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A B S T R A C T   

The aim of this study is to compare policy schemes for ecological compensation applied at national and regional 
levels, using exploited inland wetlands as an example. We study whether uncertainty, due to natural variability 
and measurement difficulties, motivates compensation that is carried out in the same region as that of the 
exploited site, or whether it rather motivates nationwide compensation schemes. For this purpose, we develop an 
empirical, chance-constrained programming model of cost-effective wetland management. The model is spatially 
differentiated and accounts for heterogeneity in wetland quality across wetland types and regions. Wetland 
quality is defined by three alternative biodiversity indices: species richness, population-weighted species rich-
ness, and red-listed species richness, estimated from voluntarily reported data on breeding bird species obser-
vations. Results show that regional schemes are more expensive, in particular if the policy maker dislikes 
uncertainty and wants to prioritize uncommon species. Contrary to expectations from the theoretical analysis, 
regional schemes would lead to a higher risk-adjusted level of biodiversity at the national level. However, 
regionalization also implies that targets cannot be achieved if a high safety margin is imposed. Trading ratios are 
robust to the choice of wetland quality index.   

1. Introduction 

Human activities causing habitat destruction have led to a decline in 
natural terrestrial and aquatic ecosystems and pose a severe threat to 
many species worldwide (Millennium Ecosystem Assessment, 2005; 
Hansen et al., 2012; Seto et al., 2012). Wetlands are among the most 
sensitive on-land ecosystems. Over the last three centuries, the global 
wetland area has declined by 87%, and recent losses have been even 
more rapid (IPBES, 2019). 

To counteract this process, policy makers in several countries have 
introduced requirements for compensation of the negative ecological 
impacts of economic development projects (Wissel and Wätzold, 2010; 
Briggs et al., 2009). In the United States, policy makers and private 
companies have developed policies that make use of market-like in-
centives for maintaining biodiversity and habitats, including wetland 
mitigation banks and conservation banks (Boisvert, 2015). These in-
centives can reduce costs for maintaining overall biodiversity (Wissel 
and Wätzold, 2010), and by enhancing the supply of conservation 
measures such banks could increase the likelihood that policy makers 

require compensation measures from exploiters. 
In the European context, compensation projects are usually designed 

and implemented specifically for each individual economic develop-
ment project that is subject to such a requirement. This process is argued 
to result in high costs as well as uncertain and insufficient ecological 
outcomes (Briggs et al., 2009; Wätzold and Schwerdtner, 2005). In 
Sweden, where the present study is applied, compensation can be 
required under the framework of the Environmental Code when pre-
ventive damage mitigation measures are deemed insufficient. 
Compensation can then be relevant when areas with high natural values 
(e.g., in terms of biodiversity), green infrastructure, and important 
ecosystem services are impacted by exploitation. In addition, compen-
sation can be required in the local context, then guided by the Planning 
and Building Act and typically focusing on the loss of natural environ-
ments close to urban areas, and areas of importance for local recreation. 
When compensation is required with support of the Environmental 
Code, the localization of the measures should focus on ecological func-
tionality, but also consider costs as well as technical and practical con-
ditions (SEPA, 2016). The Environmental Protection Agency's guidelines 

* Corresponding author at: Department of Environmental Science, Aarhus University, Frederiksborgvej 399, DK-4000 Roskilde, Denmark. 
E-mail address: katarina.elofsson@envs.au.dk (K. Elofsson).  

Contents lists available at ScienceDirect 

Ecological Economics 

journal homepage: www.elsevier.com/locate/ecolecon 

https://doi.org/10.1016/j.ecolecon.2022.107672 
Received 2 March 2021; Received in revised form 23 August 2022; Accepted 3 November 2022   

mailto:katarina.elofsson@envs.au.dk
www.sciencedirect.com/science/journal/09218009
https://www.elsevier.com/locate/ecolecon
https://doi.org/10.1016/j.ecolecon.2022.107672
https://doi.org/10.1016/j.ecolecon.2022.107672
https://doi.org/10.1016/j.ecolecon.2022.107672
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolecon.2022.107672&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Ecological Economics 204 (2023) 107672

2

stipulate that it is often relevant to undertake compensation close to the 
place of the damage, e.g., in order to maintain local populations of en-
dangered species and their dispersal opportunities (SEPA, 2016).1 

However, it is also acknowledged that the aims of compensation can 
sometimes be better achieved by implementation at a greater distance 
from the site of the exploitation, for the above-mentioned reasons 
(SEPA, 2016). 

Several studies have analyzed the principles of ecological compen-
sation and the role that economic considerations play for the optimal 
design of such policies. These studies show that there are economic and 
ecological efficiency gains from taking into account spatial connectivity, 
the timing of compensation measures in relation to that of exploitation, 
and uncertainty regarding the ecological effects of conservation and 
compensation measures (van Teeffelen et al., 2014; Wissel and Wätzold, 
2010; Moilanen et al., 2009). It is shown that all these aspects can be 
dealt with through the use of trading ratios, implying that a greater 
compensation effort is required if the effect is uncertain, delayed, or 
implemented in a location with limited connection to similar habitats 
(Drechsler and Wätzold, 2009; Hartig and Drechsler, 2009; Wissel and 
Wätzold, 2010). 

An issue of debate is whether compensation possibilities should be 
restricted with respect to the distance between the exploited site and the 
compensation site. On one hand, it is argued that such a restriction 
would reduce uncertainty about the ecological effect (van Teeffelen 
et al., 2014; Wissel and Wätzold, 2010), while simultaneously ensuring 
that local recreational values are maintained, given that the valuation of 
environmental services is typically declining in the distance to the site 
(Bateman et al., 2006). On the other hand, distance restrictions would 
reduce the cost-effectiveness of the scheme, as the possibility to make 
use of distantly located, low-cost measures with high biodiversity ben-
efits is reduced (Wissel and Wätzold, 2010). 

Few studies have carried out empirical economic analyses of 
ecological compensation. Using a landscape-level data set on 267 
terrestrial vertebrate species, Polasky et al. (2005) developed a spatially 
explicit model for analysis of trade-offs between private returns to land 
and biodiversity outcomes, taking into account the role of habitat suit-
ability and connectivity for the latter. Kangas and Ollikainen (2019) 
developed a dynamic model studying the ecological compensation of 
forest habitats. Uncertainty was addressed through Monte Carlo simu-
lations that were used to identify the size of risk premiums on the market 
for ecological compensation. None of those has studied how the design 
of compensation should be adapted to the presence of uncertainty. In 
contrast, other studies have investigated the role of uncertainty for de-
cisions on habitat conservation policies. Among those, Mallory and 
Ando (2014) applied Modern Portfolio Theory (MPT), originally 
developed by Markowitz (1952, 1959), to identify combinations of 
wetlands that should be chosen when the policy maker's objective is to 
minimize uncertainty about the benefits for a given level of expected 
benefits. In their application, uncertainty arises due to the limited 
knowledge about future impacts of climate change on the value of both 
private land and wetland biodiversity. Shah et al. (2017) developed this 
approach by using a two-stage procedure, which permits further spatial 
disaggregation of the results, but at the expense of possibly suboptimal 
outcomes. Also, drawing on chance-constrained programming (CCP) 
methods originally suggested by Charnes and Cooper (1959, 1963), 

Gren et al. (2014) developed a dynamic model for cost-efficient forest 
habitat restoration under conditions of stochastic growth in habitat 
quality, and they derived trading ratios among regions and across time, 
but abstract from spatial covariation in habitat quality. 

