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ABSTRACT

Economic development often impacts on ecosystem services. Previous studies have raised public and political
awareness of the costs associated with such impacts and the benefits of ecosystem services. In cases where
empirical information on the value of ecosystem services is lacking, benefit transfer (BT) approaches that use
value estimates from a previously studied site to estimate the economic values of a new target area have been
established. One of the most popular BT approaches is unit value transfer, where constant ecosystem service
value coefficients are used to assess a given land-use/land-cover (LULC) change. In several case studies assessing
LULC changes, such unit value transfers with constant value coefficients are biased when nonmarginal changes
are involved. Theoretical considerations suggest that large changes in land allocation should alter the oppor-
tunity costs of gaining or losing natural capital because the marginal costs of additional losses increase as some
LULC types become scarcer (e.g. natural ecosystems). In contrast, marginal benefits shrink as other LULC types
become more abundant (e.g. agricultural replacement systems).

Here, we propose an improved method for assessing larger scale (i.e., at national levels and beyond) LULC
changes using endogenous value coefficients that account for the size of the land cover allocated to each LULC
type and derive an equation for calculating these coefficients. The extent to which the value coefficient changes
with variations in the land cover area depends on the land-cover elasticity of the value coefficient. Using a
hypothetical numerical example of an area of tropical forest converted into grassland, we show that the bias
caused by neglecting this land-cover elasticity can be considerable. We also demonstrate how the elasticity
needed to correct the value coefficient can be estimated empirically. Finally, we suggest some modifications for
future studies assessing large LULC changes.

1. Introduction

et al.,, 2021; Gong and Chang, 2022). A landmark study by Costanza
et al. (1997) arguably provides the most prominent starting point in

Ongoing environmental degradation in many countries underpins
growing concern about the sustainable provision of ecosystem services
(e.g., Alfonso et al., 2017). Because ecosystem services are commonly
considered to be all ecosystem aspects that benefit people (Fisher et al.,
2009), a substantial proportion of the ever-increasing number of
ecosystem services studies mention economic elements (Fig. 1). Some
authors seek to determine monetary ecosystem service values (ESV) by
applying, and possibly adapting, published valuation results (e.g.,
Kreuter et al., 2001; Troy and Wilson, 2006; TEEB, 2010; van der Ploeg
et al., 2010; Frélichova et al., 2014; Kindu et al., 2018; Sannigrahi et al.,
2018; Arowolo et al., 2018; Li et al., 2019; Ouyang et al., 2020; Assefa
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valuing ecosystem services based on existing valuation results, a method
called “unit value benefit transfer” (Rolfe et al., 2015). That study was
polarising from the outset: its publication was heralded by some as an
“... audacious bid to value the planet ...” (Nature Editorial, 1998) and
criticised by others as a “... serious underestimate of infinity ...”
(Toman, 1998). After some debate (e.g. Pearce, 1998; Heal, 2000;
Johnston and Rosenberger, 2009; Spangenberg and Settele, 2010),
however, the scientific community has broadly come to agree that such
valuation work has yielded some astonishing successes in terms of
raising public and political awareness about the potential economic
dimensions of environmental changes (Daily and Ruckelshaus, 2022).
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Among other achievements, the effort to economically value nature’s
services generated several comprehensive collections of valuation re-
sults for various biomes and land-use/land-cover types (LULC) (e.g., van
der Ploeg et al., 2010; de Groot et al., 2012; Miiller et al., 2019; Foun-
dation for Sustainable Development, 2021).

These collections provide ecosystem service value coefficients per
hectare, which are now frequently used to assess the economic conse-
quences of LULC changes (e.g., Turner et al., 2016; Kindu et al., 2016;
Sannigrahi et al., 2018; Li et al., 2019; Wang et al., 2022; Gong and
Chang, 2022; Biedemariam et al., 2022). Standard assessments of the
change of ESV associated with LULC changes consider value coefficients
as exogenous and constant information (Costanza et al., 2014; Sanni-
grahi et al., 2018). However, we argue that value coefficients are likely
endogenous and negatively correlated with the land size covered by a
specific LULC type.

