
Börner et al., 2017). Impact evaluations of PES programs in Latin
America suggest that PES schemes have led to avoided deforestation but
that the net change in area dedicated to forest is often modest because
payments tend to go to areas with low levels of deforestation risk (e.g.
Scullion et al., 2011; Alix-Garcia et al., 2012; Arriagada et al., 2012;
Robalino and Pfaff, 2013; Robalino et al., 2015; Costedoat et al., 2015;
Sims and Alix-Garcia, 2016; Le Velly et al., 2017; Jones et al., 2017;
Von Thaden et al., 2019).

There are few causal assessments of the impact of PES programs on
changes in ecosystem service provision (Börner et al., 2017). Recent
exceptions include Pynegar et al. (2018) and Jayachandran et al.
(2017). It can be challenging to detect any impact of a conservation
program on ecosystem service provision because the response of eco-
system services to management practices is temporally and spatially
complex and can be influenced by factors other than the conservation
program in question (e.g. Pynegar et al., 2018). In many cases, PES
leads to changes in ecosystem services through changes in land cover.
This requires understanding the relationships between land cover types
and ecosystem service provision. Ideally, field-based measurements of
ecosystem services are used to demonstrate the relationships between
these two variables in a specific site (Bennett et al., 2009). For example,
eco-hydrological research has reached varying conclusions about the
impact of forest cover on water yield, water infiltration, and water
regulation, depending on the study site (Muñoz-Villers and McDonnell,
2013; Asbjornsen et al., 2017). In Mexico, studies have found that
montane forest cover results in lower annual water yields than other
land uses, but positively contributes to other hydrologic outcomes such
as seasonal baseflow, groundwater recharge, and water quality (ibid).
While PHS programs focus on hydrological services, there are also in-
teractions and feedbacks with other ecosystem services within the CNH
system that could lead to synergies or tradeoffs (Bennett et al., 2009).

The goal of this study is to advance our understanding of the net
benefits of PHS programs by measuring their impact on forest cover and
ecosystem service provision. To do this, we integrated data from the
biophysical and economic sciences to: (1) estimate the impact of PHS
programs on forest cover; (2) relate forest cover to water regulation and
carbon storage provision through field-based measurements; and (3)
compare the monetary value of those ecosystem services to the financial
costs of the program. We did this for three study regions in Veracruz,
Mexico. Mexico has one of the longest-operating PHS programs in the
world, which started in 2003 (Muñoz-Piña et al., 2008). A number of
evaluations of the program's influence on avoided deforestation have

found positive results (e.g. Scullion et al., 2011; Alix-Garcia et al., 2012;
Le Velly et al., 2017; Von Thaden et al., 2019). However, there are no
known evaluations linking PHS programs in Mexico to changes in
ecosystem service provision. Thus, this study adds to the nascent lit-
erature using impact evaluation methods to assess ecosystem service
outcomes of conservation policies (Ferraro et al., 2015) and responds to
calls for greater attention to the benefits and costs of conservation
programs (Naidoo et al., 2006; Vincent, 2016). This provides an as-
sessment of the economic efficiency of PHS in terms of their ability to:
(1) avoid deforestation that would have occurred otherwise; (2) con-
tribute to ecosystem service provision; and (3) provide those ecosystem
services at a cost that is less than the benefits to offsite beneficiaries.

2. Materials and methods

We conducted an ex-post benefit-cost analysis of three PHS pro-
grams in Veracruz, Mexico. In the first stage, we evaluated how PHS
affects land cover outcomes using quasi-experimental impact evalua-
tion methods that compare what would have happened to land cover
without the program to what actually happened with the program
(Abadie and Cattaneo, 2018). Using field-based measurements of eco-
system services and modeling of the relationship between land cover
and ecosystem services provision, we translated any additional changes
in land cover to changes in ecosystem services. The third stage linked
the changes in ecosystem services to human welfare by considering the
changes in socioeconomic productivity (i.e. monetary metrics) affected
by the changes in ecosystem services. Finally, the economic benefits of
investing in PHS were compared to the financial costs of implementing
the programs.

2.1. Study area and PHS programs

We focused on three similar-sized study regions in Veracruz State,
Mexico (Fig. 1): the Sierra de Otontepec (940 km2), the Upper Antigua
River watershed (820 km2), and Los Tuxtlas (960 km2). All three re-
gions are dominated by forest cover (Table 1), which includes oak, pine,
pine-oak, cloud forests, and some tropical rain forest in lower elevations
(Von Thaden et al., 2019). The three regions vary in mean rainfall and
temperature, with the Upper Antigua site at higher elevation with lower
temperatures and rainfall compared to the other two regions.

These three regions provide drinking water to about one million
people jointly, and each services at least one major downstream city
(INEGI, 2010). In addition to residential use, water is an input into
regional industries. For example, there are sugarcane and coffee pro-
cessing plants downstream, and a recycled paper processing plant, that
rely on local water sources. Finally, Coca Cola and Nestlé both have
factories in the area, utilizing large amounts of water in their beverage
production. There are no hydroelectric power companies in the study
area.

The forested areas upstream have experienced forest loss and de-
gradation, with the majority of conversion due to agriculture (including
cattle pasture, production coffee, and subsistence crops) (Guevara et al.,
2004; SEDEMA, 2007; Cotler et al., 2010). Mexico's national PHS pro-
gram began operating in these regions in 2003. In 2008, Mexico es-
tablished local matching funds programs that require a local organi-
zation to provide at least 50% of their operational costs (Herrera,
2013). The majority of payments in these regions have transitioned
from the national to local matching funds programs, and many parcels
originally in the national program are now enrolled in a local program
(Von Thaden et al., 2019).

2.2. Data

2.2.1. Land cover and geospatial variables
A set of 30 m × 30 m resolution Landsat satellite images for 1993,

2003, and 2013 were used to classify land cover using the Random
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Forests classifier (Von Thaden et al., 2019). Six land cover categories
were identified including primary forest, secondary-intermediate forest,
secondary-young forest, coffee, pasture, and crops (Von Thaden et al.,

2019). Extensive ground-based land cover reference data were collected
to train the classification and to assess the thematic accuracy of the
classification. Primary and secondary-intermediate forests were

Fig. 1. Location (A) of the three study regions with active PHS programs in the state of Veracruz, Mexico. These include the Sierra de Otontepec (B), the Upper
Antigua River watershed (C), and Los Tuxtlas (D). Green areas are parcels receiving PHS during the period 2003–2013. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Biophysical characteristics in three study regions in Veracruz state, Mexico.

