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Abstract
Existing reserve networks become less suitable as species’ ranges shift under climate 
change and the scarcity and value of habitats change. Reserve sites hence have to be real-
located to reflect these changing values and to remain cost-effective, but restrictions on 
selling reserve sites limit this adaptation. Under climate change, a novel ‘sale’ policy that 
provides resale flexibility by allowing increasingly less cost-effective sites to be sold to 
free funds for purchasing increasingly cost-effective sites may hence be preferable over 
a typical ‘no sale’ policy. Here, we develop a conceptual climate-ecological-economic 
model to examine under what conditions resale flexibility provides cost-effectiveness ad-
vantages. We find that the benefits of resale flexibility provided by the ’sale’ policy are 
particularly high when little funding is available for climate change adaptation. Due to 
this budget effect, the value of resale flexibility also decreases with increasing interest 
rates. The value of resale flexibility is particularly high when creating reserves for species 
that are highly mobile as new reserve sites may then be chosen freely (in comparison to 
the case that new sites have to be located in the proximity of existing reserve sites). We 
further examine to what extent the ‘sale’ policy reduces the permanence of habitat within 
a specific location (“site habitat permanence”), and identify a new trade-off: ’sale’ provides 
advantages for habitat types that become increasingly rare, while ’no sale’ improves site 
habitat permanence mainly for expanding habitat types.

Keywords  Climate-ecological-economic model · Climate adaptation · Habitat 
conservation · Reversible investment · Irreversible investment
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1  Introduction

Climate change is one of the largest threats to global biodiversity (Dasgupta 2021) and 
poses new challenges as policy instruments for biodiversity conservation may have to be 
adapted. One such potential adaptation is increasing flexibility in the designation of reserve 
sites over time: flexibility to add particularly cost-effective sites to the reserve, and flexibil-
ity to remove sites of low cost-effectiveness to free funds for purchasing more cost-effective 
sites. This flexibility becomes relevant under climate change (Heller and Zavaleta 2009; 
Vincent et al. 2019; Albers 2022) because climate change causes species’ ranges to shift 
(Ponce-Reyes et al. 2017; Campos-Cerqueira et al. 2021; Dasgupta 2021). From an eco-
nomic perspective, climate change may thus induce changes to the comparative advantage 
of some sites over others: if climate change leads to a relative increase (decrease) in the 
“ecological productivity” of new (former) sites, reserve sites have to be reallocated in line 
with these changes to remain cost-effective.

However, this need for flexibility is often not accounted for in land purchase for reserve 
creation: reserve expansion is limited by budget constraints, and previously purchased 
reserve sites are rarely sold (Fuller et al. 2010; Lennox et al. 2017). In addition, selling 
reserve sites is often not permitted due to the negative ecological consequences of habitat 
turnover, high transaction costs such as taxes, and costs for the identification of suitable sites 
for selling (Schöttker and Wätzold 2018). This is “akin to large investments in specific pro-
ductive capital, which can limit choices for decades” (Meyfroidt et al. 2022 p.7). When sell-
ing reserve sites in prohibited and a conservation agency aims to adapt an existing reserve 
that has not been designed with the impacts of climate change in mind to changing climatic 
conditions, the decision problem of the agency is to select cost-effective reserve sites, taking 
into account future changes in comparative advantages.

Given that comparative advantages change over time, a better outcome may be reached 
if the investment decision was to some degree reversible. This idea translates to a novel 
version of land purchase that allows for “resale flexibility”, in which the decision maker is 
allowed to sell previously purchased sites. Resale flexibility hence describes the flexibility 
to replace existing reserve sites provided by the ‘sale’ policy. This adapted policy may out-
perform the policy that does not allow for sales (the former represents the lower bound), 
and recent applied ecological research provides some evidence that the benefits of selling 
may warrant the option of selling under changing climatic conditions, albeit cautioning 
against general recommendations to allow the sale of reserve sites (Alagador et al. 2014, 
2016). However, the conditions under which resale flexibility provides cost-effectiveness 
advantages have not been analysed. Given political inertia and potentially high transaction 
costs of changing existing regulations (Nalle et al. 2004; Burch et al. 2014), understanding 
the factors that drive the value of resale flexibility is important to inform policy design in 
the face of climate change.

With this paper we aim to contribute to filling this research gap. The paper is therefore 
located at the intersection of two strands of the economic literature. The first strand is the 
literature on the design of policy instruments for biodiversity conservation, which has so far 
largely relied on the assumption of static climatic conditions (e.g., Armsworth et al. (2012), 
Wätzold et al. (2016), and Wuepper and Huber (2022). As notable exceptions, Schöttker 
and Wätzold (2022) assess the cost-effectiveness of different governance modes for bio-
diversity conservation under climate change, Huber et al. (2017) simulate the outcome of 

1 3

340



The ‘Climate Adaptation Problem’ in Biodiversity Conservation: The Value…

agri-environment schemes under climate change, and Gerling et al. (2023) examine changes 
in the cost-effective conservation measures of an agri-environment scheme over time due 
to climate change.

