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This paper demonstrates how the slope of a production possibilities frontier (PPF) can be used to empirically
identify the presence of an ecosystem externality. Complementarity between non-market ecosystem services
implies the PPF between these services may be upward sloping. In contrast, private landowners that ignore these
complementarities will treat non-market ecosystem services as competing products thereby ensuring a down-
ward sloping PPF. Using data from 738 U.S. watersheds, we compare the slope of PPFs on predominately private

and predominately public watersheds. We find evidence that private markets are failing to internalize comple-
mentarities between forest habitat and two other non-market ecosystem services: instream flows and grazing. In
addition, we show how three-stage least squares regression can be used to reduce endogeneity bias associated
with more common approaches to estimating ecosystem service relationships.

1. Introduction

Ecosystem externalities arise when a firm's production impacts
another firm's production via a series of adjustments that alter the shape
of the production possibilities frontier between ecosystem services
(Crocker and Tschirhart, 1992). When ecosystem externalities are
quantified, it is typically for a specific, small-scale ecological system
making the prevalence and relevance of the externality unclear. A point
of departure for many policy analyses is that these externalities exist and
incentives are needed to correct the resulting under-provision of non-
market ecosystem services (NMES). Based on an analysis of NMES re-
lationships in 738 U.S. watersheds, this paper illustrates how ecological-
economic production possibilities frontiers (PPFs) can be used to iden-
tify the existence of ecosystem externalities.

Relationships between marketed ecosystem services (i.e., commod-
ities such as livestock and timber) and NMES (e.g., grazing, forest
habitat) can be captured through joint production technologies in which
the production of a marketed commodity is enhanced by a NMES (Nalle
et al., 2004; Fisher et al., 2009; Kragt and Robertson, 2014; Sims et al.,
2014). With these joint production technologies, firms have an incentive
to provide NMES even though there is no market for them (Wossink and
Swinton, 2007). Similar joint production technologies may also exist
between NMES (e.g., Kandziora et al., 2013; Obiang Ndong et al., 2020;
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Spake et al., 2017). These joint production technologies imply an
ecological-economic PPF (White et al., 2012; Polasky et al., 2005;
Cavender-Bares et al., 2015; Bekele et al., 2013) that delineates the set of
non-dominated ecosystem service that can be produced from a fixed set
of inputs (here land). Much like a traditional PPF, an ecological-
economic PPF is determined by the relevant joint production technol-
ogies. However, while a traditional PPF shows the tradeoffs and com-
plementarities between market goods and services, an ecological-
economic PPF shows tradeoffs and complementarities that involve
non-market ecosystem services — either relationships between marketed
ecosystem services and NMES or between different NMES. If NMES are
substitutes, managing for one would force difficult tradeoffs. On the
other hand, if NMES are complementary to each other, managing for one
would produce win-win outcomes. Keeping open fields for pollinator
habitat, for example, increases output of agricultural commodities but is
contrary to natural regeneration of forests and ecosystem services like
timber and flood prevention.

In a centralized market where commodities and NMES are jointly
produced by a single firm, the ecological-economic PPF can exhibit non-
convexities (Brown et al., 2011). In a decentralized market where
commodities are produced by different landowners and firms, an
ecosystem externality can arise that changes the shape of this ecological-
economic PPF (Crocker and Tschirhart, 1992). Because firms have no
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incentive to incorporate complementarities between their jointly-
produced NMES and NMES produced by other firms, traditional as-
sumptions (i.e., limited factor inputs and decreasing returns to scale)
dominate and create familiar tradeoffs between NMES. The ecosystem
externality results in under-provision of the NMES and NMES are
competing products.

We exploit these differences in the shape of the ecological-economic
PPF, to provide empirical evidence that two ecosystem externalities
associated with the supply of forest habitat is pervasive in the U.S. Using
three-stage least squares (3SLS) regression to address endogeneity bias,
we estimate pairwise relationships between the levels of three NMES in
738 U.S. watersheds: instream flows, forest habitat, and grazing. We
compare results from watersheds with predominantly private ownership
to those with predominantly public ownership where management for
multiple NMES is typically mandated. We find complementary re-
lationships exist in public watersheds for two of the three pairwise re-
lationships. In contrast, all pairwise ecosystem service relationships are
negative on private watersheds. We take these differences as evidence of
an ecosystem externality that is effectively internalized by public man-
agement but persists in the private market.

This paper contributes to the general body of work estimating the
relationships between ecosystem services (Lee and Lautenbach, 2016;
Obiang Ndong et al., 2020; Cord et al., 2017 provide reviews). Existing
studies generally take one of three approaches to characterize pairwise
relationships: correlation coefficients, multivariate statistics (e.g., factor
or cluster analysis), or OLS regression, and results tend to be sensitive to
the chosen methodology (Vallet et al., 2018). One reason may be the
assumptions and/or subjectivity inherent in each approach. Correlation
coefficients assume linearity and ignore the role of potentially important
drivers. Multivariate statistics often involve a large degree of researcher
subjectivity (e.g., choosing the number of clusters). Finally, because
ecosystem service levels are codetermined by complex ecosystem in-
teractions (i.e., they are both independent and dependent variables),
OLS estimates likely suffer from endogeneity bias (Cohen et al., 2019).
Our study addresses these shortcomings by estimating the relationships
as a set of reduced form simultaneous equations using three-stage least
squares (3SLS). We note discrepancies between our 3SLS estimates and
estimates obtained from correlation coefficients and OLS, calling into
question the latter two methods.