The aim of this paper is to model and compare national and regional 
schemes for ecological compensation when wetland quality is stochastic 
and correlated across space. We modelled wetland habitats in the agri-
cultural landscape because wetlands are a common habitat in biodi-
versity compensation schemes both in Sweden and elsewhere 
(Blicharska et al., 2022; Josefsson et al., 2021). We collected data on 
wetland bird diversity in large agricultural wetlands (> 10 ha), using 
those to create measures of wetland quality. Wetland birds are the most 
common taxon considered in Swedish wetland compensation projects 
(Blicharska et al., 2022).2 Additionally, wetland birds are commonly the 
focus of wetland conservation interventions such as the creation of new, 
and restoration of old, agricultural wetlands in Sweden (Aklilu and 
Elofsson, 2021; Kačergytė et al., 2021; Blicharska et al., 2022). Hence, 
the use of wetland bird diversities as a measure of wetland quality gives 
a high level of realism in our modeling of different biodiversity 
compensation scenarios. 

Uncertainty about wetland quality is assumed to arise due to natural 
annual variability in the bird community as well as measurement diffi-
culties. In particular, we study whether spatially correlated uncertainty 
is a motive for requiring that ecological compensation is only carried out 
in the neighborhood of exploited sites, or if the opposite applies. For this 
purpose, we develop an empirical chance constrained cost-effectiveness 
model of wetland management in Sweden. The model is spatially dis-
aggregated and accounts for heterogeneity in wetland quality (i.e., 
wetland bird diversity) within and across regions, and for heterogeneity 
in opportunity costs of wetlands. To test the robustness of results, we 
compare outcomes for three alternative measures of stochastic wetland 
quality: wetland bird species richness, population-weighted bird species 
richness (giving rare species a higher weight), and red-listed bird species 
richness. 

Results include a comparison of regional and national schemes with 
respect to costs, aggregate wetland quality, and trading ratios for 
exploited, restored, and constructed wetlands in different counties, and 
we examine the role of uncertainty for these outcomes. The paper con-
tributes to the literature on ecological compensation through analysis of 
ecological compensation under spatially correlated uncertainty, and by 
empirical modeling of ecological compensation of wetland habitat. 

The paper is organized as follows: in Section 2 we outline a stochastic 
model of ecological compensation, Section 3 describes the data, Section 
4 reports the results, and Section 5 provides a discussion and 
conclusions. 

2. A stochastic model of ecological compensation 

Consider a country where wetland biodiversity is seen as valuable. 
However, demand for exploitation of land constitutes a challenge to the 
conservation of this biodiversity. Moreover, wetland biodiversity is 
subject to natural variability and can be difficult to measure. In order to 
understand the role of stochastic wetland biodiversity for policy, a 
simple model is developed in the following. For the purpose of this 
model, we assume that wetland quality is evaluated based on the 
biodiversity that it provides. 

Assume that there are i = 1, …,k wetlands in j = 1, …,n regions 
contributing to aggregate wetland quality. The regions differ with 
respect to climate as well as land use. In each of the regions, existing 
wetlands can be restored, and new wetlands can be constructed to in-
crease aggregate wetland quality. 

More specifically, the aggregate wetland quality in a particular re-

1 The Environmental Code applies, e.g., for Natura 2000 sites. For those, 
guidelines stipulate that if possible, compensation measures should be carried 
out in the vicinity of the area where the damage occurs. However, and based on 
EU regulations, compensation measures could be implemented at larger dis-
tance, as long as they are carried out in the same biogeographical region in the 
same Member State (SEPA, 2016). Most of the area in Sweden belongs to the 
same biogeographical region, the boreal one. Only the southernmost part 
(Scania and part of Halland and Blekinge county) belongs to the continental 
region. 

2 Losses of very small wetlands (<5 ha) sometimes also involve the 
compensation of amphibian species projects (Blicharska et al., 2022). 
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gion j depends on the supply of different wetland types, high-quality, 
medium-quality, and created wetlands, in the region. Let the variable 
qijd denote the quality of wetland i of type d in region j. The index for the 
type, with d = HI,MED,CRE, denotes whether the wetland is an existing 
one of high, HI, or medium, MED, quality or is newly created, CRE. The 
quality of a given wetland is assumed to depend on initial quality, qijd

0 , 
where we assume qij,HI0 > qij,MED0 > qij,CRE0 = 0 (i.e., the quality of 
created wetlands is assumed to be zero before the creation), and on 
measures undertaken to improve wetland quality, denoted mijd. The 
measure mijd can be thought of as restoration or creation of habitats, and 
it indicates the share of the wetland area subject to the measure in 
question, that is, we have 0 ≤ mijd ≤ 1. The quality of a given wetland is 
then described by: 

qijd = qijd

(
mijd ; q0

ijd

)
. (1) 

We assume that aggregate quality of wetlands of type d in region j, 
bjd,is found by summation of the quality across all wetlands of that type 
in the region. However, the aggregate wetland quality cannot be 
determined with certainty. Uncertainty arises because of natural vari-
ability and difficulties to accurately measure wetland quality. The sto-
chastic processes are captured by an additive error term, εjd, and the 
stochastic wetland quality bjd is thus defined by: 

bjd =
∑

i
qijd

(
mijd; q0

ijd

)
+ εjd . (2) 

We assume that the function in Eq. (2) is continuous, differentiable, 
and concave. Aggregate wetland quality in the whole country, B, can 
then be expressed as the sum over wetland quality across regions and 
wetland types: 

B =
∑

j

∑

d
bjd, (3) 

The aggregate national wetland quality is subject to uncertainty and 
the expected nationally aggregated wetland quality is then: 

E(B) = E

(
∑

j

∑

d
bjd

)

= E

(
∑

i

∑

j

∑

d
qijd

)

, (4) 

while the variance of national aggregate wetland quality can be 
expressed as (see, e.g., Hogg and Craig, 1995):   

From Eq. (5), we can see that the variance of national aggregate 
wetland quality consists of four different components: (i) the variance 
for each separate region and wetland type, reflected in the first term; (ii) 
the covariance between wetlands of different types in a given region due 
to, for example, similar climatic conditions and spatial connectivity, 
reflected in the second term; (iii) the covariance across regions for given 
wetland type, which could be due to habitat type factors, for example, 
valuable wetlands in different regions could share similar habitat 
characteristics that make them different from less valuable wetlands, 
which constitutes the third term; and (iv) the remaining covariance 
across wetland types and regions, which could be due to nationally 
common factors such as national variations in weather and data 
collection effort. 

For each wetland category, there is a certain number of wetlands in a 
region, denoted njd, with 0 < njd ≤ njd. Moreover, there is assumed to be 

a characteristic, fixed size of wetlands of a given type in a given region, 
ajd. This is a simplification, given that wetland size could be related to 
the biodiversity provided, for example, to the number of bird species. 
The nature of the relationship between area and number of bird species 
is a contested issue, where conservation agencies tend to favor the 
protection of large, contiguous areas, whereas many meta-studies find 
that the number of species tends to be larger for multiple small wetlands, 
together covering the same total area (Fahrig, 2020). The above 
simplification is motivated by our focus on stochastic interdependences 
between different wetland types, and across space, rather than the best 
design of the individual wetland. 

Wetland quality is assumed to be associated with a cost, cjd =

cjd
(
mjd, njd; ajd

)
, reflecting the opportunity cost of abstaining from 

exploitation, and the cost for measures to improve wetland quality or 
create habitats on a given plot of land. The cost function is assumed to be 
convex, increasing, and differentiable. 