The second strand is the literature on the value of flexibility in reserve design. Much of 
this research focuses on the value of flexibility under uncertainty. For example, previous 
research has examined the value of flexibility in terms of when to select conservation sites 
(e.g. Westphal et al. 2003; Costello and Polasky 2004; Kassar and Lasserre 2004; Costello 
and Polasky 2008; Drechsler 2020), often considering the case of irreversible habitat loss 
(e.g., Arrow and Fisher 1974; Albers 1996; Leroux et al. 2009; Shah and Ando 2016). Len-
nox et al. (2017) introduce further flexibility by allowing borrowing and budget carry-over. 
Lewis and Polasky (2018) specifically consider the provision of ecosystem services under 
climate change uncertainty in case of irreversible land use changes and develop an auction 
mechanism in which the regulator has the flexibility to allow conversion of habitat to farm-
ing in the second period to improve overall outcomes as climatic conditions change. Other 
research has considered the need for flexibility in biodiversity conservation under climate 
change for specific case studies, such as conservation on the Iberian peninsula (Alagador et 
al. 2014, 2016) and conservation of a grassland indicator species in Germany (Gerling et al. 
2022). To the best of our knowledge, there is no economic research on the value of resale 
flexibility to improve the cost-effectiveness of policy instruments under climate change.

In this paper, we aim to gain a conceptual understanding on when adapting land purchase 
by allowing for sale may be warranted to contribute to the limited economic research on 
the necessary adaptations of policy instruments for cost-effective biodiversity conserva-
tion in the face of climate change. To do so, we draw from insights from the two strands 
of the literature mentioned above: we compare the cost-effectiveness of the different pol-
icy options which differ in terms of flexibility. However, by considering climate change-
induced changes in the “ecological productivity” of potential reserve sites, and the specific 
policy background of land purchase, we go beyond the previous literature which has largely 
focused on uncertainty issues and has not made the link to implications for policy instru-
ment design. For example, given the policy context, flexibility in terms of when to buy, but 
also when to sell reserve sites becomes relevant, while much of the previous literature has 
focused on the flexibility of when to buy reserve sites.

Specifically, we analyse the implications of the irreversible policy which prohibits sales 
(henceforth referred to as ‘no sale’) and an adapted, partially reversible policy option1 which 
allows sales (henceforth referred to as ‘sale’). Throughout this paper, we evaluate the two 
policies in a setting in which an initial reserve has been designed without consideration of 
future climate change impacts, and land purchase is the chosen policy instrument for climate 
change adaptation of this reserve. We develop a conceptual climate-ecological-economic 
(CEE) model in which a conservation agency aims to maximise habitat persistence and 
selects sites to purchase (and, under the ‘sale’ policy, sell) to analyse the value of resale 
flexibility in a setting of multiple habitat types. The value of resale flexibility is defined 
as the percentage improvement in utility received from habitat conservation when moving 
from the ‘no sale’ policy to the ’sale’ policy. The considered habitat types are influenced 

1  Note that this represents a partially reversible investment (Baldwin 1982; Abel and Eberly 1996; Hartman 
and Hendrickson 2002), as transaction costs do not allow for full recoverability of initial investment costs 
(Verbruggen 2013; Drechsler and Wätzold 2020). A fully reversible investment would imply full recover-
ability of initial investment costs (Davis and Cairns 2017).
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by climate change in different ways, each representing typical, stylised cases observed in 
reality (see for example Lamprecht et al. (2018). Specifically, we consider habitat types that 
expand, shift, and contract due to the impacts of climate change.

In order to compare the two policy options, we follow the economic literature on policy 
instrument design for biodiversity conservation and evaluate the policies’ cost-effective-
ness, but within a utility maximisation framework (Davis et al. 2006). In line with previous 
literature (cp. Doyen et al. (2013), Montoya et al. (2020), cost-effectiveness hence refers to 
maximising the habitat area of the rarest habitat type at any point in time for a given budget2. 
To examine whether the size of the budget has an impact on the comparison, we consider 
different budget constraints, and we vary a range of parameters in sensitivity analyses. This 
allows us to get an understanding under which circumstances the ‘sale’ policy provides cost-
effectiveness advantages, and under which circumstances it does not. In this analysis, we 
not only consider final results for some chosen point in the future in which climatic condi-
tions have changed, but explicitly examine the optimal adaptation path towards this result. 
Finally, we consider that climate change dynamics may imply that the cost-effective policy 
is subject to low site habitat permanence, and that one of the key arguments against the 
‘sale’ policy are potential increases in habitat turnover. We define site habitat permanence 
of a chosen habitat type as the percentage of the areas covered initially by that habitat type 
that is maintained throughout the run-time of the model in the same grid cells. We therefore 
additionally examine the impact of resale flexibility on site habitat permanence.

With this paper, we contribute to the limited economic literature on cost-effective policy 
design for biodiversity conservation under climate change. Given the important impacts of 
climate change on biodiversity, the current, very limited economic literature on the topic 
presents a striking research gap. We specifically address the value of resale flexibility as 
it emerges in land purchase, an issue that has so far not been examined in the economic 
literature despite the importance of land purchase in conservation practice. This allows us 
to gain some insights into when a novel, more flexible version of land purchase provides 
cost-effectiveness advantages over current policy design.