In addition, our analysis is at a broader spatial scale than the ma-
jority of studies assessing ecosystem service relationships (Lee and
Lautenbach, 2016). Typical studies are at landscape (e.g., Alemu et al.,
2021) or regional (e.g., Lorilla et al., 2018) scale. In contrast, our dataset
contains watersheds throughout the continental U.S., which offers two
advantages. First, there is sufficient variation across study site charac-
teristics that our conclusions are reasonably generalizable. Prior at-
tempts to identify consistent relationships between ecosystem services
relied on meta-analysis (Howe et al., 2014; Lee and Lautenbach, 2016),
and are confounded by methodological differences as well as unob-
served study site heterogeneity. Another advantage to our data is that
we have enough observations to split the data according to the factor of
interest (private versus public land ownership), which is a unique
approach among studies of social and governance drivers of ecosystem
service relationships (Dade et al., 2019; Dittrich et al., 2017; Manners
and Varela-Ortega, 2018; Raudsepp-Hearne et al., 2010).

Our study also contributes to the literature estimating the degree of
substitutability between natural capital and other forms of capital (for a
review see Cohen et al., 2019). Much of this existing literature focuses on
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static definitions of substitution and complementarity and does not
distinguish between flows of services and stocks of natural capital. Two
notable exceptions are Yun et al. (2017) and Rouhi Rad et al. (2021)
which take a dynamic approach in order to distinguish between service
flows and natural capital stocks. These dynamic studies show that
complementarities between ecosystem service flows may imply the
underlying natural capital are substitutes. However, the focus of these
studies is on assessing the potential for sustainability (Arrow et al., 2004;
Hartwick, 1977) and not as a tool for identifying ecosystem
externalities.

2. Theoretical model

A fixed quantity of land, X, is used in N joint production processes
involving marketed commodities (i.e., provisioning ecosystem services)
and NMES. Each joint production process is indexed by i = 1, ..., N and
the quantity of market commodities and NMES associated with process i
is given by y; and z; respectively. The joint production function
fi(xi, Yi, zl—) describes how the marketed commodity y; and NMES gz; are

jointly produced using a single land input x; that contributes to the
output of both y; and ; : %fx % >0 and % 3—; > 0.2 For example, forest
habitat (z;) and timber (y;) are both produced from land devoted to
timber production (x;). Grazing (z2) and livestock (y2) are both pro-
duced from land devoted to livestock production (x3). NMES are
enhanced by the conservation of other NMES: z; = gi(z) where z is a
vector of the levels of all NMES except i and dg;/dz_; > 0. For example,
forest habitat and grazing produced from land devoted to timber and
livestock production may also improve the quality and quantity of
municipal drinking water supplies by limiting siltation and controlling
instream flows.

The value of commodity i is p;. There is a shadow value for each
NMES derived from demand for the commodity. For simplicity we as-
sume that society values the NMES only for their contribution to pro-
duction of the commodity (i.e., the societal value of the NMES is its
shadow value). Allowing for additional values for NMES such as exis-
tence, bequest, or option values adds notational complexity but doesn't
change our fundamental results.

2.1. Optimal supply of NMES under joint production

A social planner will choose to allocate land to maximize the value of
all commodities

\ maxlePiyi 6h)

subject to production technologies f;(x;,y;,2) and 2z =g(z) and a
limited amount of land ™Y ,x; < X. The Lagrangian for the social
planner's problem is

, N
L= pfilxiyigi(2) -M(X_ ZXi> )
P -

The social planner's optimal land allocation, x;, ensures that the
value marginal product of land used to produce the commodity is equal
to the shadow value of land which serves as a constant marginal cost of

1 For an example of a study that focuses on substitution and complementarity
of ecosystem services see (Reynaud, 2003). For an example of a study that fo-
cuses on substitution or complementarity of natural capital instead of
ecosystem service flows see Markandya and Pedroso-Galinato (2007). These
studies also suffer from the endogeneity bias prevalent in the ecosystem services
literature (Cohen et al., 2019).

2 Joint production arises from either technical interdependencies or the
presence of non-allocatable inputs that cannot be managed between products.
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pidyi Ox; 0y 0z; 0x; ZP ‘Oy_; dg_; 0z Ox; Afor alli &)

The left-hand side of Eq. (3) reflects the joint production associated
with NMES. The first term is the direct marginal effect of land on
commodity production. The second term is the indirect marginal effect
of land on commodity production by way of the NMES. Due to this
technical relationship, the social planner optimally produces NMES
(x; > 0) based on the shadow value for each NMES derived from de-
mand for the commodity. The third term arises because NMES i en-
hances the production of NMES —i#i which also enhances the
production of commodity — i # i.

The joint production technology implies that the PPF for commodity
production may not be concave (Brown et al., 2011). To illustrate,
consider the two-good, two-stock case. In the absence of joint produc-
tion, & @, <0 and the PPF is downward sloping. Joint-production makes
the slope of the PPF ambiguous. However, the optimal commodity mix
will equate the ratio of commodity prices to the marginal rate of

_dn
T dy»

socially optimal land allocation will find commodities competing for
land (occurs on a downward sloping portion of the PPF) since the values
for both commodities are positive.