The assumed decision problem of a national environmental agency is 
to determine a policy that minimizes the total cost, that is: 

Min
∑

j

∑

d
cjd
(
mjd, njd; ajd

)
, (6) 

subject to a restriction B ≥ B*, which requires that aggregate national 
wetland quality exceeds a politically determined level, B*. Several au-
thors have proposed that it can be unsuitable to use the costs of expected 
wetland quality to evaluate cost-effectiveness, because ecological out-
comes are frequently influenced by the variability and other aspects of 
the distribution (Mallory and Ando, 2014; Hoekstra, 2012; Shah and 
Ando, 2015; Shah et al., 2017). Policy makers could be concerned about 
variability if the benefits are nonlinear in wetland quality, or because 
they are risk averse. Therefore, the goal of the policy maker might better 
be expressed as the probability of achieving an aggregate wetland 
quality target. For example, if wetland quality should be larger than or 
equal to B* with probability α, then this may be written as: 

P{B ≥ B*} ≥ α,

α ∈ (0, 1).

If α = 0.9, this means that at least nine times out of ten, wetland 
quality must be greater than B*. The deterministic equivalent of the 
above can be written as: 

E(B) − Kα
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(B)

√
≥ B* (7) 

(see, e.g., Charnes and Cooper, 1959, 1963). The formulation in Eq. 
(7) implies that the stochastic aggregate wetland quality in the 
constraint is replaced by estimates of its values such as given by the 
expected value minus the quantity Kα

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(B)

√
. The parameter Kα can be 

interpreted as the subjective weight that policy makers attach to stan-
dard deviation of wetland quality B. The higher is α, the larger is Kα, and 
the higher expected wetland quality is required to reach the same 
environmental target. Therefore, the larger is α, the larger is the cost for 
compliance with the wetland quality target. If Kα = 0, policy makers do 
not attach any weight to variations in aggregate wetland quality, and the 
above can be interpreted as a deterministic constraint. The difference in 
minimum costs between the deterministic and chance-constrained out-
comes depends on the chosen level of α, assumptions about the distri-
bution of wetland quality, and the estimated Var(B). Here, the total B is 

Var(B) = Var

(
∑

j

∑

d
bjd

)

=
∑

j

∑

d
Var
(
bjd
)
+
∑

j

∑

d

∑

e∕=d

Cov
(
bjd, bje

)
+
∑

j

∑

k∕=j

∑

d
Cov

(
bjd, bkd

)
+
∑

j

∑

k∕=j

∑

d

∑

e∕=d

Cov
(
bjd, bke

)
. (5)   
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assumed to be log-normally distributed, with: 

B ∼ Λ
(

eμB+0.5σ2
B , e2μB+σ2

B

(
eσ2

B − 1
))

where Λ stands for the log-normal distribution (Greene, 1993). This 
implies that ln(B) is normally distributed with ln(B)~N(μB,σB

2). An 
advantage of using the log-normal distribution compared to a normal 
distribution, such as used in, for example, Gren et al. (2014), is that it 
excludes the possibility of a negative total wetland quality. Given the 
probability requirement α and mean and variance of total loads, the 
critical values for the log-normal distribution, Klnα, can be written in 
terms of the critical values of the normal distribution (Gren et al., 2002). 

2.1. Cost-effective allocation of restoration and construction measures 

The optimal allocation of restoration and construction measures is 
affected by the choice of probabilistic load targets such as in Eq. (7). This 
can be seen when solving the cost minimization problem for the policy 
maker with respect to the different measures. The cost minimization 
problem can be written as: 

Minnjd ,mjd

∑

j

∑

d
cjd
(
mjd, njd; ajd

)
(8) 

s.t. (1)–(5), (7) and 

0 ≤ njd ≤ njd.

0 ≤ mjd ≤ 1.

The objective function is convex according to assumptions made 
about cost functions. It is assumed that expected wetland quality is 
increasing and quasi-concave in measures, and the variance-covariance 
matrix for wetland quality is positive semi-definite by definition. 
Together with the assumption that Klnα > 0, this ensures that the prob-
abilistic constraint in Eq. (5) for the cost minimization problem is quasi- 
concave (Paris and Easter, 1985). Thereby, the Kuhn-Tucker conditions 
are sufficient for defining a unique solution to the cost minimization 
problem (Takayama, 1993). The cost minimizing level of the different 

abatement measures are given by the Kuhn-Tucker conditions (10− 11): 

L =
∑

j

∑

d
cjd
(
ajd,mjd , njd

)
− λ
[
E(B) − Klnα

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(B)

√
− B*

]
+ μjd

(
nid − njd

)

(9)  

∂c
∂njd

− λ
{

∂E(B)
∂njd

−
1
2
Klnα[Var(B) ]

1
2
∂Var(B)

∂njd

}

+ μjd ≥ 0, njd ≥ 0 (10)  

∂c
∂mjd

− λ
{

∂E(B)
∂mjd

+
1
2
Klnα[Var(B) ]

1
2
∂Var(B)

∂mjd

}

+ωjd ≥ 0,mjd ≥ 0 (11) 

In the above equations, λ denotes the Lagrange multipliers of the 
chance constraint on aggregate wetland quality. The terms μjd and ωjd 
are the shadow values of the capacity constraints on wetland number 
and measures to improve wetland quality, respectively. The conditions 
in Eqs. (10) and (11) state that the marginal cost in optimum of each 
measure is equal to or larger than the measure's marginal impact on the 
environmental target. The complementary slackness conditions reveal 
that if the marginal cost exceeds the impacts on the target, then the use 
of that measure must be zero in the optimum. Conversely, for a measure 
included in the optimal solution, the marginal cost equals the value of 

the impact on the targets. 
Assuming an interior solution, the trading ratio between wetlands of 

type d in region j, and type e ∕= d, in region k ∕= j, is defined by: 

∂c
∂njd

+ μjd
∂c

∂nke
+ μke

=

∂E(B)
∂njd

− 1
2Klnα[Var(B) ]

1
2∂Var(B)

∂njd

∂E(B)
∂nke

− 1
2Klnα[Var(B) ]

1
2∂Var(B)

∂nke

(12) 

Hence, in optimum, if the trading ratio in (12) exceeds one, this 
means that more than one unit of wetland in region k of type e (i.e., nke) 
should be traded against one unit of wetland in region j of type d (i.e., 
njd) in order to maintain a given level of B*, as defined by Eq. (7). 
Further, the trading ratio between wetland area and measures to 
improve wetland quality is defined by: 

∂c
∂njd

+ μjd
∂c

∂mke
+ ωke

=

∂E(B)
∂njd

− 1
2Klnα[Var(B) ]

1
2∂Var(B)

∂njd

∂E(B)
∂mke

− 1
2Klnα[Var(B) ]

1
2∂Var(B)

∂mke

(13) 

Thus, Eq. (13) shows the trading ratio between applying the measure 
m in region k on wetlands of type e, against one unit of wetland in region 
j of type d. 

2.2. Marginal impact of measures on expected wetland quality and 
variance thereof 

Using Eq. (12), the impact of a measure on the target can be divided 
into two components: the marginal change in expected aggregate 
wetland quality, ∂E(B)

∂njd
≥ 0, and the marginal change in the variance of 

wetland quality, 12Klnα[Var(B) ]
1
2∂Var(B)

∂njd
. If the latter term is negative for a 

particular type of wetland, the trading ratio in optimum is higher than if 
it is positive. Thus, exploitation of a wetland that reduces the variability 
of overall wetland quality requires a larger area of other wetlands in 
compensation when variability is considered by the decision-maker. 