2  The Climate-Ecological-Economic (CEE) Model

2.1  Model Setting: Landscape, Habitat Types and Climate Change

We consider a conceptual landscape consisting of different elevations representing three dif-
ferent climatic regions, each providing ideal conditions for a specific habitat type. Climate 
change causes changes in the habitat suitability of potential reserve sites in this landscape. 
While the model landscape is purely conceptual, it represents typical climate change-

2  Cost-effectiveness in biodiversity conservation under climate change may be defined as “the ability of con-
servation measures to maximize a species’ population viability for given costs in a region that experiences cli-
mate change” (Gerling and Wätzold 2021, p. 2). In the case of habitat conservation, the conservation impact 
indicator may be referred to as “habitat persistence”. However, when considering several habitat types, the 
trade-offs between different habitat types also need to be addressed. Here, we adopt a utility maximisation 
framework to model these trade-offs (Davis et al. 2006) and follow Doyen et al. (2013) and Montoya et al. 
(2020) in setting the conservation agency’s objective function as maximising the habitat area of the rarest 
habitat type. We chose this utility function due to the impacts of climate change on the habitat types’ scarcity. 
We discuss this further in Chap. 2.2.
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induced habitat shifts observed in reality: Species’ ranges shift uphill towards previously 
cooler areas which become increasingly warmer under climate change. This means that 
mountain top habitats become particularly threatened as a further uphill movement is not 
possible (see Lamprecht et al. (2018) and Ludovicy et al. (2022) for examples).

The landscape is divided into 200 cells. The elevation of a cell i is is given by:

	
ei =

(sin(((x+1)−10
2 )∗

π
10)+1)

2
+

(sin(((y+1)−20
2 )∗

π
20)+1)

2

2
� (1)

With x ∈ {1, 2, ., 10}  the x-coordiante of cell i and y ∈ {1, 2, ., 20}  the y-coordinate. 
This generates the landscape shown in Fig. 1.

In this landscape, three different habitat types exist (Hk: H1, H2, H3): H1 represents a 
habitat type predominantly present in low elevations, H2 can mainly be found in medium 
elevations, and H3 is located in high elevations. The distribution of habitat suitability is 
indicated by the ecological value, hkit, of each habitat type k in grid cell i at time t. This 
value is particularly high in the respective ideal elevation zone (e.g. in low elevations for 
H1), but decreases with an increasing distance to the ideal elevation. Moreover, we assume 
that cells’ opportunity costs for conservation are spatially heterogeneous (e.g., Lewis and 
Polasky 2018) and randomly drawn from a uniform distribution.

Under climate change, the suitability of each grid cell for the different habitat types 
changes. Hence, the ecological value hkit is time-dependent. Importantly, climate change 

Fig. 1  Landscape grid and grid cells, coloured by elevation level visualising the topography of the 
landscape
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impacts each habitat type differently, representing different possible changes in comparative 
advantages. This is given by:

	

hkit =
sin

(
π ∗

(
ei − t

2T
+ lk

))
+ 1

2
with lk =






0.5 for k = 1

0 for k = 2

−0.5 for k = 3
� (2)

Where T is the time horizon of the model. This equation of motion implies that the cells’ 
ecological value for habitat type H1, which is initially high in low elevations, improves over 
time and leads to H1 covering a large portion of the landscape. Hence, it becomes increas-
ingly present in areas with higher elevation. The cells’ ecological value for H2, which is 
initially high in medium elevations, generally decreases in low and medium elevations, 
leading to habitat type H2 to shrink in these regions. Cells of higher altitude however will 
face an increase in ecological value for habitat type H2, meaning that the potential habitat 
sites tend to move “uphill” towards higher elevations. The cells’ ecological value for H3, for 
which the potential habitat sites are initially mainly found in high elevations, decreases over 
time in all regions. Thus, the potential extent of H3 shrinks over time and eventually almost 
disappears as a further upwards movement is impossible. In order to capture the long-term 
impacts of climate change on conservation, we consider a period of 60 years, divided into 
12 periods of 5 years each. Figure 2 illustrates the suitability of each habitat for all elevation 
levels for time steps t = {1, 4, 8, 12}.

When conserving a grid cell, i.e. when a grid cell is purchased, habitats are instantly cre-
ated on this grid cell, with each habitat type taking up a share of the grid cell proportional 
to their respective ecological value hkit. The proportional coverage of a cell i by habitat type 
k is given by:

	
hnormkit =

hkit
h1it + h2it + h3it

� (3)

This means that conserving a specific grid cell will lead to up to 3 habitat types being 
conserved. Depending on the ecological value hnormkit , conserving a grid cell i may lead to 
higher outcomes for some habitat types than for others. For example (cp. Figure 2), in t = 1, 
conserving a grid cell of medium elevation will lead to all three habitat types being con-
served, but the largest portion of the grid cell will be covered by habitat type H2 as this area 
provides only sub-optimal conditions for H1 and H3. In t = 8, grid cells with low elevation 
however will only host 2 habitat types– H1 and H2. H1 will cover the majority of the grid 
cell as the conditions for this habitat type are better than for H2. H3 will have disappeared 
from low elevation cells by t = 8 as climate change has rendered conditions unsuitable for 
this habitat type. Any non-conserved grid cell, i.e. any grid cell that has not been purchased 
yet or has been sold again after being purchased before, does not provide any habitat Hk. 
All habitat on a grid cell that is sold is therefore lost immediately. You may consider this a 
simplified representation of agricultural landscapes, in which taking intensively farmed land 
out of production may provide habitat to many endangered species at relatively short time 
scales (Helbing et al. 2023), while this habitat is lost as soon as the reserve site is used for 
intensive agriculture again.
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2.2  Decision Problem: Optimal Allocation of Reserve Sites