We see great potential for ecosystem services to be incorporated into
accounts of national well-being and income (Ouyang et al., 2020) and
for using value coefficients to assess the contribution of natural capital
to our well-being (Costanza et al., 2014). In addition, we second that
economic studies should go beyond considering only marginal changes
(Braat and de Groot, 2012) simply because nonmarginal changes occur
in the real world.

However, major land reallocation processes comprising several
thousand or even millions of hectares will alter the value coefficients.
For example, significant reductions in ecosystem services supply would
increase their marginal values (Addicott and Fenichel, 2019; Farley,
2008) and, with this, the shadow prices of all types of natural capital
(Troy and Wilson, 2006).

Endogenous value coefficients are intuitive. If one accepts the prin-
ciple of diminishing marginal utility, a principle associated with stan-
dard social welfare functions (e.g., Gollier, 2010; Weitzman, 2012; Dietz
and Hepburn, 2013), then people would be willing to pay less for an
additional unit of an abundant ecosystem service than a scarce one
(Knoke et al., 2021) (Fig. 2). Under this assumption, changes in value
coefficients could likely be interpreted as signals of increasing or
decreasing scarcity of ecosystem services, much like prices in a market
economy (Batabyal et al., 2003).

In our study, we use a theoretical analysis to show how applying
constant value coefficients would over- or underestimate the losses of
ESV associated with LULC changes. We then present a stylised numerical
example using hypothetical value coefficient functions (where value
coefficients depend on the land currently covered by a specific LULC
type) to quantify a possible order of magnitude of the resulting bias
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Marginal value

Stock of natural capital or ecosystem services

Fig. 2. Theoretical relationship between marginal value and the stock of nat-
ural capital (concept adopted from Farley, 2008).

when using constant value coefficients and suggest how it can be cor-
rected.

2. Theoretical consideration of land reallocation processes

In most studies analysing the impact of LULC changes on ecosystem
services, the changes of ESV flows (AESV) result from multiplying the
area affected by land-cover changes of a specific LULC type (AA) with
previously published value coefficients VC (e.g., Li et al., 2019; Kindu
et al., 2016; Troy and Wilson, 2006).

AESV = AA -VC (@)

However, using constant value coefficients is a poor approximation
to estimate AESV, when large land reallocation processes cause changes.
Instead of using Eq. 1, we suggest that changes of ecosystem service
value flows should consider endogenous value coefficients VC(A) to
represent marginal ecosystem service values, which depend on the land
A covered by the corresponding LULC type (Eq. 2). A; and A, are the
areas of land covered at the beginning and end of the change.

Ag

AESV' = / VC(A)dA (2)
Ay

In our schematic Fig. 3, we contrast the application of Eq. 1 with an

application of Eq. 2 concerning the gains/losses of ESV, using the con-

version of tropical forest into grasslands. We assume that ecosystem

1995 2000 2005 2010 2015 2020 2025
Year

A "Ecosystem service" and "value"

--@-- Share ecosystem service value studies

Fig. 1. Number of studies on ecosystem services searching for “ecosystem service” and “economic”, “ecosystem” and “value”, and “ecosystem service”, searching in
in title, abstract or keywords. Data was retrieved from the SCOPUS database on 23.12.2022.
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Fig. 3. Ecosystem service value coefficient functions for grassland and tropical
forests depending on the land area allocated to both land-use/land-cover
(LULC) types. The value coefficients and area proportions covered by tropical
forest (green circle) and grassland (orange circle) are equal in this example. The
curves are inspired by theoretical considerations in Fisher et al. (2008) and
Pearce (2007).

service provisioning is a function of land area and show how the re-
ductions in ecosystem service supply (by shrinking area) of tropical
forests would increase the opportunity costs of their future losses (blue
dashed curve in Fig. 3). Shrinking area of tropical forest is assumed
when moving from left to right in the Figure.