2003 Forest Cover (%) Elevation Precipitation (mm/yr) Temperature (°C) Slope (degrees)

Sierra de Otontepec Min 80 0 1200 22 0
Max 100 1323 4500 26 61
Mean 89 184 1401 25 19
Std. Dev. 6 197 156 1.0 9

Upper Antigua Min 80 650 400 7 0
Max 100 4203 2500 22 64
Mean 91 2224 1173 14 22
Std. Dev. 6 645 399 3 11

Los Tuxtlas Min 80 0 1200 18 0
Max 100 1686 4500 28 67
Mean 92 365 1843 24 20
Std. Dev. 5 325 287 2 8
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distinguished based on reference data measuring average tree diameter
at chest height and tree height. The accuracy of the final land cover
maps was 83% for 1993, 85% for 2003, and 86% for 2013, with Kappa
indices> 0.8 for each map. For purposes of this analysis we combined
primary forest and secondary-intermediate forest into one “total forest”
class since parcels with>80% combined primary and secondary forest
are eligible for enrollment in the PHS program (CONAFOR, 2015). All
other land cover classes were considered “non-forest”. We also ran a
separate analysis considering only primary forest cover since this land
cover class is correlated with the highest provision of ecosystem ser-
vices in the study area (Berry et al., unpublished data).

We used geospatial datasets to control for potential differences in
deforestation drivers in areas with and without PHS in our impact
evaluation (e.g. Alix-Garcia et al., 2012; Von Thaden et al., 2019).
Variables included slope and elevation; distance to closest road and
urban area; and the calculated distance to forest edge. We used in-
formation on ejido boundaries and protected area boundaries to capture
potential differences in deforestation rates associated with land tenure
(Alix-Garcia et al., 2005). PHS payments in Mexico are made to both
ejido and private landowners, and can occur within protected areas
when people legally reside within these boundaries (CONAFOR, 2015).

2.2.2. Defining treatment and control units
We used a 1 ha grid and selected all grid cells that had> 80%

primary and secondary-intermediate forest cover as of 2003. Given the
overlap in parcels enrolled across the national and local PHS programs
and the similarity in conservation strategy, we analyzed all PHS prop-
erties in the region as a combination of both programs (similar to Von
Thaden et al., 2019). For each grid cell, we defined participation in the
PHS program as> 50% of the cell being covered by PHS payment. Any
PHS grid cells with< 50% PHS coverage were dropped from our
sample. We considered all PHS grid cells as “treatment” regardless of
year of enrollment, which varied between 2003 and 2013 (see
Appendix A for more information on year of enrollment). Since we do
not have annual data on land cover (see Section 2.2.1) we cannot se-
parate out enrollment by year. As a robustness check to treating all PHS
grid cells as “treatment” we also restricted our definition of treatment
to those grid cells enrolled by 2008. At least 70% of all PHS contracts in
our three study regions started by 2008 (Appendix A). Grid cells with
0% PHS and > 80% mature and secondary-intermediate forest as of
2003 were included in the potential control group. For each grid cell,
we summarized the annualized change in forest cover for 1993–2003
(pre-PHS policy) and 2003–2013 (post-PHS policy), and summarized all
geospatial variables.

2.2.3. Ecosystem service measurement
A ‘trading space for time’ paired catchment study design (e.g.

Ochoa-Tocachi et al., 2016) was used in the Upper Antigua River wa-
tershed study region to collect and analyze data on multiple ecosystem
services. Eight first-order catchments were selected with different
dominant (> 50%) land cover types. These included three forest stages
(primary, secondary-intermediate, secondary-young), two management
types of shade coffee (high and low intensity), two management types
of pasture (high and low intensity), and crops. Management intensities
were defined through site visits to quantify intensity of production and
inputs. Actual coverage of the dominant land cover ranged from 50%
to> 90% (see Appendix B for more information on ecosystem service
measurement).

This paper focused on water regulation and carbon storage. We
focused on the impacts of forest conversion on water regulation since
urban areas in our study regions are reliant on natural ecosystems to
regulate and supply water to their downstream populations (Herrera,
2017). Water scarcity was a major contributor to the formation of
Mexico's PHS programs (Muñoz-Piña et al., 2008). Land-based carbon
storage is considered here as a positive co-benefit of PHS because
carbon is becoming increasingly important in Mexico as the nation

implements a national REDD+ strategy, and because of its global im-
portance to climate change mitigation (Griscom et al., 2017).

To quantify water regulation, we used a low flow metric. Low flow
refers to the streamflow during prolonged periods of little to no rainfall
in an average year. In the case of urban water infrastructure systems
with minimal storage volume, water availability during the dry season
is highly vulnerable to annual and seasonal fluctuations in these low
flows (e.g. Lele, 2009; Guswa et al., 2014). Since we are interested in
hydrologic services that regulate streamflows available for use as sur-
face water supplies downstream, we use an absolute flow (volume per
time) rather than flows normalized by precipitation. While flows nor-
malized by precipitation are useful metrics for understanding hydro-
logic processes in a watershed, this type of normalized metric is not as
useful for measuring the value of hydrologic services to downstream
beneficiaries.

Low flow metrics are usually derived from time series data of
streamflow, where the time series data is converted into a frequency
distribution and a statistical measure is selected to represent typical
values of low flows (e.g. Te Chow, 2010). In our case, we used the 95%
exceedance streamflow (Q95), which is the value of flow where 95% of
the observed flows are higher than that value. In the Upper Antigua,
high-resolution (10-minute intervals) streamflow observations were
collected over a four-year period at the outlets of our eight catchments.
The values of the Q95 were extracted from the resulting time series of
streamflow data to determine a representative low flow metric for the
dominant land cover type in each catchment (see Appendix B for more
information on hydrological measurement). As is common in wa-
tershed-scale analyses of hydrologic services, hydrologic metrics are
linked to land cover type through parameters such as evapotranspira-
tion and runoff coefficients (see, for example, ARIES, Villa et al., 2014,
and InVEST, Sharp et al., 2020) and aggregated to the watershed scale.
Here, in order to estimate an aggregated Q95 for the entire study wa-
tersheds, we normalized the volumetric Q95 values for each catchment
(units of volume per time) by the area of the given catchment (and
associated dominant land cover type), resulting in units of volume per
time per area. The area-normalized Q95 is multiplied by the total area of
the land cover type in the watershed, and the resulting flows (in units of
volume per time) are summed to obtain the total Q95 generated in the
watershed. This approach implicitly assumes that precipitation is es-
sentially equal over the watershed; however, this assumption is miti-
gated by the fact that the land cover types are reasonably well dis-
tributed across the watershed (e.g. Von Thaden et al., 2019).

Total carbon storage was estimated by quantifying the biomass of
trees, coarse and fine roots, and soils in 65 standardized plots that
spanned the eight first-order catchments and also included additional
replicate plots throughout the larger Upper Antigua region. Tree bio-
mass was estimated by measuring diameter and height and calculating
biomass using allometric equations from Chave et al. (2005) for moist
tropical forests. A region-specific average of 0.64 was used for wood
density (Berry, unpublished data). Allometric equations from Cairns
et al. (1997) were used to quantify root biomass, as a function of above
ground biomass. Soil carbon was quantified by sampling at three lo-
cations within each plot to one-meter depth. Soil depth intervals were
analyzed for carbon content using the dry combustion method (Nelson
and Sommers, 1996) and bulk density using the clod method (Blake and
Hartge, 1986). For both above- and below-ground biomass, plant
carbon was considered as 50% of the biomass (Brown and Lugo, 1982).
For this paper, carbon content data were collated to produce estimates
of total plot carbon. See Appendix B and Vizcaino-Bravo et al. (2020)
for more information on how carbon storage was measured in the study
area.