The conservation agency initially (in t = 0) owns a network of connected grid cells, the 
reserve network. The optimisation procedure selecting this initial reserve network is 
explained in detail in Appendix A. This reserve is optimal under initial climatic conditions 
(in t = 0) but does not consider the impact of future climate change. This implies that we 
assume that current reserves were not designed and designated to reflect future values. This 
lack of consideration for climate change in conservation decision-making has frequently 
been observed in reality, e.g. due to lack of relevant information (Hannah et al. 2002; Prober 
et al. 2017). Based on this set-up, we determine the optimal time series of reserve networks. 
Each of the individual reserve networks in this time series is created through the purchase 
and, under the ‘sale’ policy, the sale of grid cells by the conservation agency, and hence 
represents incremental adaptations of the initial reserve network.

Fig. 2  Level of ecological value hkit for different elevation levels at time steps t ∈ {1, 4, 8, 12} for all three 
habitat types k ∈ {1, 2, 3}
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2.2.1  Considerations on the Utility of Habitat Under Climate Change

Cost-effectiveness is an important criterion to evaluate policy instruments for biodiver-
sity conservation. Under climate change, cost-effectiveness may be defined as “the ability 
of conservation measures to maximize a species’ population viability for given costs in a 
region that experiences climate change” (Gerling and Wätzold 2021, p. 2). However, when 
considering several species or habitat types, this standard definition needs to be further 
refined. When considering two target habitat types A and B, the decision maker faces trade-
offs between how much to focus on habitat A, and how much on habitat B. One could imag-
ine drawing a Pareto frontier showing this trade-off as there may be several cost-effective 
(Pareto-optimal) conservation strategies for which the outcome for habitat type A may only 
be increased if accepting a decrease in the outcome for habitat type B. To choose one of 
these Pareto-optimal policies (and to formulate the decision problem as an objective func-
tion) requires the decision maker to clearly weight the focus on different habitat types. 
To model this, one may examine cost-effective conservation within a utility maximisation 
framework (Davis et al. 2006), and explicitly model the utility of conserving different habi-
tat types. Essentially, such frameworks maximise the value of biodiversity for given budgets 
(Davis et al. 2006). A key question is hence what this value of biodiversity looks like. In this 
sub-chapter, we develop a utility function that captures the utility of conservation of several 
habitat types under climate change based on the literature. For an alternative utility function, 
see Appendix B. Based on this, the optimisation problem is then presented in Chap. 2.2.2.

In deciding which sites to purchase (and sell), we assume the decision maker aims to 
maximise utility, which is a function of the utility of conserving the three habitat types:

	 U = f (Uk=1,Uk=2,Uk=3)� (4)

A question that has yet to be answered is how this utility function for biodiversity, habitat 
types or ecosystem services should look like (Paul et al. 2020). It is often assumed (Davis 
et al. 2003, 2006) or found in empirical research (e.g. Wallmo & Edwards 2008, Lew & 
Wallmo 2011) that increasing conserved area exhibits diminishing marginal utility. In line 
with this, we therefore consider the positive concave utility function shown in Fig. 3 (see 
Appendix C for further details and comparisons to the literature). This implies that increas-
ing amounts of habitat are valued equally for all three habitat types if the habitat types cover 
an equal amount of the landscape, and differences in their value only arise from differences 
in scarcity. Hence, a given marginal increase in habitat area for a habitat type with small 
spatial extent is valued higher than the same increase for a habitat type with larger spatial 
extent.

Next, one has to consider how the decision maker trades-off different habitat types. Here, 
we model a conservation agency’s decision-making (rather than, for example, maximising 
social welfare), and hence base the utility function on ecological research (e.g. Montoya et 
al. 2020)3. In line with the literature on cost-effective conservation that focuses on maximis-
ing species persistence or population viability for given costs (e.g. Cabeza and Moilanen 
2001; Gerling and Wätzold 2021), we assume that the conservation agency aims to maxi-

3  Other research considers additive utility functions. We have chosen the maximin problem as we focus on 
climate change increasing the risk of habitat loss, and the chosen utility function places greater emphasis on 
scarcity and hence, potential habitat loss.
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mise habitat persistence, for example to prevent species extinctions (e.g. Calkin et al. 2002). 
Specifically, the agency aims to maximise the minimum area covered by any one of the hab-
itat types (Montoya et al. 2020) for given costs. Maximising the extent of the rarest habitat 
type hence represents a specific formulation of cost-effectiveness that maximises the utility 
received from conservation by considering the trade-offs between habitat types, specifically 
reflecting the concave nature of the underlying utility function, i.e. the diminishing marginal 
utility, and also has a strong focus on scarcity:

	 U = min. {Uk=1,Uk=2,Uk=3} � (5)

Finally, an important question is how future biodiversity outcomes influence today’s util-
ity, i.e. whether and how future biodiversity outcomes should be discounted. Under cli-
mate change, however, this issue not only pertains to finding an appropriate discount factor. 
Rather, given that previously common habitat types may become more threatened due to 
climate change, and previously rare habitat types may become more common, the value of 
a habitat type changes over time depending on how climate change influences its rarity. The 
valuation of future conservation outcomes under climate change is thus a critical question 
as a decision-maker would consider expected future changes to rarity (and hence, the utility 
of habitat) in today’s decisions.