The expression for the marginal impact on variance can also be 
expanded to illustrate the role of covariance between wetlands. When 
expanding, one has that:   

The first term in Eq. (14) is positive, whereas the three following 
terms are positive if covariance is positive and negative if covariance is 
negative. One can think of different possible situations: a wetland may 
have a small positive impact on aggregate regional variance due to small 
variability of wetland quality on that particular wetland type, but it may 
have a large positive impact on the sum of the covariance terms if 
wetland quality for this type of wetland is positively correlated with 
wetland quality of other wetland types in the same region and with the 
quality of wetlands in other regions. Alternatively, a wetland could have 
a large positive impact on variance of regional wetland quality, because 
the quality of that particular type of wetland is highly variable, but it 
could have a small positive impact on total variance if the quality of this 
particular wetland type is negatively correlated with much of the quality 
of other wetland types and regions. Thus, for example, if wetlands are 
created for which the wetland quality is negatively correlated with that 
of other wetlands, fewer such wetlands are necessary to compensate a 
loss of other wetlands, ceteris paribus. 

As mentioned in the introduction, targets for conservation might be 
set at the national or regional level. Eq. (7) expresses a target for the 
national level, summarizing outcomes across all regions j. If targets for 

1
2

Klnα[Var(B) ]
1
2
∂Var(B)

∂njd
=

1
2
Klnα[Var(B) ]

1
2

[
∑

j

∑

d

∂Var
(
bjd
)

∂njd
+
∑

j

∑

d

∑

e∕=d

∂Cov
(
bjd, bje

)

∂njd
+
∑

j

∑

k∕=j

∑

d

∂Cov
(
bjd , k

)

∂njd
+
∑

j

∑

k∕=j

∑

d

∑

e∕=d

∂Cov
(
bjd, bke

)

∂njd

]

. (14)   
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wetland quality conservation are instead set separately for each region j, 
trading ratios can be identified for wetlands of different type in the same 
region, and for measures, mjd, versus wetland number. However, if tar-
gets are set for the regions j, the covariance in wetland quality across 
regions will be ignored, that is, the two last terms in Eq. (14) will not 
appear in the constraints for any of the regions. Then, if covariance 
across regions is positive (negative), this implies that less (more) effort is 
necessary to meet the regional probabilistic constraints. Hence, with 
regional probabilistic constraints, and positive correlation in wetland 
quality, the total certainty equivalent wetland quality at the national 
level could be lower compared to the case with a national target, 
because some of the stochasticity is ignored. 

3. Data 

3.1. Ecological data 

We use spatially differentiated data for our analysis. In our model, 
the smallest spatial unit is the county level, and there are 21 counties in 
Sweden. In addition, Sweden is divided into three larger regions, 
Götaland, Svealand, and Norrland, which differ with respect to climatic 
conditions. 

Wetlands are important habitats for birds in all parts of Sweden, and 
birds are one of the most commonly monitored species groups, which 
allows for comparisons across wetlands. In general, biodiversity values 
(i.e., wetland quality) can be measured in many different ways. The two 
most common biodiversity estimates used in ecological compensation 
studies are species richness and abundance of species (i.e., number of 
individuals of species; Josefsson et al., 2021). Although a full compen-
sation of wetland loss should admittedly include the loss of species' local 
population sizes, abundance is usually only considered when the goal is 
to compensate the loss of one or a few species. When the goal is to 
compensate for the loss of a whole community of species, species rich-
ness is typically the measure used (Josefsson et al., 2021), which moti-
vates our choice to use wetland bird species richness in order to measure 
wetland quality. 

The species richness estimates are based on voluntarily collected 
data on observations on breeding bird species from 60 wetlands in 
Sweden over the years 2005 to 2014, obtained from the Swedish Species 
Observation System (Artportalen, www.artportalen.se).3 The use of this 
dataset is motivated by the high data coverage of different locations 
throughout the country, which is useful when the purpose is to analyze 
ecological compensation across spatial scales. These wetlands are spread 
throughout southern Sweden and along the northern coast.4 The 
wetland quality indices are estimated using an occupancy modeling 
framework that includes different detection probabilities of species, 
following the approach in Ruete et al. (2017). We impose the restriction 
that a bird species must be present at least 20 days during April–June at 
a given wetland to be included in the data as a breeding species. For the 
dataset, we distinguish between high-quality and medium-quality wet-
lands by assuming that 25% of the wetlands in the dataset, those with 
the highest level of the wetland quality indices, are of high quality, while 
the remaining ones are assumed to represent medium quality. 

We used three richness indices to measure wetland quality: species 

richness, population-weighted species richness, and red-listed species 
richness. This choice of richness measures can help to understand how 
compensation schemes are affected by applying biodiversity measures 
with different focus on common versus rare species. The bird data is used 
to calculate expected wetland quality, and variability thereof, for 
different wetlands categories in the three large regions for the three 
measures of wetland quality. The measure of species richness estimates 
the total number of breeding wetland bird species in each wetland5 (see 
species list of included species in the Supplementary Material, Table S1). 
Species richness is often used as a simple and straightforward measure of 
biodiversity values of wetlands, and it is a common measure used in 
conservation evaluations. However, simply calculating species richness 
risks presenting problems because all species are assumed equally 
valuable. In practice, species are valued differently by researchers, 
policy makers, and the general public (Hiron et al., 2018), exemplified 
by the globally widespread use of red lists, which ranks species on a scale 
from being without threats to being endangered (Rodrigues et al., 2006). 
Therefore, we also investigated two indices of richness that take into 
account that species differ in their conservation values. To address this 
issue, we calculated population-weighted species richness, which is a 
measure of wetland quality giving more weight to nationally rare bird 
species. This measure is based on a weighting against mallard (Anas 
platyrhynchos), which is the most common wetland species with a total 
of about 200,000 pairs in Sweden. The weighting was calculated as the 
logarithm of the ratio between the mallard population and the popula-
tion of the species in question according to population estimates in 2012 
(Ottosson et al., 2012). For example, the weighted value of the Black 
tailed godwit (Limosa limosa), which had an estimated population of 75 
pairs, was log (200,000/75 + 1) = 4.43. That means that the presence of 
a black tailed godwit corresponds to the presence of about four common 
species. These species-specific, weighted values were then summed for 
each wetland and year. In addition, we calculated the richness of red- 
listed species to give full weight to species of conservation concern as 
ecological compensation need to especially account for the loss of such 
species. For this measure, the number of species in the three threat 
categories “acutely endangered, highly endangered and vulnerable” 
(Swedish Species Observation System, 2015) were summed up. Overall, 
the species richness, population-weighted species richness and red-listed 
species richness indices are highly correlated, although the relationship 
is weaker between the species richness and red-listed species richness 
indices (Fig. 1). 

Using the three different richness indices as measures of wetland 
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Fig. 1. Relationship between species richness and population-weighted species 
richness (left) and red-listed species richness (right) for data 2005–2014 across 
60 wetlands. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

3 A criterion for the selection of wetlands to include was that bird observa-
tions could be linked to a specific, established wetland area for which the 
relevant given size of the wetland area could be determined.  

4 40 of these wetlands have at least some area that belongs to a Natura 2000 
site. Five of those are located in the south, belonging to the continental 
biogeographical region, while the other 35 are located in the boreal region. In 
our calculations we do not account for Natura 2000 status, as our model mainly 
strives to illustrate the implications of stochasticity of biodiversity for biodi-
versity offsetting, and the purpose of the empirical analysis is to illustrate these 
mechanisms with relevant data. 

5 Passerines were excluded because passerines are (i) not a target taxon in 
Swedish wetland conservation projects, including restoration and creation of 
wetlands, (ii) not declining in numbers, probably because many species benefit 
from agricultural wetlands getting overgrown by reeds and shrubs (Kačergytė, 
2021). 
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quality, we can calculate expected (mean) wetland quality, and its co-
efficient of variation,6 for high-quality and medium-quality wetlands in 
different regions (see Table 1). Data on expected wetland quality for a 
given region is assumed to apply for all counties within that region. The 
coefficient of variation of wetland quality expresses the variability of 
aggregate wetland quality for wetlands of a given type in a given region, 
i.e., expresses the variability of bjd. Moreover, we use the same dataset to 
calculate representative wetland size, ajd, for wetlands in different re-
gions. For this calculation, we do not distinguish between wetland types 
because of the limited number of wetlands in some cases (see Table 1). 
Comparing the different wetland quality indices so obtained, one can 
note that both the ratio E(biHI)/E(biMED) and the coefficients of variation 
are the lowest for species richness, and the highest for red-listed species 
richness. One can note that we have not attempted to estimate the “true” 
probability distribution. 