We applied ecosystem service measures from the Upper Antigua
region to our other two study regions based on land cover type, re-
cognizing the uncertainty in interpreting the results in the Sierra de
Otontepec and Los Tuxtlas regions. While this transfer introduces po-
tential error, the application of primary data collected from sparse
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measurements across similar regions, using land cover as a proxy, is a
commonly used approach in the ecosystem service mapping literature
(e.g. Martínez-Harms and Balvanera, 2012; Egoh et al., 2012; Crossman
et al., 2013; Schröter et al., 2015). In our case, all three study regions
are broadly characterized as having a similar climate (Table 1), vege-
tation (humid tropical montane forests), soils (volcanic), and land use
histories (e.g. Chagoya Fuentes et al., 2015; Williams-Linera et al.,
2013; Delgadillo-Moya et al., 2017). Thus, despite the inherent un-
certainties involved when using a transfer approach, in the case of soil
carbon, the similar biophysical conditions suggest that carbon accu-
mulation and land use effects should be sufficiently similar to derive
valid estimates for soil carbon across sites. In transferring low flow
values across regions, differences in annual rainfall (Upper An-
tigua = 1172 mm, Sierra de Otontepec = 1401 mm, Los Tux-
tlas = 1843 mm) suggest that we may have underestimated the abso-
lute changes in values of hydrologic services in the Sierra de Otontepec
and Los Tuxtlas regions.

2.3. Data analysis

2.3.1. Impact evaluation
We estimated the impact of PHS on forest cover separately for our

three study regions to allow for differences in drivers of deforestation.
In each region, we used propensity score matching to find a control
group that was similar to observable covariates for the PHS treatment
grid cells (Rubin, 2006; Abadie and Cattaneo, 2018). Treatment units
were matched to control units with the closest propensity score using 1-
to-1 matching without replacement. To improve the quality of matches,
we used a caliper equal to 0.25 the standard deviation of the estimated
propensity score. We used the following variables in matching: 2003
total forest cover; 2003 distance to forest edge; distance to closest road;
distance to closest urban area; slope; elevation; and dummy variables
for land tenure (ejido and protected area). We checked whether
matching improved the similarity of observable variables between the
two groups by estimating normalized differences in means. A normal-
ized difference in mean value< 0.25 avoids bias in linear regression
models (Imbens and Wooldridge, 2009).

Linear fixed effects panel regression was used on the matched
sample to estimate the impact of the PHS programs on changes in forest
cover (Imbens and Wooldridge, 2009; Abadie and Cattaneo, 2018). This
is equivalent to a difference-in-differences impact evaluation approach
(Angrist and Pischke, 2009). The combination of matching plus dif-
ference-in-differences is considered a robust quasi-experimental
method and a common approach to estimating the impact of con-
servation policies on land cover change (Jones and Lewis, 2015; Abadie
and Cattaneo, 2018).

Our dependent variable was the annualized area of forest cover
change (Y) for grid cell i in time t, denoted Yit. The linear fixed effect
panel regression equation was estimated as follows:

= + + + + +Y X P T a ,it it it t i it1 2 3 (1)

where Xit denotes time-varying covariates of land cover change for unit
i, Pit indicates the time-varying PHS policy status of unit i, Tt indicates
time fixed effects, and ai + εit is the composite unobservable variation.
Data on distance to closest road, distance to closest urban area, eleva-
tion, slope, and land tenure were time-invariant in our data set and are
captured by the grid cell fixed effect (ai). Distance to forest edge and
forest cover at the beginning of each time period were estimated in Xit.
The value of β2 gives the estimate of the PHS treatment effect. Values of
εit were estimated as cluster robust standard errors, clustering on the
grid cell to reduce serial and spatial correlation (Cameron and Trivedi,
2005). Eq. (1) was estimated separately for Yit defined as total forest
cover (primary and secondary-intermediate forest) and as primary
forest cover. Since Yit can take both positive and negative values, it
captures both avoided deforestation and reforestation over time.

2.3.2. Translating forest cover into ecosystem services
Our field-based ecosystem service measures were related to land

cover based on our plot and catchment network and a one-way analysis
of variance. This allowed us to calculate ecosystem service provision
per ha of land cover type for annual low flows (m3/ha) and carbon
storage (Mg/ha). To estimate the additional ecosystem service provi-
sion that can be attributed to the PHS policy we calculated:

=
=

ES[ ],
PHSi

N

1, 1
2

(2)

where β2 is the average treatment effect (ha of additional forest cover
per year that can be attributed to the PHS programs) estimated in Eq.
(1) and ES is the average annual additional value of water regulation or
carbon storage per ha due to protecting total or primary forest cover. ES
was calculated as the difference between delivery of the ecosystem
service from a piece of land with forest compared to a piece of land with
non-forest land cover, since non-forest land cover also provides some
level of each ecosystem service (i.e. ecosystem services are not equal to
zero). To calculate the ecosystem service values for non-forest land
cover we took the average value of low flows and carbon storage across
young forest, coffee, pasture and crop land cover types. For the analysis
of benefits from total forest (primary and secondary forest), we used the
average value of low flows and carbon storage from these two land
cover classes.

2.3.3. Monetizing ecosystem services
We converted the additional ecosystem services protected by the

PHS policy, δ, from biophysical units to a monetary value. We used a
range of monetary values to reflect the uncertainty in the economic
value of ecosystem services in these regions. This type of sensitivity
analysis is considered best practice in benefit-cost analysis (Boardman
et al., 2006). To proxy for the value of an additional unit of water
available due to forest protection we used information on water tariffs
in our study regions and from published studies on the economic value
of water in Mexico. While water tariffs for the downstream cities in the
region (where residents foot some of the bill for the local matching PHS
programs) capture what residents pay for water, water tariffs are known
to be artificially low, underestimating the true economic value of water
(Lange and Hassan, 2006). In Mexico, water tariffs are regulated by the
state and in our regions vary between USD 0.5/m3 and USD 1.5/m3.

Water as an input into agriculture and industry can provide a better
approximation of the economic value of the resource (Lange and
Hassan, 2006). A study of the economic value of irrigation water in
south-eastern Mexico estimated an average marginal value of between
USD 1.5–2/m3 (Yedra et al., 2016). The economic value of water to the
manufacturing sector in Mexico has been estimated at an average
marginal value of USD 19/m3 with variation across sectors (Revollo-
Fernández et al., 2019). Additionally, several meta-analyses have found
that urban consumers in Mexico and Latin America are willing to pay
between USD 2–18 per month for watershed services from forests (Ojea
and Martin-Ortega, 2015; Perez-Verdin et al., 2016; Lara-Pulido et al.,
2018), and a recent choice experiment in our study area found that
households are willing to pay an additional USD 2–3 per month on their
water bill for water regulation services from forests (McGinnis, 2019).
These stated willingness to pay studies, however, are not linked to a
specific volume of water. Based on the above, we used a low value of
USD 2/m3 (representing the economic value of water to irrigated
agriculture and similar to water tariffs in the region) and a high value of
USD 19/m3 (representing the economic value of water to industrial
production) in this study.