For simplicity, we assume that grasslands (expanding from left to
right in Fig. 3) are the only replacement system for tropical forests
(Pendrill et al., 2022). In Fig. 3, the marginal benefit of grassland
ecosystem services decreases with each additional hectare gained by
tropical forest conversion, while the opportunity costs of losing tropical
forest increase. We imply that changes in ESV are ignored in the actual
decision-making about land-use allocation and that the land allocation
thus tends towards a market-based equilibrium (right part with green
triangle in Fig. 3). This equilibrium is achieved where the marginal
market net-benefit obtained by establishing one hectare of grassland is
equal to the marginal market net-benefit of losing one hectare of tropical
forest (see e.g., Knoke et al., 2011 for a similar stylised example).

In our example (Fig. 3), we first assume that the current value co-
efficients and the land area covered (50 % and 50 %) are equal for
grassland G and tropical forest F, with VC; = VCp. Applying Eq. 1 under
this assumption means that AESV is the same for both LULC types,
regardless of assessing past or future land-use changes, so that we obtain
neither economic gains nor economic losses.

Instead, if we use endogenous value coefficients depending on the
area allocated to the LULC type under consideration, VC(A), to assess
past LULC changes (see Costanza et al., 2014 or Sannigrahi et al., 2018),
we actually obtain an economic gain achieved by past land-use changes
towards the current land allocation, i.e., Ag: and Ar;. Ago and Agg are
the past areas covered by grassland and tropical forest. We have here:

Ag1 Ap1
/ VCo(A)dA > / VCr(A)dA ©)
Aco Apo

In contrast, assessing future land-use changes (for example, in
Kubiszewski et al., 2017; Kubiszewski et al., 2020) (towards Ag, and
Ap,) reveals economic losses because we have then:

Aga Ap2
/ VCs(A)dA < / VCr(A)dA @
Aci Amn

This finding does not change, if we assume unequal land area and
unequal constant value coefficients for tropical forest and grassland,
such as Ap; < Agi and VCr > VCg (Fig. 4).

Under this assumption (Ar < Ag; Ver > Vig), estimates of AESV form
rectangles (area under lines parallel to the X-axis for corresponding
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Fig. 4. Comparison of ecosystem service value coefficient functions for grass-
land and tropical forest depending on the land area allocated to both LULC
types with common ecosystem service value loss estimates. The value co-
efficients and area proportions covered by tropical forest (green circle) and
grassland (orange circle) are unequal in this example, with Ap; < Ag and
VCr > VCg. The dotted rectangles show the net loss in ESV when considering
both value coefficients as constant, following by multiplying the difference
between the value coefficients for tropical forest and grassland by the area
changes from the past to the current and the future land allocation.

land-cover changes AA in Fig. 4), implying that the area covered by a
specific LULC type has no impact on the marginal benefit of an addi-
tional hectare gained or lost.

In Fig. 4, the rectangles delimited by dotted lines show the overall
loss of ecosystem value, estimated as L = AA-(VCp— VCg), if
VCr > VCg. Comparing the rectangles for past and future land-use
changes indicate a net loss of ecosystem service value, even though
the past land-use change is accompanied by a gain in ecosystem service
value, as the green triangle in Fig. 4 is larger than the magenta triangle
left of the current land allocation point.

Whether we obtain an under- or overestimation of gains and losses of
ecosystem service value by applying constant value coefficients depends
on the considered example. However, we may almost always assume
biases when using constant ecosystem service value coefficients for large
land-use changes. In rare cases, assessing large land-use changes with
constant and endogenous value coefficients may show identical results.
For example, when land-use changes on the left and right sides of the
intersection of the VC(A) functions and both functions are identical (see
Fig. 3), both methods will coincide and no net value gains and losses will
result, provided that the constant value coefficients are identical.