A downward sloping PPF for the production of NMES also cannot be
guaranteed (see Fig. 1A and B). The NMES becomes an inferior input for
commodity production once a specific level z; is reached. For z; < z;,
complementary products can be produced in increasing quantities:

transformation between commodities, ‘;—; = which ensures that the

dy’ > 0. For z; > z;, NMES becomes an inferior input (af‘ ¥ 0) and the

commodity and NMES are competing products: ‘% <0.

Since NMES is enhanced by the production of other NMES, shifting
land from production of one NMES to the other can increase the pro-
duction of the NMES and the associated commodity. Because NMES is
subject to a similar joint production technology as commodity produc-
tion, the shape of the PPF between two NMES stocks has a similar shape
with upward sloped portions characterizing complementary production

(g% > 0) and downward sloped portions characterizing competing

production technologies (ﬁ—; < 0) (Fig. 1C). Shifting land from pro-
duction of NMES i to the production of NMES —i # i increases NMES i

until z_; > z_; at which point the limited availability of land implies the
two NMES are competing.

However, there is no guarantee that the social optimum falls on the
downward-sloping portion of the ecological-economic PPF. Every point
along the PPFs in Fig. 1A, B, and C are potentially optimal. If the NMES
does not enhance the production of the other NMES (dg_;/dz; = 0), the
social planner will never produce more than 2; since this would lower
commodity production in exchange from an NMES that has no market.
Thus, the social optimum may be defined by complementarities between
commodities and NMES. However, if NMES enhance one another
(0g_i/0z; > 0), the socially optimal amount of NMES i may exceed 2;
provided the value marginal product of the other commodities is suffi-

ciently high: p; g§ gﬁ +g§ gi gfc] <>p- 135 gJZ' , 052’ gfc In this case, so-
—1

cially optimal land allocations may be characterized by
complementarities or tradeoffs between commodities and NMES and
between NMES.

2.2. NMES relationships and ecosystem externalities

The interdependencies between NMES are often ignored in practice
(Crocker and Tschirhart, 1992). In a seminal paper, Crocker and
Tschirhart use a rodent infestation in Kern County, California to moti-
vate the notion of an ecosystem externality. Residents of Kern County
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engaged in predator removal to reduce livestock depredation. However,
the predator removal led to an increase in mice that decimated crops for
many years. More generally, a timber producer may not account for the
effect forests have on the water supply of a downstream city. A rancher
may not account for the effect forage has on crop production of a
neighboring farm.

In a competitive market where each commodity is produced by a
separate firm, land allocation decisions will not account for the in-
terdependencies between NMES and will allocate land as if dg_;/dz; =
0.® Consider a firm that produces y; subject to the same production
technologies as the social planer. The firm will choose the amount of
land allocated to produce commodity i to maximize profits

maxp;y; — cx; 4

subject to f; (x;, i, %) where c is the market price of land. Firms continue
to provide NMES based on the shadow value created by the joint pro-
duction relationship between commodity i and NMES i. The firm as-
sumes other NMES will be supplied by other firms and takes z as given.

The firm's optimal land allocation, x’i, ensures that the value marginal
product of land devoted to commodity production is equal to the shadow
value of land which serves as a constant marginal cost of land:

dfi 9y dfi 9y 0z
Pi d_)c;+pid_)z,»6_zid_)cizc 5)

The competitive market equilibrium will not supply the socially
optimal amount of NMES. By comparing Eq. (5) to Eq. (3) we find that
the firm that specializes in the production of a single commodity will not
account for the impact of the NMES it produces on the production of
other commodities. As is well-known, a positive externality will cause
the competitive market equilibrium to underprovide NMES relative to
the social optimum (xl < x;) while a negative externality will lead to
overprovision of the NMES (x; > x;).

However, the ecosystem externality has implications for the re-
lationships between ecosystem services that are often overlooked. A
competitive market equilibrium must lie on the dashed portion of the
PPF in Fig. 2A and B (i.e.,, a complementary relationship between
commodities and NMES (dy;/dz; > 0) is now guaranteed). The firm will
not produce NMES in excess of z; because it lowers production of com-
modity i in exchange for an NMES with no market and a commodity the
firm does not own. This guarantees a tradeoff between NMES under a
competitive market (dz;/dz; < 0). Fig. 2C shows the relationship be-
tween NMES that emerges from a competitive market that does not
account for the externality between NMES. NMES are viewed as a sec-
ondary input when firms ignore technical interdependencies between
NMES and, as a result, any increase in one NMES must come at the cost
of another NMES due to the land constraint.

The NMES remain competing products when internalizing a negative
externality (i.e., the competitive equilibrium and social optimum both
yield dz; /dz; < 0). However, internalizing a positive externality makes
possible complementary relationships between NMES (dz; /dz; > 0). In
the following section, we show how this difference in the private and
social PPF can be used to test whether positive ecosystem externalities
are incorporated in production decision.