To monetize the value of carbon storage, we used a low monetary
estimate based on the low-end of the voluntary carbon trading/carbon
credit market: USD 10/Mg of carbon. We selected two additional esti-
mates of the monetary value of carbon based on the social cost of
carbon (SCC) calculations. A recent estimate of the SCC puts it at USD
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31/Mg of carbon (Nordhaus, 2017) based on integrated assessment
modeling of the welfare measures of avoided costs. We used this as a
medium range monetary estimate. However, some experts suggest this
cost is too low and propose values between USD 80–100/Mg (Pindyck,
2019) that capture the SCC when faced with an extreme climate out-
come. Estimates in this range have been used in other ecosystem service
assessments (Ferraro et al., 2015) and we used USD 100/Mg as a high
estimate.

2.3.4. Costs of the PHS programs
The costs of implementing a PHS program include the direct pay-

ments made to landowners, as well as the indirect costs of employing
personnel to administer the program (Naidoo et al., 2006). In this study
we were only able to calculate the direct payments since the adminis-
trative structures for implementing the program in each region vary,
complicating the estimation of implementation costs. In most cases, the
programs are run by quasi-governmental agencies or non-governmental
organizations, that carry out a number of water or rural development
projects, in addition to administering the PHS programs. The local PHS
programs paid landowners around USD 110 (in 2003 USD) per ha (1100
pesos per ha). The national PHS program paid less than this, but rates
varied substantially across years and forest type (CONAFOR, 2015).
Since the exchange rate between pesos and USD varies by year, we used
the annual exchange rate to convert pesos to USD for 2003 through
2013 when estimating the total payments to landowners in each year
(see Appendix A for more information on program costs).

2.3.5. Benefit-cost calculation
Using the annual monetary estimate of additional ecosystem ser-

vices provided by the PHS programs we estimated the yearly con-
tribution of the program as follows. First, we multiplied the annual
monetary estimate of additional ecosystem services by the total number
of PHS contracts for each year between 2003 and 2013 (see Appendix
A). Second we applied a discount rate of 3% to put benefits in 2003
present value terms. This discount rate was based on the social discount
rate for Mexico (Coppola et al., 2014). Thus, the additional ecosystem
service provision was only attributed to a PHS grid cell for those years
the observation was enrolled in the program. For example, a PHS grid
cell that entered the PHS program in 2008 was credited with six years
(2008–2013) of additional ecosystem service provision.

To estimate the annual costs of the PHS program, we multiplied the
number of PHS grid cells enrolled in that year by the payment amount
for that year (see Appendix A). Since some grid cells have<100% PHS
coverage, our calculations over-estimate the total payment costs for our
sample. We then applied a 3% discount rate to put all costs in 2003
present value terms.

The discounted annual flow of additional ecosystem service benefits
and program costs were differenced to calculate the net benefits of the
PHS programs in each year. These were then summed over the 10 year
period of the PHS programs (2003–2013) for each of our three study
regions.

3. Results

3.1. PHS and non-PHS characteristics

The number of grid cells with>80% combined primary and sec-
ondary forest cover in 2003 was: Sierra de Otontepec (4017), Upper
Antigua River watershed (6428), and Los Tuxtlas (7644). Forest cover
increased between 1993 and 2003 in our three study regions and de-
creased between 2003 and 2013 (Table 2). In Sierra de Otontepec, total
forest cover was close to 100% for all grid cells and remained high
through 2013. Primary forest cover, however, decreased over time in
non-PHS grid cells but increased over time in PHS grid cells. Similar
trends were found in Los Tuxtlas, with total and primary forest in-
creasing slightly on PHS grid cells, and declining slightly on non-PHS

grid cells between 1993 and 2013. The Upper Antigua River watershed
saw the largest changes in forest cover with about a 10% decrease in
total and primary forest cover on both PHS and non-PHS grid cells
between 1993 and 2013. Annualized losses in forest cover were be-
tween 0 and 2% in all regions between 2003 and 2013.

There were observable differences across PHS and non-PHS units
that would affect deforestation rates in all three study regions (Table 3).
In Sierra de Otontepec, PHS units were on average farther from roads
and cities than non-PHS units, which suggests lower deforestation
pressures. In Upper Antigua, PHS units were located at higher eleva-
tions and steeper slopes than non-PHS units, indicating lower oppor-
tunity costs and/or lower likelihood of additionality. Conversely, in
both locations, PHS units were located closer to forest edges, where
deforestation pressure is expected to be higher. In Los Tuxtlas, PHS
units were farther from forest edges, but closer to the nearest road and
city, than non-PHS units. PHS and control units in Sierra de Otontepec
and Los Tuxtlas were located primarily within protected areas, whereas
the study units in Upper Antigua were outside protected areas. Overall,
the propensity for deforestation varies not only across PHS and non-
PHS units, but also across study regions.

To create our control group we used matching and this significantly
improved the similarity between PHS and non-PHS units for observable
characteristics (Table 4). While some small differences remained using
unnormalized differences in means tests (i.e. t-tests), the normalized
differences in means after matching suggest that observable differences
should not bias linear regression, i.e. all values< 0.25 (Table 4).
During the matching process, if a treatment unit cannot be matched to a
similar control unit (based on similarity criteria described above), then
the treatment unit is dropped from analysis (since there is no suitable
counterfactual). In finding similar control units, the largest number of
treatment observations were dropped from Sierra de Otontepec region
(> 1000) – PHS units in this region were more likely to be located on
ejido lands and at higher elevation, and there were not many com-
parable forested areas outside of PHS within that region that matched
these criteria (Table 3).

3.2. Impact evaluation of PHS on forest cover change

Estimating the regression in Eq. (1) with the matched samples, the
average treatment effect of the PHS policy on changes in primary forest
cover was statistically significant and positive (indicating more forest
cover due to the program) in all three study regions (Table 5). The
difference in changes in total forest cover due to PHS policy was sta-
tistically significant in two of the three regions. In Sierra de Otontepec,
the PHS policy accounted for a difference of about 0.005 ha per year
(per grid cell) in primary forest cover between 2003 and 2013. There
was no effect of the PHS policy on total forest cover in this region,
reflecting the trends observed for total forest cover over time (Table 2).
For the Upper Antigua River watershed, the PHS policy avoided de-
forestation of about 0.004 ha per year regardless of whether forest was

Table 2
Trends in forest cover over time for PHS and non-PHS grid cells. Reported as
average percent coverage of 1 ha grid cells.

Year Sierra de Otontepec Upper Antigua Los Tuxtlas

Primary forest (%)
PHS Non-PHS PHS Non-PHS PHS Non-PHS

1993 90 86 92 86 85 91
2003 96 93 93 91 96 97
2013 92 74 81 74 87 87

Total forest (%)
PHS Non-PHS PHS Non-PHS PHS Non-PHS

1993 100 99 97 95 86 94
2003 99 99 98 97 98 99
2013 100 99 88 83 90 92
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measured as only primary forest or total forest. In Los Tuxtlas, the
average treatment effect of PHS on changes in primary forest cover was
about 0.003 ha per year, which is slightly higher than the effect on total
forest cover of 0.002 ha per year. Thus, the absolute change in forest
cover due to the PHS policy was<1% of a grid cell per year – this
reflects the relatively small amount of forest cover change occurring in
the study area per year (Table 2). Similar results were found when we
restricted the definition of PHS treatment to only those grid cells that
were enrolled as of 2008 (see Appendix C for these results).