3. Value coefficients as variable marginal benefits

Treating value coefficients as the marginal willingness to pay for the
ecosystem services from an additional hectare of grassland or forest land
allows us to describe the influence of the abundance/scarcity of
ecosystem services (proxied by the land cover allocated to a specific
LULC type) by inverse demand functions. Inverse demand functions
have been used as natural models for price formation processes in fish
resources (e.g., Tran et al., 2019; Barten and Bettendorf, 1989) or for
milk and corn (e.g., Knoke et al., 2011).

We constructed hypothetical inverse demand functions that yield
numerical values for value coefficients which are equal to the current
value coefficients for the year 2011 land cover corresponding to tropical
forests and grasslands in Costanza et al. (2014, Tab. 3 therein, based on
data from de Groot et al., 2012). The general relationship is shown in Eq.
5, with A, being the current land area in hectares covered by the
respective LULC type, VC(A) the endogenous and VC the current value
coefficient:
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level
VC(A) = VC - <’%) %)

leve| in Eq. 5 is the absolute value of the land-cover elasticity of
VC(A).

In contrast, concerning supply, we assume that the level of ecosystem
service provision for any given area of land cover allocated to a specific
LULC type is independent of prices (this is an implication of the char-
acter of many ecosystem services as public goods, see Franklin and
Pindyck, 2018). This results in a strictly vertical supply function (e.g.,
Costanza et al., 1997; Knoke et al., 2021).

4. Numerical illustration

Our numerical example assesses the changes of ESV associated with
tropical forest cover losses of 642 million hectares between 1997 and
2011, according to Costanza et al. (2014, Tab. 3 therein). The same
publication suggests applying current value coefficients of US$ 5382 and
4166 per hectare per year, respectively, for tropical forest and grass-
land/rangeland (hereafter only grassland). It indicates a current land-
cover area of 1258 10° ha (tropical forest) and 4418 10° ha (grass-
land). Applying Eq. 1 the net loss of ESV is then:

Us$

AESV = (4166 —5382) = -642 -10%ha = —0.78 -1

012”75$
This loss is constant regardless of whether we consider past or future
periods (Table 1).

The numerical relationships we applied when assuming endogenous
VC(A) were as follows, implying a constant elasticity coefficient of
leve| = 1 for simplicity:

) . _ US$ | 1258 -10° [ha]

Tropical forest : VC(A) = 5382 {ha .yr} Ahq] ©
. _ US$ | 4418 -10° [ha]

Grassland : VC(A) = 4166 {ha ~yr} A[hd] @

The resulting hypothetical demand and supply functions are illus-
trated in Fig. 5.

Inserting Eq. 6 and Eq. 7 into the integral function of Eq. 2, we then
calculated changes of ESV* for grassland and tropical forest LULC
changes of + 642 106 ha and used these LULC changes to assess past and
future periods. The results (Table 1) show that instead of net losses
resulting from assessing past LULC changes, using endogenous VC(A)
shows a gain in ESV* caused by the LULC change assessed. However,
losses estimated for future LULC changes were 2.9 times the losses ob-
tained from applying constant value coefficients. The bias of the losses
obtained from using constant value coefficients for this example would
be + 0.88 102 US$ per year (losses overestimated for past losses) and
~1.5510'2 US$ per year (losses underestimated for future losses).

4.1. Sensitivity studies

Here we tested the impact of the size of the land-cover elasticity of
the endogenous value coefficients (ey¢) on the results. We assumed that

Table 1
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Fig. 5. Assumed hypothetical demand (black) and supply functions (dotted).

the bias we have found from applying constant value coefficients de-
pends on the assumed land-cover elasticity of the endogenous value
coefficients, which controls how the value coefficients change in
response to changes in land-cover allocation. Suppose the land-cover
elasticity of the value coefficient shows a high absolute value. In that
case, the marginal benefit curve becomes steeper where a given LULC
type is scarce, but flatter where it is abundant. We carried out sensitivity
studies for more elastic (|eyc| = 2) and more inelastic value coefficients
(leve| = 0.5).