We are not aware of any previous research addressing the changing value of habitats 
under climate change. Here, we therefore adhere to the logic of the extinction-focused con-
servation agency adopted above and assume that the decision-maker is solely focused on 

Fig. 3  Utility function exhibiting diminishing marginal utility
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maximising habitat persistence within the 60-year planning horizon, without considering 
whether the benefits of conservation occur now or in the future. The agency therefore aims 
to maximise the extent of the smallest habitat type at any time for given costs to reflect 
diminishing marginal utility of the three habitat types, even if this means sacrificing possible 
increases in biodiversity today for future increases. We believe that this valuation may be 
particularly valid in the case of climate change as climate change may make recoloniza-
tion of areas where a species has been lost more unlikely, e.g. if the surrounding area is no 
longer climatically suitable for the species (Gerling and Wätzold 2021), and as the impacts 
of climate change will increase in the future, implying that biodiversity will become more 
threatened in the future and the focus of conservation may shift further into the future to 
mirror the high value of increasingly scarce biodiversity. Moreover, this utility function has 
been suggested in previous research (e.g. Doyen et al. 2013). When considering the tempo-
ral dimension, the utility function given in Eq. 5 therefore becomes:

	 U = min. {Uk,t} ∀ t ∈ {1, . . . , 12} , ∀ k ∈ {1, 2, 3} � (6)

2.2.2  Formulation of the Optimization Problem

The agency receives a budget for climate adaptation of the reserve. At any time t, the conser-
vation agency aims to maximise utility by purchasing (and selling) reserve sites. Based on 
our discussions in Chap. 2.2.1, the aim of the conservation agency is to maximise the extent 
of the rarest habitat type at any time (cp. Equation 6). We assume that the agency has perfect 
information on future developments of the sites’ ecological value and is hence able to con-
sider future developments in current decisions. We therefore compare the cost-effectiveness 
of the dynamically optimal strategy and the option of selling with the dynamically optimal 
strategy and an additional constraint that prohibits sales. The binary variables bit  and sit  
represent the agency’s choice of sites to purchase and sell at time t, respectively, and are 
the agency’s choice variables. These choices are subject to a budget constraint (Eqs. 8, 9 
and 10), a possible constraint on selling under the ‘no sale’ policy (Eq. 11), and a proximity 
constraint (Eq. 12). The proximity constraint is introduced in line with the previous litera-
ture (e.g. Jafari and Hearne 2013) as habitat cannot generate itself in isolation, but relies on 
plant and animal species colonising a newly conserved habitat area, and this colonisation 
becomes more likely if the site is in close proximity of existing habitat sites (Watts et al. 
2020). Table 1 provides an overview of all sets, indices, parameters and variables.

	 max. U = max.[min. {Uk,t}] ∀ t ∈ {1, . . . , 12} , ∀ k ∈ {1, 2, 3} � (7)

s.t.  

	 c (t) ≥
∑

i∈N (1 + a)× pi × bit ∀ t ∈ {1, . . . , 12} � (8)

	 c (t = 1) = K � (9)

	 c (t) = c (t− 1)× (1 + r)5 + (1 + r)2.5 ×
∑

i∈N (1− a)× pi × sit−1∀ t ∈ {2, . . . , 12} � (10)
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	 yt+1 ≥ yt � (11)

	 bit ≤
∑

j∈Mi
(yjt − sjt) ∀ t ∈ {1, . . . , 12} � (12)

Equation 8 describes the budget constraint in time step t for the conservation agency, where 
c(t) is the available capital in time t. The cost of purchasing site i is equal to its price, pi  plus 
transaction costs a. bit  is a binary variable indicating whether site i is purchased in time t. 
The available budget in the first period is given by Eq. 9 and is equal to an initial ‘adaptation 
budget’ K. The available budget in the subsequent periods is given by Eq. 10: The budget 
may consist of the budget remainders of the previous period c(t-1) including correspond-
ing interest payments for five years, and, under the ’sale’ policy, compounded funds from 
selling reserve sites. Funds from selling reserve sites consist of the price of site i, pi  net of 
transaction costs a. Note that sit  is a binary variable taking the value 1 when site i is sold in 
time t and 0 otherwise. While sales may occur throughout the 5-year period, for simplicity, 
we assume that all sites are sold in the middle of each 5-year period, i.e. 2.5 years are used 
in the respective exponent for compounding.Constraint 11 represents the constraint that 
prohibits sales in the ‘no sale’ policy: yjt  is a binary variable indicating that site j is part of 
the reserve network. By ensuring that yt+1 is never smaller thanyt , sites that are classified 
as reserve sites at some point t may not become declassified later on. Constraint 12 ensures 
that a site is only purchased if at least one neighbouring site is already part of the reserve 
network: The bracket takes the value 1 for any site j that is part of the reserve network and is 
not sold at time t. Site i may hence only be purchased (i.e., bit  may only take the value 1) if 
at least one site within its Moore neighbourhood (indicated by the variable Mi, cp. Appendix 
D) is part of the reserve.