3. Empirical analysis

We use the results of our theoretical model to empirically test
whether private markets in the United States are successfully internal-
izing externalities associated with drinking water; an externality that
has been the focus of USDA's “Forests to Faucets” initiative. Table 1

3 General results still hold provided a single firm doesn't produce all
commodities.
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Fig. 1. Production possibility frontiers under a social optimum where interdependencies between ecosystem services are internalized.
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Fig. 2. Production possibility frontiers under a competitive market where interdependencies between ecosystem services are not accounted for in produc-

tion decisions.

indicates the commodities included in our study y;, the jointly produced
NMES z;, and the hypothesized sign of the externality associated with
each NMES.

In areas that have predominately privately-owned land, we estimate
pairwise relationships between three NMES that are jointly produced

with a commodity (see Table 1): instream flows and municipal drinking
water, W; forest habitat and timber, F; and grazing and livestock pro-
duction, G. Our theoretical model predicts that the pairwise relation-
ships between NMES on privately owned lands should be negative
(dz;/dz_; < 0). Positive relationships between any two NMES
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Table 1
Jointly produced NMES-commodity pairs considered in our analysis.

Commodity (y) Jointly produced NMES Hypothesized externality (dg/

(€3] 0z)

Municipal drinking

water Instream flows (W) Positive
Timber Forest habitat (F) Positive
Livestock Grazing (G) Positive

(dz;/dz_; > 0) would suggest that private markets are at least partially
internalizing the positive externality between these NMES." A negative
relationship, however, does not necessarily signal that markets are
failing to internalize an externality. Negative relationships are also
possible when the positive externality is internalized.

To provide a benchmark in these cases, we also estimate the NMES
relationships in areas that have predominately publicly-owned land.
Since public land managers are charged with managing for multiple
uses, observed relationships on public lands should be more similar to
the social planner case considered in the theoretical model. Evidence of
NMES externalities only occur if we find positive pairwise relationships
on public lands that flip to negative relationships on private lands.

3.1. Data

NMES levels are drawn primarily from the Risk of Watershed
Impairment (RWI) workbook published by the USDA Forest Service
(Brown and Froemke, 2012). The RWI workbook contains information
on physical characteristics and stressors for the 3672 10-digit hydrologic
unit code (HUC10) watersheds containing National Forest System (NFS)
lands in the contiguous United States.” From this database, we construct
measures of three NMES in each HUC10 watershed:

1. Instream flows (W): We measure the instream flows as a simple in-
verse function of evapotranspiration (W = 1/ET), which is the main
avenue through which land use impacts instream flows (Burt, 1979;
Fang et al., 2022).° ET is a function of forest cover, derived using
Zhang curves (Zhang et al., 2001) with the following functional
form:

1 Ez
CIN Sy S

P
E, E,
I+w+ (f)

1+w%

—
E E
L +w2+ (Fz)

©

4 The inability to find a statistically significant relationship between NMES
may indicate NMES levels are near the flat portion of the PPF where the
technology switches between complementary and competing (i.e., when z; is in

the neighborhood of z;). Note that even if the production technologies for two
NMES are independent in that dg;/dz_; = 0, we should still find a negative
relationship in the PPF due to the limited amount of land. Thus, finding no

statistically significant relationship indicates that z; is in the neighborhood of z;
or land constraints are not binding.

5 Data is from https://www.fs.fed.us/rm/value/watershedcondition/index.
html.

® We also calculate an alternative measure, withdrawals of drinking water, to
be used in robustness checks (see Appendix). The EPA collects spatially explicit
data on the population served by individual public water system intakes, which
are of three types: ground water, surface water, and ground water under the
influence of surface water. We sum the population served by intakes drawing
surface water and groundwater under the influence of surface water within
each watershed, assuming that underground aquifers are unaffected by other
NMES. We multiply the population served totals by per capita water usage to
obtain an estimate of watershed-level withdrawals. Water usage statistics are
reported at the county level, so we utilize the mean when a watershed intersects
multiple counties. Finally, we divide by the area of each watershed, making the
alternative water measure an estimate of gallons withdrawn per day per km?.
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where P is precipitation, E, and w are, respectively, evaporation and a
plant-available water coefficient specific to the type of vegetation, f is
the percent of area in forests, and (1-f) is the percent of area in grasses.
Zhang et al. estimate E, = 1410 and w = 2.0 for trees, and E, = 1100 and
w = 0.5 for grasses. Utilizing those parameter values and solving for ET
yields

ET = 0.996369 P +0.003038 P x f. (@]

2. Forest habitat (F): The amount of forest habitat provided by a
watershed is measured as the percentage of the watershed that is
forested and conducive to timber harvesting (i.e., <45-degree slope).
We take total forest area in each watershed and subtract area that is
>45-degree slope, then convert to a density measure by dividing by
the area of each watershed. Forest area is based on 300-m resolution
data from the 2001 National Land Cover Database (NLCD).

3. Grazing (G): The amount of grazing provided by a watershed is
measured by the livestock grazing density (animal units per km?).
Animal units (AUs) per km? in year 2007 are based on USDA Census
of Agriculture county data, released by the National Agricultural
Statistics Service. Included livestock categories and their respective
factors for converting them into AUMs are: cattle (1), horses (1.25);
sheep (0.2); goats (0.2); llamas (0.2), alpacas (0.2), bison (1.25), deer
(0.2), elk (0.5) and mules (0.8).