Table 2 shows that the bias of applying constant value coefficients
grows under higher land-cover elasticity while it shrinks under lower
land-cover elasticity of the value coefficient. Depending on the land-
cover elasticity assumed, the bias when using constant value co-
efficients can be up to + 51 % in the case of tropical forest and up to +
15 % for grassland in the example given in Table 2.

4.2. Suggestion
In light of this, we suggest Eq. 8 to aggregate the changes of value

flows of ES for various LULC types in future studies; [ is a subscript for a
specific LULC type and L is the number of considered LULC types.

Theoretical example for changes in ecosystem value associated with LULC changes, assuming current land area allocation as the start situation.

LULC type Period  Land-cover ESV change applying ESV* change applying Net losses applying Net losses/gains applying
change constant VC endogenous VC(A) constant VC, endogenous VC(A)
[106 ha] [10'2 US$] [10'2 US$] [10'2 US$] [10'2 US$]

Grasslands Past +642 +2.67 +2.89 —0.78 +0.10

Tropical Past —642 —3.46 -2.79

forest
Grasslands Future 4642 +2.67 +2.50 —0.78 —2.33
Tropical Future = —642 —3.46 —4.83

forest
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Table 2
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The bias of applying constant value coefficients under different assumptions concerning elasticity for changes from tropical forest to grassland.

Scenario  Elasticity of VC(A)  Annual ESV change applying Annual ESV" change applying endogenous VC(A)  Bias of change estimates per hectare of LULC change
constant VC [10"2 US$] [%]
[10'2 US$]
€ve &) 2 3 Q) 5)[(4) - (3)] (1) = (3)]+(3):100  [(2) - (4)]+ (4) -100
Tropical forest ~ Grass-land Tropical forest ~ Grass-land  Gain minus loss ~ Tropical forest Grassland
Past -2.0 -3.46 2.67 -2.29 3.13 0.84 51 % -15%
Past -1.0 -3.46 2.67 -2.79 2.89 0.10 24 % ~7%
Past -0.5 —3.46 2.67 -3.10 2.78 -0.32 11 % —4%
Future 2.0 —3.46 2.67 ~7.06 2.34 —4.72 -51% 15 %
Future -1.0 -3.46 2.67 -4.83 2.50 -2.33 28 % 7%
Future -0.5 —3.46 2.67 —4.07 2.58 ~1.49 -15% 4%
L Al
AESV = ; /A ) VC/(A))dA ®) j a o o R
Applying Eq. 8 to determine the change in ESV for larger areas raises ;é: 6 - inVClA)=1.4531 Infc-In Al +02127 ~.¢';
the practical problem of finding suitable estimates for the respective 3‘::) 5 o« . « ° °
land-cover elasticities (cf. Eq. 5). The information required can be taken 8 ° °
. . o . S 4 A e .
from previous valuation studies if they have determined ecosystem o _ | e o
value coefficients for different area sizes, enabling ecosystem value co- 7?, 3 1 o .
efficients to be formulated as a function of area size A (and possibly, z 2 - L " i
additional explanatory variables X) such that VC = f(A,X). Choice ex- 14 ¢ g .
periments using area size as an attribute when determining the value of 0 e : : : . ‘
some (set of) ecosystem services could offer a suitable data source for 1 4 1 2 3 4 5 6
this purpose (e.g., Koetse et al., 2017; Liekens et al., 2013; Spencer- °
Cotton et al., 2018). Cross-sectional analyses of different valuation 2 - In maximal land cover - In future land cover
studies could also be used separately or in combination with choice
experiment data—provided, again, information on the size of the valued 350 - b
area is included, and the area sizes differ between constituent studies. =
Specialised databases facilitate searching for suitable studies (e.g. the : 300 + @
Global Ecosystem Service Valuation Database [ESVD] provided by the é 250 4\
Foundation for Sustainable Development, 2021). a '|‘
The elasticity sought can be estimated by a double log regression, ‘2‘ 200 + H
here accounting for the basic structure of our assumed inverse demand & 150 4 ‘|‘
function (see Eq. 5): é 20\
2100 - \
InVC(A, X) = fy + p1[InA; — InA] + §,InX, +u, ©) S n,
5 50 4 e
where VC is the aggregated value coefficient (monetary units per hectare S ~9‘“9--0--e-.@..e__@_ - Bm s
per year) of some ecosystem services, 3, are parameters to be estimated, 0 T T T
A, is current and A is the future land cover area, X is an optional vector 0 500000 1000000 1500000