For created wetlands, we use data from bird surveys carried out 
during the breeding season in the year 2018 in such wetlands in Uppsala 
county in mid-east Sweden for the calculation of expected wetland 
quality and variability thereof. The same set of bird species as for the 
wetlands in Table 1 was inventoried twice from mid-May to early June. 
The criterion for a species to be noted as present was that it was observed 
in at least one of the two visits, in combination with breeding signs in the 
field. Hence, migratory species and molting individuals were excluded. 
In total, 89 created wetlands were surveyed, walking at a steady pace 
around the wetland (10 min/ha, line transects) and counting all 
observed birds and their breeding behavior within the wetland and 50 m 
around the shore. For a more detailed description of the field methods, 
see Kačergytė et al. (2021). 

Based on this dataset, the expected species richness, population- 
weighted species richness, and red-listed bird species richness on 
created wetlands was estimated to 6.92, 13.02, and 0.12, respectively, 
per created wetland. Comparing to Table 1, this suggests that created 
wetlands would be relatively efficient in increasing population- 
weighted species richness, and relatively inefficient in increasing red- 
listed species richness. We assume that the mentioned data apply to 
created wetlands in Svealand region, where Uppsala county is located. 
For Götaland and Norrland, we obtain the corresponding figures for 
created wetlands by weighing the numbers for Svealand by the ratio of 
the expected quality of medium-quality wetlands in the regions in 
question. Based on the same data, we calculate the coefficient of vari-
ation for created wetlands, which then ranged between 0.7 and 0.8 for 
the three indexes. This suggests that the ex ante uncertainty regarding 
the biodiversity that can be achieved at created wetlands is about an 

order of magnitude larger than the uncertainty that relates to the 
biodiversity on existing wetlands, where the latter is reflected in the 
coefficients of variation reported in Table 1. For our analysis, we assume 
that the coefficients of variation for created wetlands are ten time the 
highest coefficient of variation for the relevant wetland quality index as 
reported in Table 1.7 

We use data from the Board of Agriculture for the years 2015 to 2017 
on wetlands created with financial support through the Rural Develop-
ment Program in order to obtain data on the representative area for 
created wetlands in different counties. These areas are calculated as the 
average area per county over the three years. The representative area 
then ranges from 2.4 to 21.6 ha for the different counties (see Table A1 
in the Appendix). Wetlands were created in all counties except in the 
counties in Norrland. We assume that if wetlands are created in Norr-
land, they have a size of 5 ha. 

Furthermore, we calculated correlation coefficients8 for aggregate 
quality for different wetland types and geographical regions, using the 
same wetland dataset as for Table 1. Thus, we calculate the correlation 
coefficients for the variable bjd, using data for the years 2005 to 2014 
(see Tables A2a–A2c in the Appendix). For created wetlands, we 
somewhat arbitrarily assume that the correlation with other wetland 
types equals 0.95 for all types and regions, which is similar to the highest 
correlation found among existing wetlands. The assumption is moti-
vated by the aim to take a conservative approach toward the introduc-
tion of constructed wetlands, due to the potentially higher uncertainty 
about their prospects as a suitable habitat for bird species. 

Restoration is assumed to only be undertaken on wetlands with 
medium quality, and the effect is assumed to be an increase of wetland 
quality to the level found for wetlands with high quality in the same 
region. For regions with initially zero wetlands in the high-quality 
category, it is assumed that restoration is not feasible. 

3.2. Economic data 

Conservation of existing wetlands and creation of new wetlands is 
assumed to be associated with an opportunity cost, considering that the 
land cannot be used for agricultural purposes. The opportunity cost of 
agricultural land is taken to be equal to the lease price for agricultural 
land, obtained from SCB (Statistics Sweden) (2019a); see Table A1 in the 

Table 1 
Expected wetland quality per wetland, coefficient of variation of regional wetland quality, and number and area of wetlands for three wetland quality indices.      

Bird species richness Population-weighted bird species 
richness 

Red-listed species richness 

Region Type # of 
wetl. 
Type 

Area per 
wetl. (ha) 

Exp. wetland 
qual. Per wetl. 

Coeff of var. 
regional wetland 
qual. 

Expected wetland 
qual. Per wetl. 

Coeff of var. 
regional wetland 
qual. 

Expected wetland 
qual. Per wetl. 

Coeff of var. 
regional wetland 
qual. 

Götaland High 
qual. 

11 817 52.21 0.022 90.71 0.035 8.73 0.056  

Med. 
qual. 

11 45.52 0.027 69.78 0.038 5.30 0.071 

Svealand High 
qual. 

4 476 53.03 0.034 91.26 0.047 9.20 0.095  

Med. 
qual. 

27 43.25 0.021 66.16 0.028 5.15 0.091 

Norrland High 
qual. 

0 502 NA NA NA NA NA NA  

Med. 
qual. 

7 43.83 0.029 68.48 0.039 5.61 0.098  

6 The coefficient of variation is calculated as 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Var
(
bjd
)√

/E
(
bjd
)
, using data 

from 2005 to 2014. 

7 I.e., for the species richness index, the coefficient of variation for created 
wetlands is assumed to be 0.340, while for the population-weighted species 
richness index and the red-listed species richness index it is assumed to be 0.470 
and 0.950, respectively.  

8 The correlation coefficient is calculated as 

Cov
(
bjd, bke

)/( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Var
(
bjd
)√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Var(bke)
√ )

, using data from 2005 to 2014. 
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Appendix. In addition, wetlands require maintenance to sustain their 
quality over time. We assume that the maintenance cost is equal for all 
wetlands and equals the agri-environmental support to wetland main-
tenance, 4000 SEK/ha. Creation and restoration of wetlands is also 
associated with a cost. We calculate this cost based on data in Flyckt 
(2010), reporting costs for six restoration projects across different lo-
cations in Sweden and implemented between 1999 and 2009, and in 
Österling and Kindt (2007), reporting costs for 85 projects implemented 
in Laholm municipality in south Sweden between the years 2001 and 
2005 (see Table S2 and S3 in the Supplementary Material, respectively). 
We calculate the annuity of the reported costs using a 3% discount rate 
and assuming a project lifetime of 30 years. Costs differ considerably 
across reported projects and between studies. Average per hectare costs 
in Flyckt (2010) are >6 times larger than in Österling and Kindt (2007). 
Given that there are two outliers in Flyckt (2010), with much higher 
annuity costs per hectare than other projects, we chose to use the median 
per hectare costs across all projects in the two studies as a representative 
measure of the costs. The resulting annual cost is then 7206 SEK per 
hectare and year, which is assumed to apply for both restoration and 
creation. 

For the analysis, we also need information on initial and potential 
wetland areas. The total initial area of highly and medium valuable 
wetlands is assumed to equal the total area of wetlands in our dataset for 
Table 1, which is 36,246 ha. We assume that the wetland area of a given 
type (high or medium) in a given county is proportional to the wetland 
area of that type in the region (see Table 1), adjusted for the county's 
area of agricultural land compared to the area of agricultural land in the 
region. The area of agricultural land was calculated as the area of arable 
and grazing land in 2015, obtained from Statistics Sweden; see Table A1. 
The number of high and medium valuable wetlands is treated as exog-
enous in the calculations: the number of medium valuable wetlands is 
assumed equal to the initial number, and the number of high valuable 
wetlands is assumed to be reduced by a given percentage, due to 
development projects. 