NMES levels within a watershed depend on technical interrelation-
ships as well as a host of exogenous factors. We attempt to control for as
many of these factors as possible. Housing density and developed
landcover account for some differences in land use that affect NMES,
while land value and population growth rate are proxies for develop-
ment pressure. Annual precipitation directly impacts the biophysical
productivity of an ecosystem, and we include a measure of wildfire risk,
since managing for NMES is less likely when there is a high probability
of total loss. Finally, the complexity of ecosystems suggests that the
pairwise relationships we aim to identify may differ based on the pres-
ence or absence of other NMES. For this reason, we include a dummy
variable indicating whether all ecosystem services are present in the
watershed.

To focus on potential positive externalities associated with drinking
water, we limit our analysis to the 738 watersheds in the RWI Workbook
that draw drinking water from surface water or groundwater under the
influence of surface water (Fig. 3).” We classify the watersheds as private
or public according to the dominant (>50%) land ownership status and
compare the summary statistics (Table 2). The 468 predominantly pri-
vate watersheds and 270 public watersheds contain, on average, 78%
and 25% privately-owned land, respectively.

Significant differences exist between private and public watersheds
across the variables. Generally, private lands are used more intensively,
are more developed, are more likely to produce all three NMES simul-
taneously, and are valued more highly. Public lands, on the other hand,
are experiencing more rapid population growth but have more land
subject to potential loss from a devastating wildfire. The results are
predictable, given that public lands are likely chosen for retirement
because of their relatively low productivity and high development costs
(e.g., due to rougher terrain). Since our goal is to identify differences in
NMES relationships arising from the presence or absence of private
markets, these systematic differences between private and public lands
could confound the results.

We preprocess the data in two steps to improve the comparison of
private and public watersheds. First, we drop 69 watersheds (<10% of
the total) with extremely high withdrawals of surface water (>15,000

7 EPA intake data is from https://www.epa.gov/ground-water-and-drinking-
water/safe-drinking-water-information-system-sdwis-federal-reporting.
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Fig. 3. Watersheds in the final dataset by predominant ownership type with ecosystem service levels detailed for the state of Colorado.

Table 2
Summary statistics.

Raw data Preprocessed data

Private  Public t- Private  Public t-stat

stat

Sample size 468 270 417 417
% privately owned 77.74 24.50 77.74 33.15
Jointly-produced
NMES
Instream flows (W) 1.25 1.48 3.98 1.17 1.70 9.28
Forest habitat (F) 43.42 36.16 3.98  46.65 27.63 10.76
Grazing (G) 9.38 4.14 843 9.84 5.02 9.28
Controls
Mining (active 1.78 0.54 5.89 1.49 0.57 6.76
mines/kmz, M)
Housing density 34.16 19.22 2.55 17.98 15.91 1.21
(units/km?)
% developed 8.14 2.46 874 6.13 6.09 0.10
landcover
Land value ($/ha) 29,883 13,817 2.20 14,468 14,044 0.37
% change in 1.54 2.16 5.55 1.48 1.68 2.34
population
Annual 1034 944 2.26 1072 909 4.13

precipitation (mm)

% high wildfire risk ~ 15.38 20.70 3.42 16.18 17.68 0.97
All four services 0.37 0.13 7.40 0.39 0.20 6.15
present

gal per day per km?). The mean housing density for these observations is
134.6 units per km? and the mean land value is $121,323 per hectare,
both several orders of magnitude above the respective overall means. At
the same time, these watersheds tend to be more arid than our overall
sample, with average annual precipitation of 746.6 mm. We drop these
outliers because there are no comparable public watersheds.

Second, we perform matching to reduce model dependence (Ho
et al., 2007). We use the control variables to calculate a propensity score

using the scoring function that optimizes covariate balance between
private and public watersheds using the R package CBPS (Fong et al.,
2017), diminishing potential bias introduced by misspecifying the pro-
pensity score model (Imai and Ratkovic, 2014). Then we perform 1:1
nearest-neighbor matching with replacement, effectively dropping some
public watersheds and weighting those with observed characteristics
most similar to private watersheds.

Dropping outliers and matching on propensity scores greatly im-
proves the comparability of the two types of watersheds (Table 2). With
three exceptions, statistically significant differences across the control
variables disappear. In terms of NMES levels, public watersheds remain
less productive than their private counterparts in terms of forest habitat
and grazing. Instream flows, however, are now higher in public water-
sheds relative to private. While it would be unrealistic to assume that the
controls capture all differences between public and private lands, the
jump in instream flows in public watersheds suggests the existence of a
positive externality that goes uncaptured on privately-owned water-
sheds. However, a comparison of means is insufficient to identify
definitive relationships within a complex ecosystem. We turn next to
careful identification of pairwise NMES relationships.