3.3. Additional ecosystem service values due to PHS

The provision of water regulation and carbon storage from primary
forest was higher than all other land cover types in the study area. For
water regulation, primary forest was estimated to provide low flows of
Q95 = 4711 m3/ha/yr. The average over primary and secondary forest
was Q95 = 4524 m3/ha/yr. Non-forest land covers had low water

Table 3
Summary of independent variables for PHS and non-PHS grid cells before matching. Mean values with standard deviations in parentheses. Statistically significant
differences in mean values between PHS and non-PHS grid cells (estimated using two-sample t-test with unequal variance) noted by **(99% level) or *(95% level) in
PHS column.

Variable Sierra de Otontepec Upper Antigua Los Tuxtlas

PHS Non-PHS PHS Non-PHS PHS Non-PHS

Total forest in 2003 (ha) 0.99**
(0.02)

0.99
(0.03)

0.98**
(0.04)

0.97
(0.05)

0.98**
(0.04)

0.99
(0.04)

Distance to forest edge in 2003 (km) 0.11*
(1.08)

0.20
(1.46)

0.15
(1.27)

0.18
(1.35)

0.36**
(3.45)

0.15
(1.84)

Distance to nearest road (km) 1.30**
(0.56)

1.14
(0.67)

0.37**
(0.26)

0.34
(0.26)

1.88**
(1.10)

2.38
(1.20)

Distance to nearest urban area (km) 4.34**
(1.21)

4.01
(1.28)

0.90**
(0.46)

0.86
(0.44)

3.60**
(1.36)

3.75
(1.45)

Elevation (masl) 917.34**
(200.54)

762.52
(183.56)

2201.39**
(644.81)

2153.65
(646.75)

985.25
(287.06)

979.16
(318.97)

Slope (degrees) 27.32**
(10.44)

28.60
(9.80)

27.61**
(10.62)

25.43
(10.47)

23.43**
(8.99)

25.41
(10.42)

Ejido 0.68**
(0.47)

0.05
(0.21)

0.50**
(0.50)

0.27
(0.44)

0.51**
(0.49)

0.30
(0.45)

Protected area 1.0
(0.0)

1.0
(0.0)

0.0
(0.0)

0.0
(0.0)

0.95
(0.21)

0.95
(0.21)

Observations 1750 2267 2745 3683 2396 5248

Table 4
Summary of independent variables for PHS and non-PHS grid cells after matching. Mean values with standard deviations in parentheses in first two columns of each
study region. Statistically significant differences in mean values between PHS and non-PHS grid cells (estimated using two-sample t-test with unequal variance) noted
by **(99% level) or *(95% level) in PHS column. The normalized differences in mean values is reported in column three for each study region (< 0.25 value
considered adequate to eliminate bias in linear regression).

Variable Sierra de Otontepec Upper Antigua Los Tuxtlas

PHS Non-PHS Normalized differences
in mean

PHS Non-PHS Normalized
differences in mean

PHS Non-PHS Normalized
differences in mean

Total forest in 2003 (ha) 0.99
(0.02)

0.99
(0.02)

< 0.01 0.98*
(0.05)

0.98
(0.05)

0.07 0.98
(0.04)

0.98
(0.04)

0.02

Distance to forest edge in 2003 (km) 0.24
(1.62)

0.27
(1.80)

0.02 0.16
(1.31)

0.15
(1.21)

< 0.01 0.28
(2.51)

0.26
(2.29)

0.01

Distance to nearest road (km) 1.51
(0.59)

1.50
(0.67)

0.05 0.37
(0.25)

0.36
(0.27)

0.03 1.88
(1.10)

1.94
(1.12)

0.05

Distance to nearest city (km) 4.14
(1.45)

4.00
(1.39)

0.10 0.91
(0.45)

0.89
(0.43)

0.03 3.60
(1.36)

3.63
(1.55)

0.02

Elevation (masl) 837.35*
(187.38)

815.26
(203.08)

0.11 2188.60
(645.19)

2191.62
(645.43)

0.01 985.43*
(287.26)

1005.51
(310.79)

0.07

Slope (degrees) 29.73
(8.84)

30.24
(8.98)

0.06 27.32**
(11.03)

26.29
(11.12)

0.09 23.44
(9.00)

23.58
(10.60)

0.01

Ejido 0.16
(0.37)

0.15
(0.36)

0.02 0.42
(0.49)

0.40
(0.49)

0.04 0.51
(0.50)

0.49
(0.50)

0.04

Protected area 1.0 1.0 0 0.0 0.0 0 0.95
(0.21)

0.95
(0.21)

0.01

Observations 672 672 2364 2364 2390 2390

Table 5
Estimated impact of PHS on changes in annualized total forest cover and pri-
mary forest cover using fixed effects linear panel regression. Marginal effects
reported with standard errors in parentheses. Statistically significant marginal
effects noted by **(99% level) or *(95% level). Unit of analysis is the 1 ha grid
cell.

Annualized
change in total
forest cover (ha)

Annualized change in
primary forest cover
(ha)

Sierra de Otontepec (2688 observations) 0.0002
(0.0002)

0.005**
(0.001)

Upper Antigua (9456 observations) 0.004**
(0.001)

0.004**
(0.001)

Los Tuxtlas (9560 observations) 0.002**
(0.001)

0.003**
(0.001)
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regulation services, with an average low flow value of Q95 = 926 m3/
ha/yr. Thus, primary forest provides a net gain in low flows of
Q95 = 3785 m3/ha/yr over alternative land covers and our measure of
total forest provides a net gain of Q95 = 3598 m3/ha/yr. The amount of
total carbon storage from primary forest was 358 Mg/ha/yr and when
averaged over primary and secondary forest, 276 Mg/ha/yr. Non-forest
land covers in the study area provide an average value of 97 Mg/ha/yr.
Thus, primary forest provides a net gain of 260 Mg/ha/yr in carbon
storage over alternative land covers and our measure of total forest
provides a net gain of 150 Mg/ha/yr.

PHS policy had a larger impact on protecting primary forest
(Table 5) and this forest type provides the most ecosystem service
benefits. For this reason, we see greater additional impacts to ecosystem
services when only this forest type is considered (Table 6). An addi-
tional 0.005 ha of primary forest protected due to the PHS policy in
Sierra de Otontepec translated to additional low flows of 19.33 m3 and
1.33 Mg of stored carbon per year per 1 ha grid cell. Depending on the
monetary value applied, the additional hydrologic benefit ranged be-
tween USD 39–368 and USD 13–132 for carbon. Since the treatment
effect was not statistically significant for total forest cover in Sierra de
Otontepec (Table 5), we did not calculate any additional ecosystem
service benefits. For the Upper Antigua, the additional primary forest
cover due to PHS policy translated to 14.78 m3 of additional low flows
(USD 30–281 in monetary value) and 1.01 Mg of carbon storage (USD
10–101 in monetary value) per year per grid cell. The additional eco-
system service benefits from protecting total forest cover were similar
for low flows and slightly lower for carbon storage. In Los Tuxtlas, the
impact of PHS policy on primary forest cover translated to an additional
12.51 m3 of low flows (USD 25–238 monetary value) and 0.86 Mg of
carbon storage (USD 9–86 monetary value) per year per grid cell. If we
consider the impact to total forest cover, the ecosystem service benefits
were slightly lower (7.2 m3 of low flows and 0.3 Mg of carbon storage).