We base our subjective estimate of the area where wetlands could be 
created on data on the agri-environmental support to wetland mainte-
nance, where support was provided for approximately 9500 ha in the 
whole country in 2015 (BOA, 2018). About 80% of the applications for 
support to wetland maintenance were linked to support for wetland 
restoration and creation, confirming close links between restoration and 
creation on one hand, and maintenance support on the other. This area 
was distributed across counties, assuming that an equal number, 76 
wetlands, can be created in each county. 

4. Results 

The results are calculated using the optimization software GAMS, 
version 23.9.2 (GAMS Development Corporation, 2019), and a CON-
OPT3 solver. We first estimate the total cost of maintaining aggregate 
national wetland quality for the different wetland quality indices, under 
conditions of uncertainty. Second, we examine differences between 
nationally and regionally implemented schemes for ecological 
compensation. This is done by comparing costs for meeting conservation 
targets at national and regional levels, respectively, calculating the 
resulting certainty equivalent wetland quality at the national level, and 
comparing the implications for the allocation of exploited, restored, and 
created area across counties. Finally, we identify trading ratios between 
exploited, restored, and created wetland area within and across different 
regions for national and regional compensation schemes, respectively. 

4.1. Total costs as a function of required reliability of target achievement 

We examine how the total cost changes with the required reliability 
of target achievement, when the target is set at the national level. For all 
wetland quality indices, the coefficients of variation in regional wetland 
quality for a given type of wetland are small, while correlation in quality 

between different wetland types and regions is large and positive. To 
investigate the implications of these two different dimensions of un-
certainty, we first include correlation with data as described above, then 
repeat the estimations with all correlations assumed equal to zero. In 
both cases, the cost of maintaining aggregate wetland quality is calcu-
lated for a 15% reduction in the area of high-quality wetlands in all 
counties (see Fig. 2). This implies a large absolute reduction in valuable 
wetlands in Götaland and no reduction in Norrland, which is similar to 
actual development in Sweden, where there is a higher degree of 
exploitation further south in the country. 

Results show that costs are increasing in the required reliability level 
of target achievement. The costs increase more rapidly with the reli-
ability level for the red-listed species index, while the slowest rate of 
increase is found for the species richness index. The main explanation is 
the relatively low provision of expected red-listed species richness on 
created wetlands, that are used to comply with the successively more 
stringent target, in combination with the comparatively high co-
efficients of variation for the red-listed species richness index. Correla-
tion in quality across wetland types and regions accounts for a major 
share of total variability for the red-listed species already at low levels of 
reliability, and therefore has a considerable impact on the cost level. 
When correlation is included in the calculations, the cost for meeting the 
national target with 70% certainty is 52% higher for the red-listed 
species richness index, compared to the case when correlation is not 
included. For the other two indices, correlation only has a significant 
impact on policy costs when the reliability level is 90% or higher. 

4.2. Regionally separate or national targets for maintaining aggregate 
wetland quality 

Given the debate about whether ecological compensation should be 
permitted when the distance between the exploited location and the 
compensation site is large, we investigate the implications of spatially 
restricting compensation. We first compare costs for maintaining 
aggregate wetland quality using national and regional schemes for 
compensation. Similarly as above, we assume that highly valuable 
wetlands are reduced by 15% in all counties. The outcome is compared 
for 50%, 55%, and 60% reliability of target achievement (see Fig. 3). The 
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reliability levels are chosen such that targets can be met in all cases for 
the two lower levels, and the national target can be met when using the 
species richness and population-weighted species richness indices.9 

The results show that meeting regionally separate targets is more 
expensive than meeting national ones, as could be expected. The effect is 
small under risk neutrality (i.e., 50% reliability) but larger when un-
certainty is considered at the 55% and 60% reliability levels. The 
additional cost under regionally separate targets is due to the need to 
restore and create wetlands in Götaland, where the loss of valuable 
wetland area is large in absolute terms and the opportunity cost of land 
is high. Regionally set targets are particularly expensive when the red- 
listed species index is applied and the target should be met with a 
higher reliability, which is explained by the larger coefficients of vari-
ation for this index, in combination with the low expected level of the 
red-listed species index for created wetlands. The former implies that the 
required safety margin is higher than for the two other indices, while the 
latter implies that the potential for increasing expected wetland quality 
through wetland creation is relatively smaller. 

The use of regional targets has additional implications: it implies that 
correlation in wetland quality across regions is ignored. Given the pos-
itive correlations found across regions, this implies that there is a risk 
that regional targets lead to a lower certainty equivalent of the national 
aggregate wetland quality (i.e., a lower E(B) − Kα

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(B)

√
; see Eq. (7)) 

than if the same reliability level was applied at the national level. 
We therefore calculated the certainty equivalent of the aggregate 

wetland quality under regionally separate and national compensation 
schemes. Fig. 4 shows that regionally separate targets lead to an increase 
in the national certainty equivalent by 10.5%, 15.4%, and 14.9% for the 
three wetland quality indices, respectively, at 55% reliability of meeting 
targets. The smallest effect is found for the species richness index, and 
the population-weighted species richness index yields a slightly larger 
effect than the red-listed species richness index. The increase in the 
certainty equivalent under regionally separate targets is mainly due to 
an increase in expected wetland quality, caused by increased restoration 
of medium-quality wetlands in Götaland. This measure was not cost- 
effective under a common target. These wetlands have a quality that 
is less uncertain than the medium-quality wetlands in Svealand where 
much of the restoration is done under a common target. This illustrates 
the reduced possibilities to find low-cost measures, and effectively 
manage risk, under regionally separate targets, because the within- 

region variation in costs and uncertainty among the available conser-
vation options is small compared to the variation found at the larger 
spatial scale. 

It could be argued that there is a risk that a national compensation 
scheme would imply that valuable wetland habitats could be lost in 
south Sweden, where the exploitation of land is high, and replaced by 
wetlands created in North Sweden where the opportunity cost of land is 
much lower. We investigate this issue considering a scheme applied at 
either national or regional level, using the population-weighted species 
richness index. In Fig. 5, we show the resulting distribution of exploited 
valuable wetlands, and restored and created wetlands, across counties 
and regions for 55% reliability of meeting national and regional targets, 
respectively. The figure shows that the total number of hectares, where 
restoration and creation is undertaken, is larger under a regional 
compensation scheme than under a national one. Under a national 
scheme, compensation for exploited wetlands in Götaland and Svealand 
is carried out in Svealand, where the opportunity cost of land is lower 
and the effect of restoration is higher. Under a regional scheme, wet-
lands are restored and created also in Götaland to compensate for the 
habitat loss in the same region. In Norrland, there is, by assumption, 
neither losses of valuable habitat nor restoration carried out, indepen-
dently of the target. Creation of wetlands in Norrland is small, and 
amounts to <4 ha in the regional solution. 
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9 The regional target for Norrland cannot be met under the red-listed species 
index and 60% reliability. 
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4.3. Trading ratios between measures 

Finally, we calculate the trading ratio between compensation mea-
sures (i.e., wetland restoration and creation) and wetland area loss ac-
cording to the lhs. of Eq. (13), including shadow values of the capacity 
constraints. For ease of interpretation, we recalculate the trading ratios 
obtained from Eq. (13) as the number of hectares of wetland restoration 
and creation necessary to compensate for a loss of one hectare of high- 
quality or medium-quality wetlands (see Table 2).10 Calculations are 
made for both national and regional targets for conservation of aggre-
gate wetland quality, given a 55% reliability requirement, and using the 

three different wetland quality indices.11 

A trading ratio expresses the rate of compensation in the cost- 
efficient solution, taking into account both the environmental impact 
and the costs of the measures. Therefore, the trading ratios will vary 
with both the impact of conservation, restoration, and creation on the 
aggregate wetland quality, and with the costs of these measures. In our 
model, wetland quality is differentiated at the regional and wetland type 
levels, while the opportunity cost of land is differentiated at the county 
level, implying that trading ratios vary at the county level because this is 
the lowest level of spatial disaggregation in the data. 