3.2. Empirical model

Given the potential for technical interdependencies between NMES,
we specify a system of equations with each NMES i = 1, 2, 3 as a
dependent variable and all the other NMES entering as independent
variables:

InW; = B1,InF; + Bi3InG; + 01y InM; + X,01 + w7, + 6+ €
InFj = fr,InW; + Br3InG; + OryInM; fo,/‘“Z + W;j72 +6+ &

InG; = By InW; + By InF; + O3y InM; + x,05 + Wyy3 + 6, + €3 (8)
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where Wj is the amount of instream flows provided for municipal use in
watershed j, F; is the amount of forest habitat jointly produced with
timber in watershed j, G; is the amount of grazing provided for livestock
production in watershed j, and ¢; is an error term. We include three types
of control variables. Since ecosystem services are jointly determined, the
first is a marketed ecosystem service (mineral resource extraction, M;)
that coexists with and likely influences the NMES but does not have an
obvious jointly produced NMES.® The second, x;, is a vector of other
controls common to all three equations and contains the control vari-
ables. The third, w;;, is unique to each equation, containing variables that
impact the level of a single ecosystem service, the dependent variable in
equation i. To control for unobserved regional variation in landcover,
ownership, management, industrial activity, and climate, we include
regional fixed effects &, where k is the HUC 2 region containing
watershed j.

Since ecosystem services are jointly determined, they are endoge-
nous when they enter the system on the right-hand side. Performing OLS
on each equation separately, therefore, will produce inconsistent esti-
mates for our coefficients of interest f§; ;. We address this endogeneity
concern in three ways. First, we estimate a similar equation for the
marketed ecosystem service:

InM; = Oy InW; + Oy InF; + Os3 InGj + X001 +Wyii¥ag + O + Ent ©)

Second, we utilize w;; as instruments for each NMES i. We carefully
select a pair of instruments for each NMES: density of water supply dams
and the presence of a sole-source aquifer (W), presence of logging
employment and timber tract operations (F), and presence of ranching
employment and goat or sheep farm employment (G).° The success of
this approach requires choosing elements of w; that are plausibly
exogenous to the -i NMES (i.e., w; only impacts the other NMES through
its effect on i). For example, the instrumental variable “presence of
logging employment” only impacts instream flows through its effect on
forest habitat. We believe this exclusion restriction likely holds for each
of our instrumental variables. The other requirement for a valid
instrumental variable is that the instrument is correlated with the var-
iable it is instrumenting. For example, the presence of logging employ-
ment is correlated with the percentage of a watershed that is forested (i.
e., forest habitat). The OLS results provided in the appendix indicate that
are least one instrumental variable is correlated with each dependent
variable.

Third, to allow correlation between the errors, we create a system of
equations by adding Eq. (9) to the system of equations in (8) and utilize
three-stage least squares (3SLS) to estimate the resulting system of
equations jointly (Zellner and Theil, 1962). Performing two-stage least
squares on each equation individually would assume independence of
the error terms, ¢;. This is an unreasonable assumption for ecological
systems where stochastic weather shocks may influence multiple

8 We measure mineral resource extraction by the number of active mines per
1000 km?. We sum the active mines within a watershed and divide by the area.
Active mine data is from https://mrdata.usgs.gov/mineplant/geo-inventory.
php.

° We use BLS NAICS codes to construct dummy variables indicating the
presence of the following employment categories within a watershed: Logging
(1133); Timber tract operations (1131); Mining (212); Support activities for
mining (213); Cattle ranching and farming (1121); Sheep and goat farming
(1124). Reverse causation would invalidate employment as an instrument if the
NMES causes employment. Concerns about reverse causation are addressed by
the joint production relationship which implies employment is a non-
allocatable input that cannot be managed between commodity and NMES
production. We utilize a similar dummy variable for employment presence as an
instrumental variable for mineral resource extraction in Eq. (9) (NAICS codes
212 and 213). We tried several other instrumental variables with limited suc-
cess including housing density, range and agricultural land density, a dummy
variable for cattle ranching activity, and forest biomass density.
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ecosystem service flows simultaneously, or there is a common driver
such as land use change influencing multiple ecosystem services.

We interpret the coefficients as indicative of the production rela-
tionship between a pair of NMES. For example, a positive and statisti-
cally significant estimate for f;, suggests that instream flows (W) and
forest habitat (F) are complements-in-production. The directional rela-
tionship should hold regardless of which service is the dependent vari-
able (i.e., ;5 > 0=>f,; > 0). This system of equations approach is a
reduced form representation of the complex ecological and human-built
system in which NMES influence and are influenced by the provision of
other NMES. For example, instream flows encourage forest growth that
contributes to the provision of timber. However, timber harvesting ac-
tivities will also alter forest habitat and the amount of water that reaches
municipal water intakes.

4. Results and discussion

Results from 3SLS (Table 3) are consistent with predictions from our
theoretical model. All coefficients of interest are statistically significant,
and the signs are consistent regardless of the direction by which the
relationship is estimated (i.e., the pairwise relationships we identify are
the same regardless of whether NMES i enters as a dependent or inde-
pendent variable). The coefficients can be interpreted as elasticities, but
we focus only on the signs to identify directional relationships.

In predominantly private watersheds, uniformly negative co-
efficients indicate that tradeoffs between NMES dominate. Each NMES is
only increased at the expense of others, which is consistent with the
theoretical result precluding the possibility of complementary re-
lationships in competitive markets. The negative relationships may
result from biophysical relationships or an externality.