2.3  Budget Scenarios

We compare the ’sale’ and the ’no sale’ policies for different budget constraints in order 
to see whether the size of the budget has an influence on the value of resale flexibility. 

Symbol Description
Sets and Indices
N Set of all sites (cells) in the landscape
Mi Set of all sites (cells) that make up the Moore 

neighbourhood of site i
Parameters
pi Price of site i (in monetary units (MU))
hkit Ecological value of site i for habitat type k at time t
a Transaction cost (as a percentage value of pi)
r Interest rate
K Adaptation budget (in monetary units (MU))
Variables
yit Equal to 1 if site i is part of the reserve at time t, 0 

otherwise
c(t) Capital available at time t (in monetary units (MU))
bit Equals 1 if site i is purchased at time t, 0 otherwise
sit Equals 1 if site i is sold at time t, 0 otherwise

Table 1  Overview of used 
sets, indices, parameters, 
variables and objectives in the 
optimisation
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Specifically, we consider that the agency may have no, a low, medium, high or a very high 
adaptation budget K to adapt the reserve network. In the ’low funding’ case, the size of the 
’adaptation budget’ is 40MU (monetary units), in the medium, high and very high funding 
cases it is increased to 80MU, 120MU and 160MU, respectively.

We therefore consider 10 budget scenarios (Table 2):
We determine the optimal spatial configuration of reserve networks over time for the 

’sale’ and ’no sale’ policy separately and then assess the value of resale flexibility for differ-
ent funding levels in the  Sec. 3.

2.4  Sensitivity Analyses

There are some parameters that are uncertain and that may influence the outcome. We vary 
these parameters in sensitivity analyses to examine their impact on the value of resale flex-
ibility (Table 3 provides an overview).

First, we vary transaction costs a and interest rate r. We further examine in how far our 
assumptions regarding the distribution of prices and ecological values influences overall 
results by considering two additional random cost distributions, and the case in which H1 
does not expand but shift due to climate change. Regarding the constraints of the optimisa-
tion, we examine the impact of relaxing the proximity constraint. The proximity constraint 
was added as new habitat can only be created if plant and animal species can colonise it 
and hence represents an ecological constraint. However, the necessary degree of connection 
between reserve sites depends strongly on the dispersal ability of the species of interest 
(Watts et al. 2020), and the proximity constraint may not be necessary for habitat for highly 

Parameter/ 
assumption

Base case Sensitivity analysis

Transaction costs a 10% 5%, 20%
Interest rate r 3% 0%, 5%
Price of site i (pi) Random 

distribution
2 additional random 
distribution

Sensitivity to climate 
change

H1 is expanding 
under climate 
change

H1 is shifting under 
climate change

Proximity constraint According to 
Eq. 9

No proximity constraint

Habitat on non-con-
served sites

Non-conserved 
sites provide no 
habitat

Non-conserved sites 
provide 10% of the 
habitat they would pro-
vide under conservation

Table 3  Overview of the sensi-
tivity analyses
 

K = 0MU K = 40MU K = 80MU K = 120MU K = 160MU
‘no 
sale’

no 
sale– no 
funding

no sale– 
low 
funding

no sale– 
medium 
funding

no sale– 
high 
funding

no sale– 
very high 
funding

‘sale’ sale– no 
funding

sale– low 
funding

sale– 
medium 
funding

sale– high 
funding

sale– very 
high 
funding

Table 2  Overview of the 10 
budget scenarios
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mobile species or in case of species relocation. Finally, we examine in how far our results 
hold when non-conserved sites also provide some habitat.

3  Results

3.1  The Value of Resale Flexibility

Figure 4 shows the utility of conservation for the ‘sale’ and ‘no sale’ policies for different 
budget constraints. It can be seen that utility increases as the available budget K increases, 
and that the ‘sale’ policy is preferable over the ‘no sale’ policy. However, it can also be 
seen that with increasing funding, the value of resale flexibility4 decreases: While resale 
flexibility increases utility by 77% when no additional funding is available, utilites of the 
two policies are very similar in the “very high funding” case. When no additional capital is 
available, allowing for sales is the only option of adapting the reserve network, and resale 
flexibility hence has a high value. As the amount of additional capital increases, the value 
of resale flexibility decreases as the increasing budget also provides flexibility to adapt the 
reserve network. These results are robust to other cost distributions (results not shown). 
We also examine whether the specific assumptions regarding how climate change affects 
the habitat types influences the value of resale flexibility. We find that results regarding 

4  Remember that the value of resale flexibility is defined as the percentage improvement in utility received 
from habitat conservation when moving from the ‘no sale’ policy to the ’sale’ policy.

Fig. 4  Utility of conservation
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the value of resale flexibility for different budget constraints are qualitatively similar (see 
Appendix E for details).

Flexibility in reserve design may in principle be provided by replacing decreasingly 
cost-effective reserve sites (here called “resale flexibility”), but also by adding sites with 
external funding. The value of both of these types of adaptation mechanisms has diminish-
ing marginal utility: The diminishing marginal utility of resale flexibility provided by the 
‘sale’ policy can be observed by the two curves in Fig. 4 moving increasingly close to each 
other, while the diminishing marginal utility of increasing budgets can be observed by the 
concavity of the function. We examine this in greater detail in Fig. 5. Figure 5a shows that 
the marginal utility of increasing the budget by a fixed amount of 40MU as well as the value 
of resale flexibility decreases rapidly when moving from the “no funding” case to a fund-
ing level of 40MU, and starts to level off for higher funding levels. In all cases, increasing 
the available funding by 40MU leads to slightly higher utility levels than switching to the 
‘sale’ policy. However, Fig. 5b shows that the advantage of increasing the funding level over 
resale flexibility increases from 6.5% for the case of no funding to 200% for a funding level 
of 120MU. The decreasing value of resale flexibility for increasing funding levels is thus 
particularly pronounced, providing further evidence for the value of resale flexibility when 
conservation budgets are very small.