Table 2 shows the trading ratios for a loss of one hectare of high- 
quality or medium-quality wetland in a given region against restored 
and created hectares of wetland in the same and other regions. We show 
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Fig. 5. Spatial distribution of exploited area (hectares) of valuable wetlands, restored wetlands under a national target, and restored and created wetlands under 
regional targets. The exploited area is 15% of the original area of highly valuable wetlands. Calculations are made for 55% reliability using the population-weighted 
species richness index. Creation of wetlands is small in magnitude and only occurs under regional targets, it is therefore aggregated together with restoration. The 
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Table 2 
Trading ratios, measured as the number of hectares restored, R, or created, C, to compensate for a loss of one hectare of high-quality or medium-quality wetlands. 
Trading ratios are calculated for a 15% reduction in the area of valuable wetlands and 55% certainty of meeting national and regional targets of preserving aggregate 
wetland quality.   

National target Regional target  

Svealand Götaland Svealand Norrland 

Red. by 1 ha R R R R C C R R C C    

Min Max Min Max Min Max Min Max Min Max 

Species richness index High Götal. 1.49 2.11 1.48 2.10 7.51 10.66     
Med. Götal. 1.49 2.11 1.48 3.10 12.60 15.75     
High Sveal. 1.26 1.58     1.26 1.58   
Med. Sveal. 1.26 2.48     1.87 2.08   
Med. Norrl. 1.20 1.26       2.92 3.07 

Pop. weighted species richness High Götal. 1.49 2.11 1.48 2.10 7.52 10.66     
Med. Götal. 1.49 2.11 2.48 3.10 12.61 15.76     
High Sveal. 1.49 1.59     1.58 1.60   
Med. Sveal. 1.49 2.07     1.80 2.60   
Med. Norrl. 1.26 2.00       2.93 2.93 

Red-listed species richness High Götal. 1.49 2.11 1.42 2.08 6.76 9.72     
Med. Götal. 1.49 2.11 2.49 3.15 11.86 15.01     
High Sveal. 1.26 1.58     1.26 1.58   
Med. Sveal. 1.26 2.58     1.63 2.06   
Med. Norrl. 1.20 1.26       2.32 2.32  

10 More specifically, the trading ratios presented in Table 2 are calculated as 
(

∂c
∂njd

+ μjd

)/(
∂c

∂mke
+ ωke

)
aken*

ke/ajd. 
11 A regional scheme cannot be implemented in Norrland with >55% 

reliability. 
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the minimum and maximum values of the trading ratios across regions. 
Trading ratios for restoration and creation measures are only included in 
the table when these measures are included in the cost-effective solu-
tion. One can note that under a national target, more restoration is 
required in Svealand to compensate for high-quality wetland loss in 
Götaland, than for high-quality wetland loss in Svealand, even though 
the expected wetland quality loss for high value wetlands is higher in 
Svealand both in total and per hectare. This is explained by two factors. 
First, wetland quality for high-value wetlands in Svealand is associated 
with a larger coefficient of variation and larger correlation coefficients. 
Hence, they contribute less to the certainty equivalent of national 
wetland quality, and therefore the need for compensation is smaller. 
Second, a loss of high-quality wetlands in Götaland implies a large cost 
saving due to the opportunity cost of land foregone, which implies that 
for costs to remain constant, larger efforts to enhance wetlands can be 
undertaken elsewhere. 

It is noteworthy that the trading ratios between wetland lost and 
restored are relatively robust to the choice of wetland quality index, 
given the choice of a national or regional policy scheme. Also, there are 
modest differences between national and regional policy schemes in 
trading ratios between wetland area lost and restored in Svealand, 
which are the only comparable trading ratios. 

Finally, creation of habitat is only implemented under regional tar-
gets, and in that case mostly in Götaland, where it becomes necessary to 
apply because restoration is not sufficient to meet the regional target. 
These trading ratios tend to be relatively high, between 5 and 8 times 
larger than the trading ratios for restoration, which is explained by the 
uncertainty attached to this measure. 

4.4. Sensitivity analysis 

In addition to the above, we made further sensitivity analysis 
regarding the costs and feasibility of a regional compensation scheme. 
The sensitivity analysis has similarities to the calculations made for 
Fig. 3 above, but we now consider reliability levels up to 80%, see Fig. S1 
in the Supplementary material. Costs and feasibility were examined for 
(i) a case where all coefficients of variation were half of the levels 
applied above, (ii) a case where all coefficients of variation were twice as 
large as above, and (iii) a case where all correlations were set to zero. 
This exercise showed that costs as well as feasibility of achieving no-net- 
loss is strongly affected when the coefficients of variation is doubled. 
The maximum achievable reliability level under a national scheme when 
using the red-listed species index then fell from 75% to 65%. In case (i) 
and (iii), the impact of a higher reliability requirement on costs when 
using the red-listed species richness index in a national scheme was 
significantly reduced, and the target could be met at all reliability levels. 

5. Discussion and conclusions 

The paper applies a novel method to examine ecological compen-
sation, chance constrained programming (CCP), which is useful to 
derive conditions for trading ratios between different measures to 
enhance habitats under conditions of uncertainty. The method implies 
that a safety margin is applied, the size of which is determined by the 
policy maker's subjectively chosen degree of risk aversion and observed 
measures of variation and covariation of wetland quality across different 
wetland types and space. This is useful under conditions where wetland 
quality is spatially correlated, for example, due to climatic factors. Our 
work adds to the literature on ecological compensation by analyzing a 
portfolio problem, where biodiversity values at both conserved sites and 
sites of compensation is uncertain and spatially correlated. The study 
also contributes to the economic literature on conservation by using a 
chance constrained model, which accounts for the role of spatial cor-
relations across habitats, while simultaneously trading ratios across lost 
habitats versus restoration and construction of habitat can be derived. 
The use of a chance constrained model such as ours is useful when a 

continuous distribution can be assumed, which is relevant for wetland 
quality in the medium term. 

For the purpose of the empirical analysis, we constructed three 
indices of species richness to measure wetland qualities and compared 
them with respect to the costs of ecological compensation schemes for 
agricultural wetlands in Sweden. Results show that costs are more sen-
sitive to the required reliability of target achievement when wetland 
quality is measured by the red-listed species richness index, compared to 
the population-weighted species richness index and the species richness 
index, respectively. The reason for this result is the higher uncertainty 
about the occurrence of red-listed species in compensation habitats, 
compared to the exploited habitats in our calculations. We assumed that 
high-quality wetlands in Götaland were subject to comparatively high 
exploitation in absolute terms, which is consistent with the actual 
development. These wetlands provide high expected numbers of red- 
listed species subject to low uncertainty, which implies that they are 
valuable from a conservation perspective. Hence, a policy for ecological 
compensation in Sweden that gives higher weight to red-listed bird 
species, while simultaneously considering uncertainty, will be more 
expensive. 