3.4. Comparing economic benefits and costs of PHS

Attributing economic benefits and costs to the PHS grid cells that
were included in our treatment effect estimates, for only the years they
were enrolled in the program (see Appendix A), we find a positive net
benefit from protection of primary forest for low flows for all three
regions using high monetary values (USD 19/m3) for water regulation
services but not under low monetary value estimates (USD 2/m3)
(Fig. 2.A). The total net benefit across the 10 years is as high as USD 0.9
million for Sierra de Otontepec; USD 1.9 million for Los Tuxtlas; and
USD 3.2 million for the Upper Antigua. The economic benefit-cost re-
lationship from paying for total forest cover in the PHS programs re-
mains positive in the Upper Antigua and Los Tuxtlas regions under high
monetary values of water regulation (Fig. 2.B). However, in Los Tuxtlas,

the net benefit drops to about USD 0.6 million due to the smaller
treatment effect (Table 5). Since the PHS policy in Sierra de Otontopec
led to no additional changes in total forest cover, the net benefit reflects
the costs of paying landowners in the program.

If carbon storage ecosystem services are considered as a positive co-
benefit of the PHS programs, the net economic benefit from the PHS
policy increases in each region. When high monetary values of water
regulation are used, the net benefit is positive for low, medium, and
high value estimates of carbon storage for both primary and total forest
protection (Fig. 3.A and 3.B). The net benefit of the PHS policy with a
high monetary estimate of carbon storage (USD 100/Mg) is about USD
1.3 million for Sierra de Otontepec; USD 3.1 million for Los Tuxtlas; and
USD 4.9 million for the Upper Antigua (Fig. 3.A). However, when low
monetary value estimates for water regulation (USD 2/m3) are used the
net benefit remains negative except for the case of paying for primary
forest cover and high monetary values of carbon storage (USD 100/Mg)
(Fig. 4.A and B).

4. Discussion

The conservation community is paying increasing attention to the
impacts of its policies on CNH system outcomes (Ferraro and
Pattanayak, 2006). This includes scrutiny of PES programs that aim to
supply additional ecosystem services but instead measure effectiveness
in terms of changes in land cover (Brouwer et al., 2011; Naeem et al.,
2015). One solution is more integration of impact evaluation methods
with modeling and monetization of ecosystem service benefits (Ferraro
et al., 2015). In this study we use quasi-experimental methods to test for
differences in forest cover due to Mexico's long-standing PHS program,
and link these results to field-based measurements of water regulation
and carbon storage. While the additional forest conservation achieved
by PHS programs in our study regions are small, when translated to
ecosystem service outcomes, the additional economic benefits from the
PHS program are greater than the costs of the program in many cases.
This is one of the first ex-post benefit-cost analyses of Mexico's PHS
policy, and one of only a handful of assessments of the net benefits of
PHS programs globally (Kroeger et al., 2019). Below we discuss the
implications of our findings related to program additionality, ecosystem
service measurement, and integrated modeling and evaluation of PES
policy outcomes.

Our findings reflect the emerging consensus about the additionality
of PES programs in terms of changes in forest cover (Samii et al., 2014;
Börner et al., 2017). While the general conclusion is that PES programs
positively impact forest cover, the absolute amount of deforestation
avoided tends to be small due to low deforestation risk in the areas
receiving payment. This is a function of both where conservation pro-
grams are targeted and who signs up for programs such as PES. Previous

Table 6
Ecosystem service benefits from avoided loss of primary forest and total forest cover due to PHS policy reported as the average per grid square (1 ha) per year in
biophysical units and monetary values.

Water (m3/ha/yr) Carbon (Mg/ha/yr) Water (USD/ha/yr) Carbon (USD/ha/yr)

Low High Low Med High

Primary Forest
Sierra de Otontepec 19.33 1.33 38.66 367.25 13.26 41.11 132.00
Upper Antigua 14.78 1.01 29.56 280.84 10.14 31.43 101.40
Los Tuxtlas 12.51 0.86 25.01 237.63 8.58 26.60 85.80
Total Forest
Sierra de Otontepec N/A N/A N/A N/A N/A N/A N/A
Upper Antigua 14.40 0.60 28.80 273.00 6.00 18.60 60.00
Los Tuxtlas 7.20 0.30 14.40 136.80 3.20 9.30 30.00
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assessment in our three study regions has shown that many of the
landowners enrolled in PHS programs are not located in the areas with
the highest risk of deforestation (e.g. Von Thaden et al., 2019). Notably,
payments in two of our three study regions are going to areas that are
already under protected area status (Sierra de Otontepec and Los
Tuxtlas). While deforestation can still occur within protected areas (e.g.
Von Thaden et al., 2018), locating protected areas and PES policies in
the same place has been shown to significantly reduce the additional
impact of PES programs on forest cover (Robalino et al., 2015). We find
a similar effect in this study in that we find a smaller treatment effect
for the PHS policy on total forest cover in the two regions where PES
policy overlaps with protected areas.

Two suggestions are typically made to increase the additionality of
PES programs: (1) better spatial targeting of areas eligible to receive
payments and (2) increasing payment amounts or offering differ-
entiated payments to attract landowners with higher opportunity costs
(Wendland et al., 2010; Alix-Garcia et al., 2012; Asbjornsen et al.,
2017). Targeting based on risk of deforestation or ecosystem service
potential is already done in theory in most PES programs (e.g. Muñoz-
Piña et al., 2008; de Koning et al., 2011) but the degree to which this is
implemented in practice varies due to transaction costs and social
priorities (Kolinjivadi et al., 2015). Increasing payment amounts may
increase additionality, but other factors and motivators, such as trust in
program operators or social norms, could still prevent large increases in
participation (Bottazzi et al., 2018). Many landowners in our study area
view PHS payment amounts as too low (Jones et al., 2018), and while
survey data suggests that increasing payment levels would increase
enrollment rates, this is conditional on having sufficient tracts of
forested land (Salcone, unpublished data). There are also arguments
against raising payment levels within PHS programs based on findings
that paying for public goods provision can undermine social norms to
conserve (Rode et al., 2015). Some of the PHS programs in our study
region use a combination of financial and non-financial incentives for
this reason. Lastly, excluding landowners with lower risk of deforesta-
tion from enrolling in PES programs could have unintended impacts on
deforestation behavior in the future, if, for example, people deforest
more of their land in retaliation (Alpízar et al., 2017a; Alpízar et al.,
2017b).