The utility of habitat is influenced by both the impact of climate change and the impact 
of resale flexibility. Figure 6 provides an indication of the relative contribution of these 
factors: The value of resale flexibility is 77% (i.e., allowing for sales improves the utility 
achieved by 77%). Here, the ‘no sale’ policy may be interpreted as a case where the con-
servation agency is unaware of the need to adapt the reserve network to climate change, or 
is unable to do so due to a lack of adaptation funding and resale flexibility. Allowing resale 
flexibility then increases the utility of habitat conservation. However, even with resale flex-
ibility, the utility of habitat conservation is 42% lower than in the hypothetical case of no 
climate change. Climate change therefore poses a strong limitation on the maximum util-
ity of habitat conservation that may be achieved, and the loss in utility caused by climate 
change can only be partially compensated by providing resale flexibility. Finally, Fig.  6 
shows the utility of habitat when conserving the whole landscape under climate change. It 
can be seen that the utility of this case is only slightly greater than the utility of the reserve 
under the hypothetical assumption of no climate change. However, it requires a more than 

Fig. 5  Diminishing marginal utility of increasing the adaptation budget K by a fixed amount of 40MU 
and adopting the ‘sale’ policy (Fig. 5a), and relative advantage of the fixed budget increase over the ‘sale’ 
policy (Fig. 5b) for different funding levels
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12-fold budget increase in comparison to the reserve depicted under “no climate change”. A 
large budget increase would therefore be required to achieve a similar level of utility under 
climate change as under no climate change.

We conducted a range of sensitivity analyses. Figure 7 shows the impact of changes to 
the interest rate and changes to the size of transaction costs. Figure 7a shows that an increase 
in interest rates increases the utility of habitat conservation, and that it reduces the value of 
resale flexibility from 86% for an interest rate of 0.00 to 2.5% for an interest rate of 0.05. 

Fig. 7  Sensitivity analyses for changes in interest rates (Fig. 7a) and changes to transaction costs (Fig. 7b)

 

Fig. 6  Utility of habitat conservation in case of ‘no sale’, ‘sale’, under no climate change (no funding 
case) and if the whole landscape was conserved under climate change
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The reason for this result is that an increasing interest rate increases the available budget 
(cp. Equation 10), and an increase in budget decreases the value of resale flexibility (cp. 
Figure 4). Figure 7b shows that increasing transaction costs decrease the utility of habitat 
conservation slightly. The value of resale flexibility for different transaction costs is similar 
in all three cases.

Figure 8 shows the impact of relaxing the proximity constraint (Eq. 12) and the case that 
sites that are not conserved also provide some habitat. Figure 8a shows that relaxing the 
proximity constraint during the climate change adaptation process improves the utility of 
habitat conservation achieved. Moreover, it can be seen that the marginal increase in utility 
is larger for the ‘sale’ policy than for the ‘no sale’ policy, implying that the value of resale 
flexibility increases as the proximity constraint is relaxed. When sales are not allowed, new 
sites may only be added with the adaptation budget K, leading to fewer transactions than 
in the ‘sale’ policy. While relaxing the proximity constraint does provide added flexibility 
in the choice of reserve sites and hence, additional utility in the ‘no sale’ policy, the larger 
number of transactions conducted in the ‘sale’ policy– each of which may be chosen more 
freely when relaxing the proximity constraint– leads to a larger added value overall.

Figure 8b shows that when non-conserved sites also provide some ecological benefit, 
the utility of habitat conservation increases. However, the differences between the case in 
which non-conserved sites do not provide any habitat and the case in which they do is par-
ticularly large for small budgets. This occurs as for smaller budgets, a smaller proportion 
of the landscape is conserved, implying that large areas are not conserved that then provide 
additional benefits. As an increasing proportion of the landscape is conserved, the added 
benefit by this assumption decreases. Moreover, the general insights regarding the value of 
resale flexibility for different budget constraints also hold under this assumption: The value 
of resale flexibility is still particularly large for small budget constraints, while it decreases 
as the budget constraint increases.