There are arguments in the literature for restricting the spatial dis-
tance between the exploited site and the site where compensation oc-
curs. These arguments are frequently based on the observation that 
habitat connectivity is beneficial for biodiversity. Our study adds by 
recognizing the role that stochasticity plays in such spatial links. We 
explore the consequences of spatial restrictions on compensation by 
comparing a scheme that permits compensation on a nationwide basis to 
one that only permits compensation on regional basis. Based on the 
theoretical analysis, we note that spatial restrictions imply that 
compensation schemes become more expensive, as it reduces the pos-
sibilities to allocate compensation projects to locations where the 
ecological effect per euro spent is the highest. However, there is an 
additional effect: spatial restrictions imply that possible correlation in 
wetland quality across regions is not accounted for. This implies that 
aggregate uncertainty could potentially be higher than for a national 
scheme. A possible consequence is that national targets for wetland 
quality are not met if targets are set at the regional level. Our empirical 
analysis confirms the existence of higher costs for regional targets, but it 
also shows that regional targets result in a higher certainty equivalent 
wetland quality at the national level. The reason is that regional schemes 
do not only prevent a cost-efficient allocation of measures but also 
prevent risk diversification, by ruling out compensations at the national 
level. Instead, regional schemes necessitate relatively higher efforts to 
compensate by measures that increase expected wetland quality in re-
gions where this is comparatively expensive. 

Earlier studies have shown that the presence of uncertainty is an 
important factor when deciding on whether compensation payments 
should target landowner effort or biodiversity outcomes (Gorddard 
et al., 2008; Zabel and Roe, 2009; Schilizzi and Latacz-Lohmann, 2016) 
because this choice determines whether landowners or the environ-
mental manager carries the risk. Our model is useful for policy, as 
trading ratios can be calculated in terms of land use choices, which are 
frequently targeted in the agri-environmental policy. 

Limitations of the study include the static approach and the fact that 
the species richness indices used do not fully capture all relevant spatial 
variations in bird communities. For example, consideration of species 
abundance is relevant in this context as a full compensation preferably 
also include the compensation of population losses of species, but reli-
able time series data on abundance is at present not available at local 
and across larger spatial scales (see also 3.1. Ecological data). Moreover, 
ecological compensation across large distances could potentially imply 
changes in bird species composition, not explicitly dealt with in our 
study. For example, in our study several wetland species had a pre-
dominantly southern distribution (Table S1) which limits the possibil-
ities of fully using national scale for compensation projects. In general, 
such limits caused by variation in species distributions needs to be 

K. Elofsson et al.                                                                                                                                                                                                                                



Ecological Economics 204 (2023) 107672

11

accounted for when large distance biodiversity compensation is 
considered. Similarly, compensations of impacts on Natura 2000 sites 
are currently not permitted across biogeographical regions thus limiting 
the spatial scale of compensations. However, in our case most wetlands 
except the southern-most ones belong to the same biogeographical re-
gion (i.e. boreal). Finally, we do not account for the fact that landowners' 
willingness to engage in wetland restoration and creation is not solely 
determined by financial motives but also by interaction and communi-
cation within the landowner communities (Aklilu and Elofsson, 2021), 
which could favor the prospects of ecological compensation in locations 
where more positive attitudes to the scheme are developed. Given these 
limitations, a market-like structure of ecological compensation scheme 
such as examined in this paper is likely to be more useful if applied to 
valuable, but not unique, habitats and species. The results could there-
fore be particularly useful if the requirement for compensation would be 
extended to apply more generally than what is now the case. 

Our results suggest interesting avenues for future research, including 
the development of theoretical and empirical methods for combining 
ecological compensation based on more general measurements of 
biodiversity outcomes with instruments that target specific valuable 
species. This requires empirical methods to identify species that are not 
well captured by the more general measures. Moreover, empirical 

studies that account for the time dynamics of the development of 
wetland quality at conserved, restored, and constructed habitats should 
be important for the development of compensation policy schemes. 
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Appendix A. Appendix  

Table A1 
Opportunity cost of agricultural land (SEK/ha), total agricultural area (ha), and standard area of created wetlands (ha).   

Corresponding region Opportunity cost of agricultural land (SEK/ha) Agricultural area total (ha) Standardized area of created wetland (ha) 

Blekinge Götaland 3615 41,607 3 
Dalarna Svealand 563 70,847 4.7 
Gotland Götaland 1384 111,580 17.8 
Gävleborg Norrland 563 72,393 8.7 
Halland Götaland 1789 124,926 4.5 
Jämtland Norrland 330 51,821 5 
Jönköping Götaland 1384 127,112 2.7 
Kalmar Götaland 1384 193,602 3.7 
Kronoberg Götaland 1384 68,044 21.6 
Norrbotten Norrland 330 35,716 5 
Skåne Götaland 3615 498,640 8.9 
Stockholm Svealand 1699 92,567 2.7 
Södermanland Svealand 1699 142,316 8.9 
Uppsala Svealand 1699 181,425 2.2 
Värmland Svealand 563 113,677 8.5 
Västerbotten Norrland 330 71,497 5 
Västernorrland Norrland 330 50,461 5 
Västmanland Svealand 1699 108,425 5.3 
Västra Götaland Götaland 1789 527,049 2.4 
Örebro Svealand 1699 113,166 2.3 
Östergötland Götaland 1699 243,023 4.3 

Sources: SCB (Statistics Sweden) (2019a, 2019b). Standard size wetlands: Own calculations, except for created wetlands which is incurred area from BOA (2018).  

Table A2a 
Correlation between aggregate wetland habitat quality across wetland type and region, species richness index.   

Götal., hi. qual. Sveal., hi. qual. Götal., med. qual. Sveal., med. qual. Norrl., med. qual. 

Götal., hi. qual. 1 0.841 0.394 0.857 0.763 
Sveal., hi. qual. 0.841 1 0.736 0.867 0.496 
Götal., med. qual. 0.394 0.736 1 0.650 0.772 
Sveal., med. qual. 0.857 0.867 0.650 1 0.931 
Norrl., med. qual. 0.763 0.496 0.772 0.931 1 

Note: The correlation is calculated as Cov(bjd,bk∕=j, e∕=d)/[√Var(bjd) √ Var(bk∕=j, e∕=d)], using data from 2005 to 2014.  
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Table A2b 
Correlation between aggregate wetland habitat quality across wetland type and region, population-weighted species richness index.   

Götal., hi. qual. Sveal., hi. qual. Götal., med. qual. Sveal., med. qual. Norrl., med. qual. 

Götal., hi. qual. 1 0.850 0.850 0.850 0.850 
Sveal., hi. qual. 0.850 1 0.703 0.764 0.817 
Götal., med. Qual. 0.420 0.703 1 0.632 0.689 
Sveal., med. Qual. 0.637 0.764 0.632 1 0.843 
Norrl., med. Qual. 0.719 0.817 0.689 0.843 1 

Note: The correlation is calculated as Cov(bjd,bk∕=j, e∕=d)/[√Var(bjd) √ Var(bk∕=j, e∕=d)], using data from 2005 to 2014.  

Table A2c 
Correlation between aggregate wetland habitat quality across wetland type and region, red-listed species richness index.   

Götal., hi. qual. Sveal., hi. qual. Götal., med. qual. Sveal., med. qual. Norrl., med. qual. 

Götal., hi. qual. 1 0.474 0.611 0.807 0.696 
Sveal., hi. qual. 0.474 1 0.709 0.843 0.855 
Götal., med. Qual. 0.611 0.709 1 0.634 0.508 
Sveal., med. Qual. 0.807 0.743 0.634 1 0.828 
Norrl., med. Qual. 0.696 0.855 0.508 0.828 1 

Note: The correlation is calculated as Cov(bjd,bk∕=j, e∕=d)/[√Var(bjd) √ Var(bk∕=j, e∕=d)], using data from 2005 to 2014. 

Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ecolecon.2022.107672. 
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