Despite low additionality in forest cover, the protection of forest by
PHS programs leads to measurable gains in ecosystem services in our
study. In this study we account for the maintenance of low flows, which
is a primary justification for the PHS programs (Muñoz-Piña et al.,
2008). Moreover, downstream users have indicated that watershed
regulation from forest protection is important to social welfare

(McGinnis, 2019). However, a number of other hydrological services
not considered here would likely be positively correlated with the
protection of forest (Ninan and Inoue, 2013; Costanza et al., 2014). For
example, forested watersheds in our study regions would also be ben-
eficial for minimizing peak flows, which can lead to flooding during
large storm events (Noordwijk et al., 2017; Rogger et al., 2017); would
reduce nutrients and pathogenic microorganisms that have been linked
to human health issues (Mokondoko et al., 2016); and erosion control
that can lead to considerable cost reductions for downstream municipal
water operators (Singh and Mishra, 2014). While forest cover, espe-
cially younger forests, often reduces annual water yield relative to other
land uses (Asbjornsen et al., 2017; Filoso et al., 2017), this would be
more of a concern in PHS focused on reforestation than the PHS pro-
grams considered here which focus on conservation of existing forest.
We consider carbon storage as a positive co-benefit to forest protection
in this study. If carbon sequestration were the target, younger forests
may be evaluated more favorably than primary forest. Additionally,
biodiversity would be another co-benefit of PHS in these regions since it
is positively related to forest protection in the study area (Vizcaino-
Bravo et al., 2020). Finally, a number of relational values, in addition to
instrumental values, would likely be associated with the protection of
forest in these watersheds.

The push for more rigorous evaluation of conservation policy ef-
fectiveness often ignores the complexities and feedbacks inherent in the
CNH systems in which PES programs operate (Asbjornsen et al., 2015).
There are at least three issues that need more attention in future eva-
luation of conservation policies within CNH systems. First, how eco-
nomic additionality is defined is limited to historical pressures on the
ecosystem (Engel et al., 2008) and does not take into account future
changes in drivers of land use conversion. This limitation could be
partially addressed through scenario modeling that takes into con-
sideration plausible futures to measure the predicted additionality of
conservation policies. The second concern is how to capture all relevant
ecosystem services when evaluating programs targeting land cover.
While understanding synergies and tradeoffs across ecosystem services
is important, many services lack reliable data and will by default be
ignored (Bennett et al., 2009). Thus, knowledge on how land cover
affects the services that can be modeled can be incorporated into de-
cision making but should be weighed against the lack of knowledge
about other ecosystem service impacts. Finally, there is the question of
how we should value ecosystem services and other socioeconomic
outcomes of conservation policies. Monetary metrics can be useful for
comparing ecosystem services to the costs of programs, but not all
ecosystem services can be easily monetized and conducting new
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Fig. 2. Net difference in economic benefits and costs
of PHS policy in three study regions in Veracruz,
Mexico for 2003–2013. Benefits are based on addi-
tional impacts of PHS policy on (A) primary forest
and low flows and (B) total forest and low flows. “H
Water” uses USD 19/m3 monetary value for benefits
and “L Water” uses USD 2/m3 monetary value for
benefits. Costs are based on area enrolled in the
program and payment rate.
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valuation studies is costly. There is also increasing emphasis on
adopting a pluralistic framework for valuation of ecosystem service
benefits (Pascual et al., 2017) and accounting for social equity concerns
within conservation programs (Corbera et al., 2007; Pascual et al.,
2014). Thus, accounting for all the intended, and unintended, biophy-
sical and socio-economic outcomes of conservation programs is needed
to truly understand the net impacts of conservation approaches such as
PES on the sustainability of CNH systems.

Admittedly, our impact evaluation does not capture all of the in-
tended or potential unintended effects of PHS policy within the CNH
system in which it operates, and our specific focus on economic effi-
ciency does not account for all of the objectives that will be important
for on-the-ground decision-making for PES programs (Kolinjivadi et al.,
2017; Shapiro-Garza et al., 2019; Hamel et al., 2020). There are other
limitations in our integrated modeling and evaluation of PHS programs
in Mexico: we did not measure potential leakage (positive or negative)
from the PHS program; we did not quantify the biophysical or monetary

impact (positive or negative) from all ecosystem services that would be
affected by forest cover; we had to transfer economic values from the
literature to our study site; we did not account for all costs of im-
plementing PHS; and we may not have eliminated all forms of hidden
bias given that we cannot randomly allocate the PHS policy across our
regions. Despite these limitations, our assessment shows that there have
been large positive gains in ecosystem service benefits from one of the
longest-running PHS programs in the world based on its protection of
forest, and that these gains are cost-effective in many cases. This in-
tegration of biophysical and economic data is important to establish a
clearer picture of the economic efficiency of PES programs to provide
ecosystem service outcomes and responds to calls for more information
about the benefits and costs in conservation decision making (Naidoo
et al., 2006; Vincent, 2016). Future evaluations of conservation policies
can build on the integrated modeling approach laid out in this study,
and strive to integrate additional principles of CNH systems to move
toward more holistic assessment of watershed sustainability.
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(A) primary forest and low flows + carbon storage and (B) total forest and low
flows + carbon storage. Costs are based on area enrolled in the program and
payment rate.
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Appendix A. Details of PHS enrollment and costs by year

The number of grid cells in our sample enrolled in the PHS program varied across years (Table A.1). We considered all grid cells with>50% PHS
in any year between 2003 and 2013 as “treatment” in the analysis presented in the main paper. This corresponds with the availability of land cover
data. Additionally, we conducted a robustness check of our impact evaluation results where we defined “treatment” as PHS properties enrolled by
2008 (Appendix C). At least 70% of all PHS properties were enrolled by 2008 in our three study regions.

Table A.1
Number of PHS parcels enrolled in each year (count and percent) for matched sample.

Year Sierra de Otontepec Upper Antigua Los Tuxtlas

Count
2003 18 959 0
2004 18 1464 547
2005 18 1639 547
2006 34 1825 547
2007 58 1847 1612
2008 495 1853 1688
2009 672 1853 2152
2010 672 2073 2152
2011 672 2141 2396
2012 672 2204 2396
2013 672 2364 2396

Percent
2003 3 41 0
2004 3 62 23
2005 3 69 23
2006 5 77 23
2007 9 78 67
2008 74 78 70
2009 100 78 90
2010 100 88 90
2011 100 91 100
2012 100 93 100
2013 100 100 100

The payment amount to landowners in each year was around 1100 pesos in the local PHS program. It was slightly lower in the national program.
Since the exchange rate between pesos and USD varies by year, the total payment in USD varies per year (Table A.2). To estimate the costs of the PHS
program we multiplied the number of PHS properties in that year (Table A.1) by the payment amount in that year (Table A.2).

Table A.2
Payment amount (USD) in each year.