In contrast, two of the three pairwise relationships are positive in
predominantly public watersheds, providing evidence that comple-
mentary relationships between certain NMES are possible. When we
compare these relationships to those found in private watersheds, we
find that two pairwise relationships, (instream flow, forest habitat) and
(grazing, forest habitat), flip from negative relationships on private land
to positive relationships on public lands. To the extent that systematic
differences between the quality of public and private lands are captured
by our controls, our theoretical model suggests that the negative re-
lationships between these services on private lands reflect a failure to
internalize a positive ecosystem externality. Private market participants
are failing to account for the complementarities between forest habitat,
instream flows, and grazing because they are not incentivized to do so,
resulting in inefficient provision of these services.

We perform several robustness checks. First, we estimate an alter-
native specification of Eq. (8) utilizing fewer and different controls.
Specifically, the land use, development pressure, and fire hazard con-
trols are replaced by two coarse measures: (1) percentage of the
watershed with slope >45 degrees, and (2) percentage of the watershed
that is privately owned. Second, we return to the original controls but
utilize surface water withdrawals as an alternative measure of instream
flows, W. Finally, we re-estimate the original specification using the raw
(unprocessed) data, which is unmatched and includes outliers. Full re-
sults are in the Appendix. In terms of each directional relationship, the
robustness checks are consistent with our main results, though slight
differences are apparent in the level of statistical significance. Overall,
the robustness checks strengthen our findings that private markets erode
the possibility of complementary relationships produced from the multi-
use management on public lands.

Finally, since OLS and correlations are commonly employed in the
literature exploring ecosystem service relationships, we compare our
main 3SLS results to results obtained using these techniques with the
preprocessed data. Results are summarized in Table 4 (see Appendix for
full OLS results). 3SLS acts as a benchmark to which we can compare
correlations and OLS results, because 3SLS addresses shortcomings of
the other two methods. The validity of correlation coefficients to
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Table 3
3SLS results.
Private Public
In(W) In(F) In(G) In(W) In(F) In(G)
In(W) —19.475%%* —15.791%** 15.382%** —13.546%**
(6.271) (5.123) (2.366) (1.683)
In(F) —0.028*** —0.581%*** 0.058*** 0.725%**
(0.008) (0.227) (0.007) (0.069)
In(G) —0.043%%x —1.380%%* —0.071 %%+ 1.180%**
(0.011) (0.307) (0.010) (0.135)
Note: Regressions include all variables in Table 2, plus instruments and HUC 2 fixed effects. *,**,*** indicate significance at the 90%, 95% and 99% levels, respectively.
Tabl biomass and water quality (Warziniack et al., 2017; Abildtrup et al.,
able 4 . . . 2013). Using a different approach, we find related evidence for a posi-
Summary of nonmarket ecosystem service relationships. X N . .
tive externality involving the presence of forest and water quantity.
_ Private Public Managed grasslands produce higher quality forage compared to aban-
w F w F doned grasslands that are encroached by shrubs and forest suggesting a
P _ — possible negative relationship between grazing and forests (Johansen
G — 00— — L0+ etal., 2019). However, our evidence suggests that public management of

Note: First, second and third entries represent results from correlation co-
efficients, OLS, and 3SLS, respectively. O indicates failure to identify a statisti-
cally significant relationship.

correctly identify pairwise relationships rests on assumptions of a linear
relationship and the absence of confounders. OLS allows us to control for
confounding variables and introduce nonlinearities, but endogeneity
persists because ecosystem services are jointly determined (i.e., they
appear as both independent and dependent variables). Given these
shortcomings, deviation from 3SLS results are expected. Correlation
coefficients fail to identify one significant relationship (F-G on private
watersheds), and they misidentify directional relationships in one case
(W-F on public watersheds). OLS does not misidentify the direction of
any relationships, but it disagrees with 3SLS regarding statistical sig-
nificance in one third of cases. The three methods produce consistent
results for only half of the possible relationships, indicating a severe
degree of bias associated with OLS and correlation coefficients. In
particular, studies based on correlations and OLS may be under counting
the number of significant relationships and misrepresenting the direc-
tion of others.

5. Conclusions

Using a theoretical model of jointly produced ecosystem service
provision and data from over 700 watersheds, we find evidence of an
ecosystem externality involving two NMES relationships: 1) instream
flows and forest habitat and 2) grazing and forest habitat. We identify
complementary relationships between these services on publicly-owned
lands, while the same services become competing on privately-owned
lands. This finding suggests that land markets are overlooking win-win
opportunities to take advantage of synergistic biophysical relation-
ships between nonmarket ecosystem services. For instance, private for-
est landowners do not appear to recognize that their forests increase
drinking water for cities and towns downstream. This finding is
consistent with other research that suggests watersheds on public lands
are healthier not because of management actions specifically targeting
water quality, but rather, public lands improve water quality by keeping
other activities out (Abildtrup et al., 2013). Regulations or transfers
could potentially be designed to internalize the ecosystem externality on
private lands.

Broader-scale studies (i.e., non-case studies) tend to focus on trade-
offs and synergies between broad categories of ecosystem services
(provisioning vs regulating, for example). Evidence of certain external-
ities can be inferred from other literatures. For example, the small group
of studies estimating the value of forests as avoided cost of drinking
water treatment demonstrate a positive externality between forest

grasslands can reverse this relationship and exploit complementarities
between grazing and forest habitat.