of further explanatory variables, and u is the error term. In the double
log formulation, the parameters f;_, can be directly interpreted as
elasticities (Kennedy, 2001; Stobbe, 1991, p. 129), and hence $; would
be the land-cover elasticity |eyc| of VC(A).

Fig. 6 shows an example estimation of possible land-cover elasticity
derived from value coefficients published for pollination services
(adopted from the Foundation for Sustainable Development, 2021). We
excluded a possible vector X for further explanatory variables for this
analysis. The resulting empirical estimate for the land-cover elasticity of
the included values of pollination services was close to 1 (levc| =
1.193).

When using aggregated values from the literature, it is essential to be
aware of the extent of the market analysed there. Most valuation studies
examine the willingness to pay of a limited population, e.g., the popu-
lation of a single country. However, the ecosystem service(s) in question
might benefit others as well (this would typically be expected for global
public goods, which are of global benefit). Neglecting this additional
willingness to pay implies that the aggregate ESV is underestimated and
most likely also leads to elasticity estimates that are biased downwards.

5. Discussion and conclusions

The use of constant value coefficients to assess the economic
contribution of ES to our well-being has become a standard in pragmatic

Land cover area (ha)

Fig. 6. a. Land-cover elasticity |eyc| = 1.193 of value coefficients for pollina-
tion services, estimated with a double log function. The independent variable
[InA. — InA] obtains larger values for small and smaller values for large future
land-cover areas A, because we have used the maximal land cover provided by
the data in Foundation for Sustainable Development (2021) as the current land
cover A.. However, the land-cover elasticity of the value coefficients is inde-
pendent of the choice of A.. b. Resulting example relationship between
ecosystem service value coefficient (VC) and land cover area. Data adopted
from Foundation for Sustainable Development (2021), who integrated them
from the study of Borges et al. (2020).

assessments of LULC changes, even in cases where large (nonmarginal)
land-use changes are involved. Constant value coefficients are easy to
apply and explain, contributing to this approach’s broad spread and
great success. The associated studies help raise awareness and show the
importance of ES compared to other economic contributions to human
well-being. In light of potential concerns about this method, it has been
anticipated that more complex and sophisticated valuation techniques
would lead to larger value estimates than those associated with constant
value coefficients (Costanza et al., 2014). One might thus be inclined to
assume that applying constant value coefficients guarantees safe lower
bounds of the true economic value of the changes in ESV associated with
LULC changes.
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Our results, however, show that this assumption is not justified.
Valuing past LULC changes using current constant value coefficients
may suggest net-losses of ESV, where actually net-gains had been ach-
ieved. Because marginal benefits decline with more abundant, and in-
crease with scarcer, supply, past gains in ESV will always be
underestimated when using constant current value coefficients and past
losses will be overestimated. In contrast, using constant current value
coefficients to value future LULC changes will always overestimate
gains, but underestimate losses of ESV (possibly severely so).

We show how marginal changes result in different ESV changes
depending on where such changes happen on the demand curve, with
higher ESV changes under increasing scarcity. This implies that changes
associated with the scarcer natural forest are of greater magnitude than
those associated with grasslands on the flatter part of the scarcity curve.
When we replace one land cover with another, the point where those
ESV changes are equal is the point when gains in a lower market-valued
LULC type produce a net loss and vice versa. If LULC value coefficients
would appropriately account for ESV in its market value this bias might
not happen, as market forces would tend towards the point of
equilibrium.