Year Payment amount in USD

2003 110.66
2004 144.70
2005 161.00
2006 100.97
2007 100.65
2008 99.38
2009 81.62
2010 87.10
2011 88.86
2012 83.68
2013 86.25

Appendix B. Additional details on ecosystem service measurement

B.1. Experimental design

A ‘trading space for time’ paired catchment study design (e.g. Ochoa-Tocachi et al. 2016) was used in the Upper Antigua River watershed study
region to collect and analyze data on multiple ecosystem services. Eight first-order catchments were selected with different dominant (> 50%) land
cover types. These included three forest stages (primary, secondary-intermediate, secondary-young), two management types of shade coffee (high
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and low intensity), two management types of pasture (high and low intensity), and crops. Management intensities were defined through site visits to
quantify intensity of production and inputs. Actual coverage of the primary land cover ranged from 50% to>90% (Table B.1).

Table B.1
Characteristics of paired catchment study design.

Catchment Size (ha) Elevation Slope (degrees) Precipitation (mm/yr)

Primary forest Mean 24.2 1762 20.2 2363
Std. Dev. 40 7.7

Secondary-intermediate forest Mean 22.4 1605 14.4 1694
Std. Dev. 35 7.5

Secondary-young forest Mean 34.3 1454 8.5 1201
Std. Dev. 19 5.4

Pasture (extensive) Mean 63.9 1441 9.1 1437
Std. Dev. 20 5.1

Pasture (intensive) Mean 13.7 1656 12.9 2190
Std. Dev. 27 10.0

Coffee (extensive) Mean 58.9 1255 5.2 1989
Std. Dev. 13 3.7

Coffee (intensive) Mean 44.6 1285 11.8 2436
Std. Dev. 33 7.7

Crops Mean 58.3 908 11.7 1004
Std. Dev. 24 6.7

B.2. Hydrologic regulation

Within each catchment, streamflow and rainfall measurements were collected from 2015 to 2019. For streamflow, V-notch weirs were installed at
each catchment outlet and water level was logged every 1.5 min using a Solinst Water level sensor (model 3001) paired with a barometric pressure
recorder (model 3001). By calibrating the stream height to the weir, we calculated streamflow (L s−1) using the experimental stage-discharge
relationship (ASTM, 2001), calibrated with field-derived rating curves generated via volumetric-and salt dilutions measurements of discharge
(Moore, 2005). Rainfall was measured at one point within each catchment using a tipping bucket rain gauge. Two different setups were used, some
catchments used a Campbell Scientific rain gauge (TE525MM, resolution 0.1 mm; Logan, UT, USA) connected to a data logger (CR1000) logging
every 10 min while others used a Davis Instruments rain gauge (Model 6465, resolution 0.2 mm; Hayward, CA, USA) logging every 15 min.
Measurements of rainfall ran from February 2015 to February 2019 while weir measurements began in July 2016 and ended in February 2019.

B.3. Carbon storage

Carbon was quantified from 65 plots sampled: 32 plots were within the 8 first-order catchments with 33 additional replicate plots sampled
throughout the larger study region. A correction factor for slope and horizontal distance was used to maintain the total projected ground area
constant. Within each forest and coffee plot, for all individuals> 5 cm diameter at breast height (DBH), we determined GPS coordinates, DBH,
estimated tree height, crown diameter, and species identity. Within each 2-m radius subplot, shrub and herbaceous layers were sampled. Woody
individuals< 5 cm DBH and > 25 cm tall were identified to species level, and percent cover, and number of plants were recorded. For the
herbaceous layer, percent cover of each species of herbs, grass and ferns was estimated visually by two researchers independently (see Vizcaino-
Bravo et al., 2020).

To quantify aboveground carbon in pastures, only subplots were used due to the absence of trees within the pastures. Samples were dried and
weighed for dry biomass and carbon quantified as 50% of the dry biomass (Brown and Lugo, 1982). To quantify crop carbon, we chose to measure a
sugar cane crop. This likely represents an upper bound value on aboveground carbon storage from crop fields as the other predominant crops in the
region (maize and potato) would be expected to store lower amounts of carbon. Further, of the crop coverage within the watershed, the majority of
the area is devoted to sugar cane with the other crops often consisting of small plots maintained by a single landowner for subsistence use. To do this,
we harvested all sugar cane biomass in 1 m2 plots, oven dried it, and obtained the dry mass.

Within each plot soil organic carbon was sampled at three locations down to 1 m depth. Each of these sampling points was 7.3 m from the plot
center and spaced at 120 degree angles. A half-round soil corer was driven into the ground with a hammer and soil samples separated from depths of
0–5, 5–15, 15–30, 30–60, and 60–100 cm. In the laboratory, soil depth intervals were analyzed for carbon content using the dry combustion method
(LECO elemental analyzer, Michigan, USA; Nelson and Sommers, 1996) and bulk density using the clod method (Blake and Hartge, 1986). Total
carbon storage in the mineral soil (i.e., ignoring litter) was estimated by multiplying the mass of each soil layer (bulk density x layer thickness) by
carbon concentration and summing across all layers. For each iteration, carbon storage was averaged by land-cover type (intensive and extensive
coffee and pasture were combined; see Table B.2). See Vizcaino-Bravo et al., 2020 for more details.
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These data were collated to produce estimates of total aboveground, coarse and fine root, total plant, soil, and total plot carbon.

Table B.2
Carbon storage by carbon pool for each major land cover type.

Land cover type Total aboveground Coarse and fine root Soil Total plot carbon

Primary forest Mean 253 35.6 43.0 332
Std. Error 40.2 4.5 11 44.7

Secondary-intermediate forest Mean 121 20.1 29.9 171
Std. Error 16.4 2.0 7.7 18.4

Secondary-young forest Mean 127.3 20.8 23.3 171
Std. Error 15.0 2.2 6.3 17.2

Coffee Mean 65.0 9.47 13.5 88.0
Std. Error 9.9 1.3 3.6 11.3

Pasture Mean 4.3 NAa 35.4 39.7
Std. Error 0.71 NAa 8.4 1.3

Crop Mean 67.1 12.6 7.7 79.7
Std. Error 13.4 4.2 1.7 17.4

a These were not calculated because the values were very small and the margin of error on the calculations were high.

Appendix C. Estimated impact of PHS on forest cover defining treatment as before 2008

We conducted a robustness check where we defined PHS treatment as only those grid cells that were enrolled in the program as of 2008. This
includes 70% of all enrolled grid cells (Appendix A). Using this sample, we found similar average treatment effects to defining PHS treatment as all
years of enrollment (Table C.1). This provides additional confidence in our impact evaluation of PHS on changes in forest cover presented in the
main text (Table 5).

Table C.1
Estimated impact of PHS on changes in annualized total forest cover and primary forest cover using fixed effects linear panel regression. Marginal effects reported
with standard errors in parentheses. Statistically significant marginal effects noted by **(99% level) or *(95% level). Unit of analysis was the 1 ha grid cell. PHS
treatment defined as enrollment by 2008.

Annualized change in total forest cover (ha) Annualized change in primary forest cover (ha)

Sierra de Otontepec (2344 observations) 0.0002
(0.0002)

0.005**
(0.001)

Upper Antigua (8.434 observations) 0.004**
(0.001)

0.003**
(0.001)

Los Tuxtlas (8168 observations) 0.002**
(0.001)

0.004**
(0.001)
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