Our results also provide an additional motivation for addressing
endogeneity arising from joint-production technologies involving com-
plex ecosystem interactions. As Cohen et al. (2019) discuss, the growing
number of estimates of relationships between ecosystem services should
be interpreted with caution due to endogeneity bias. Our paper shows
how correcting for endogeneity bias can also be used to uncover warning
signs of ecosystem externalities at large spatial scales. While our method
provides one possible way to address endogeneity concerns, it also
highlights the importance of ensuring the conditions for a valid instru-
mental variable are met. The growing number of landscape-level data-
sets documenting land use change, land use intensity, economic returns,
and resource use will ease the well-known challenges of identifying valid
instrumental variables for ecosystem services. However, additional
empirical work with these datasets will be needed to determine valid
instruments for different sets of jointly produced ecosystem services that
can be used in both predominately private and predominately public
watersheds. We leave these empirical analyses for future work.
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Appendix A. Appendix

Table Al
Ordinary least squares (OLS) results.

Private Public
Inw InF InG Inw InF InG
Inw —6.781%** —4.607%** 0.897 —2.393%**
(1.161) (1.218) (1.364) (0.822)
InF —0.012%%** —0.047 0.005%* —-0.011
(0.002) (0.052) (0.002) (0.031)
InG —0.007%%** —0.057 —0.006%* 0.073
(0.002) (0.050) (0.003) (0.073)
InM 0.001 —0.216%** —0.197%* —-0.012 —1.459%%** -0.174
(0.003) (0.083) —0.085 (0.008) (0.191) (0.132)
Housing density —0.010%** 0.056 —0.247** —0.010%** 0.162** —0.259%**
—0.003 (0.062) (0.062) (0.003) (0.079) (0.050)
% developed —0.003 0.164 0.234 —0.190%** 3.791%** 0.473
(0.014) (0.347) (0.357) (0.029) (0.718) (0.508)
Land value 0.001 0.131%* —0.128%* —0.010%** —0.292%%* —0.478%**
(0.003) (0.060) (0.062) (0.004) (0.094) (0.055)
Population change —0.002 1.260%** 0.231 —0.169%*** 3.469%** 0.284
(0.015) (0.366) (0.379) (0.023) (0.577) (0.402)
Precipitation —0.521%%** —2.444%*x —2.391%** —0.496*** 1.616%** —1.465%**
(0.004) (0.630) (0.647) (0.005) (0.684) (0.416)
Wildfire risk —0.023%%** 0.470%* —0.683%** —0.063%** 0.750%** 0.235
(0.009) (0.215) (0.217) (0.009) (0.256) (0.166)
All services —0.004 0.408%** 0.350%** 0.004 2.406%** 0.327%*
(0.005) (0.127) (0.130) (0.010) (0.213) (0.159)
Pop chg * % dev 0.009 —0.408** 0.160 0.136%** —2.682%%* 0.150
(0.008) (0.198) (0.204) (0.018) (0.437) (0.312)
Dam density —0.012%** 0.008
(0.004) (0.006)
Withdrawals —0.004%** 0.000
(0.001) (0.002)
Dam*Withdrawals 0.002%*** —0.001
(0.001) (0.001)
Logging employment 0.262%** 0.875%**
(0.075) (0.120)
Timber operations —0.032 -0.113
(0.081) (0.125)
Ranch employment 0.108 0.636%**
(0.078) (0.077)
Goat/sheep farming 0.105 —0.055
(0.109) (0.078)
Table A2
Robustness checks for 3SLS results.
Alternative Controls
Private (N = 417) Public (N = 417)
In(W) In(F) In(® In(W) In(F) In(G)
In(W) —13.930%** —11.136%** 11.792%** —9.651%**
(5.495) (4.642) (3.160) (1.412)
In(F) —0.046*** —0.805%** 0.029%** 0.347%%*
(0.011) (0.158) (0.006) (0.053)
In(G) —0.051%** —1.254%%* —0.084%%* 1.927%%*
(0.013) (0.218) (0.011) (0.180)
Alternative Water Availability Measure
Private (N = 417) Public (N = 417)
In(W) In(F) In(G) In(W) In(F) In(G)
In(W) —0.258* —0.192%* 0.213%** —0.075%*
(0.136) (0.099) (0.045) (0.031)
In(F) —1.533%** —0.478** 0.469** 0.231%**
(0.494) (0.223) (0.218) (0.086)
In(G) —3.045%** —1.333%** —1.481%** 1.221%%**

(continued on next page)
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Alternative Controls

Private (N = 417)

Public (N = 417)

In(W) In(F) In(G) In(W) In(F) In(G)
(0.716) (0.313) (0.334) (0.164)
Raw Data (Original Model)
Private (N = 468) Public (N = 270)
In(W) In(F) In(G) In(W) In(F) In(G)
In(W) —24.027%** —16.991*** 15.097 —6.869
(5.273) (4.720) (32.993) (4.383)
In(F) —0.040%** —0.794%** 0.048%** 0.554%**
(0.010) (0.209) (0.019) (0.160)
In(G) —0.055%** —1.362%** —0.049* 1.037**
(0.012) (0.226) (0.026) (0.473)
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