However, such a general conclusion requires careful interpretation,
because our example is limited to considering only two LULC types,
whereas land-use changes causing the loss of tropical forests lead to
alterations of the land allocation to many LULC types (Knoke et al.,
2023). Such multiple changes in land allocation are not considered in
our stylised examples. In addition, any benefits from risk attenuation
through intended land-use diversification are excluded from our study.
Finally, while our considerations may apply to the expansion of grass-
lands into tropical forests (i.e., under decreasing tropical forests),
compensating for past forest loss by expanding tropical forest cover
(under tropical forest increases) will imply different value curves.
Mature forests differ in their ecosystem service composition from newly
established forests. The restoration of tropical forests on abandoned
grasslands can be achieved through natural succession (e.g., Ngo Bieng
et al., 2021) or active reforestation (e.g., Nunes et al., 2020). In both
cases, however, waiting for the future ecosystem services of young for-
ests to fully develop implies a reduced economic value compared to a
mature tropical forest that already provides the services. Hence, any
habitat equivalency analysis (e.g., Desvousges et al., 2018) would most
likely suggest that a significantly larger area of secondary forest suc-
cession or reforestation would be required to compensate for a given
area of lost tropical forest. One may, therefore, assume that the value
curve for reestablishing tropical forests will differ from the value curve
representing losses of mature tropical forests. However, applying con-
stant value coefficients also suffers from these limitations.

Other limitations include considering only the impact of changes in
the supply of ecosystem services associated with LULC changes; we
ignore other issues with applying ecosystem service value coefficients.
For example, using unit value benefit transfer to apply published VC to
other situations can be problematic without context-specific adjust-
ments (e.g., Czajkowski et al., 2017). In our numerical example, we
assumed that ecosystem service supply and demand are homogenously
distributed across the area covered by a given LULC type. Still, such
naive spatial aggregation may be problematic (Addicott and Fenichel,
2019). Some ecosystem services are location-specific and cannot be
scaled up to the whole land-cover area of a LULC type (for example, the
opportunity for recreation or protection against gravitational hazards).
However, we are not aware of any arguments which would mitigate the
biases associated with using constant value coefficients in principle. Our
sensitivity studies have shown that these biases remained substantial
even under smaller land-cover elasticities of our value coefficients.

We have also assumed that the demand curves for ecosystem services
remain unchanged. This assumption might be unrealistic in light of
population and per capita income increases (Drupp et al., 2024), both of
which make it likely that demand curves will shift upwards (Magalhaes
Filho et al., 2021) and generate further value changes. Value coefficients
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would then depend not only on land area covered by a given LULC type
but also on time (e.g., Kindu et al., 2018; Knoke et al., 2021). Temporal
changes of value coefficients and associated ESV have recently been
studied mainly in urban areas (Bryan et al., 2018; Li et al., 2021; Zhou
et al., 2022), while Drupp and Hansel (2021) have studied how future
scarcity of non-market goods may drive policy evaluation. Shifts in
ecosystems service demand curves may impact gains or losses in ESV; if
these lead to higher land-cover elasticities, the bias associated with
using constant value coefficients will be exacerbated.

Against this backdrop, we conclude that using endogenous
ecosystem service value coefficients that account for issues such as the
relative abundance of the ecosystem services (Simpson, 2017), the
resource stock currently available (Addicott and Fenichel, 2019) or the
area presently covered by a specific LULC type (which is efficiently
measured by remote sensing techniques, see Kindu et al., 2016) would
improve the empirical realism of the assessment results. Because they
use easy-to-measure land-cover area as the biophysical unit of assess-
ment, our suggested amendments would not unduly complicate the
valuation process. Thus, we should adopt these amendments to capture
the intuitive assumption that the degree of scarcity will impact VC,
unless we have better information to reject this assumption.

Using unit value benefit transfer is simple and intuitive for non-
economists, so we expect this approach to continue to be applied.
However, we strongly suggest using endogenous rather than constant
value coefficients when assessing large changes in land allocation. Doing
so will improve the reliability, and ultimately the credibility, of the
method while retaining the great advantage of using readily accessible
land-cover area data as the basis for estimating ESV.
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