3.2  The role of Scarcity in Driving Results

The utility received from the different policies is driven by scarcity. To examine this in more 
detail, we first consider how the different habitat types develop over time for the ’sale’ and 
’no sale’ policies (Fig. 9). Figure 9a represents the case of no adaptation and may be inter-

Fig. 8  Sensitivity analyses for relaxing the proximity constraint (Fig. 8a) and considering the case that 
non-conserved sites provide 10% of the habitat value that they would provide if they were conserved 
(represented by “+”) (Fig. 8b)
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preted as the direct impact of climate change on the initial reserve. The impact of climate 
change captured in the equation of motion (Eq. 2) can be clearly seen: while habitat H1 
(blue line) expands, habitat H2 (yellow line) decreases due to its shifting uphill, and habitat 
H3 (red line) contracts strongly as it cannot shift further uphill. Considering other funding 
levels and the impact of resale flexibility, it can be seen that initially, habitat H1 is the rarest 
habitat type but increases over time in all 6 scenarios. Habitat H2, which we expect to move 
’uphill’, increases in its extent in all scenarios except in the case of no additional capital 
(Fig. 9a and d). Finally, habitat H3 becomes increasingly rare in all scenarios under cli-
mate change. However, when the reserve network may be expanded by providing sufficient 
additional capital (Fig. 9b and c) and/or allowing for sales (Fig. 9d-f), the loss in H3 is less 
pronounced than without these adaptation options (Fig. 9a).

Overall, Fig. 9b-f thus show the conservation impact of alternative policies relative to the 
“do nothing” policy depicted in Fig. 9a. For all habitat types, all considered alternative poli-
cies are strictly preferable at the final time step over the “do nothing” policy. However, the 
conservation impact in terms of additional habitat conserved/ avoided habitat loss depends 
strongly on the habitat type and policy under consideration. For example, the relative con-
servation impact of the ‘sale’ policy (in comparison to the ‘no sale’ policy) is largest for 
the increasingly rare habitat type H3 in case of no additional funding (cp. Figure 9a and d).

We now analyse the conservation impacts of the ‘sale’ policy relative to the ‘no sale’ 
policy in more detail. The ‘sale’ policy is strictly dominant to the ‘no sale’ policy in the no 
funding case, as the conservation impact of the ‘sale’ policy is at least as large as that of the 
‘no sale’ policy for all three habitat types. Under medium funding, no policy is strictly pref-
erable to the other, as the conservation impact of the ‘sale’ policy is higher for one habitat 
type, but the impact of the ‘no sale’ policy is higher for others. In this case, choosing the 
preferred policy hence depends on the underlying utility function. In the very high funding 
case, the ‘no sale’ policy is dominant to the ‘sale’ policy, as the conservation impact of the 
‘no sale’ policy is at least as high as the impact of the ‘sale’ policy for all three habitat types 
(considering that the outcome for H3 under both policies is very similar).

Focusing on the increasingly rare habitat type H3, the advantage of the ’sale’ policy 
decreases as the amount of additional funding increases. In case of no funding, the ’sale’ 
strategy improves the final conservation impact for the rarest habitat type by 143% (from 
0.7 to 1.7 (Fig. 9a and d)). In the medium funding case, the ’sale’ policy only improves the 
conservation impact by around 14% (from 2.8 to 3.2 (Fig. 9b and e)), while the impact in 
the very high funding case is comparable for both policies (4.1 vs. 4.2 in Fig. 9c and f). This 
result, combined with the observation that only in case of no funding all three habitat types 
receive a positive conservation impact from adopting the ‘sale’ policy, is the key driver 
explaining the value of resale flexibility observed in Fig. 4.

Similarly, for habitat type H2 we find that the conservation impact of the ‘sale’ policy 
only exceeds the conservation impact of the ‘no sale’ policy in the case of no funding. For 
habitat type H1, the ‘sale’ policy has no clear advantage over the ‘no sale’ policy for any 
funding level. All in all, examining the habitat type-specific conservation impacts of the two 
policies shows that the advantages of the ’sale’ policy is particularly pronounced for increas-
ingly rare habitat types.

To examine the role of scarcity in more depth, we consider Fig. 10, which shows the 
production possibility frontiers (PPFs) for the three habitat types over time. It can be seen 
that the “ecological productivity” in the case study overall increases for H1; decreases, espe-
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Fig. 9  Area covered by each habitat type over time for the ’no sale’ (Fig. 9a-c) and ’sale’ policies and 
levels of additional funding ranging from none (Fig. 9a, d), medium (K = 80MU) (Fig. 9b, e) to very high 
(K = 160MU) (Fig. 9c, f)
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cially in the second half of the model timeframe for H2; and decreases strongly for H3 (con-
sider the shifts in the respective PPFs over time). This is a direct result of the habitat types’ 
equations of motion (Eq. 2), and the shifts in the PPFs represent the habitat types’ scarcity.

The PPFs may then be used to visualise how the changes in relative scarcity drive the 
overall outcome. In t = 1, actual outcomes are relatively close to the PPFs in all three cases, 
as no habitat is particularly threatened. The outcomes achieved for the different habitat types 
in t = 1 (blue data points) are hence a similar distance to the habitat type’s PPF in t = 1 (blue 
curves)– no habitat type is particularly preferred by the decision maker over another. Over 
time, the PPFs of H3 (and H2) move closer to the origin, while the PPF of H1 moves out-
wards. At the same time, reserve sites are adapted in a way that by t = 12, actual outcomes for 
H3 are very close to the PPF, while outcomes for H1 are increasingly far from its potential 
PPF. This visualises how the scarcity of habitat types drive the optimisation. Regarding H3 
in particular, it can be seen that the outcome achieved is very close to the maximum that can 
still be achieved given climate change, and that outcomes achieved in earlier time steps are 
now beyond the PPF of H3. This effect occurs as reserve sites are selected to maximise the 
extent of H3 in the final time step as the PPF of H3 experiences the strongest contraction, 
visualising the high value of conserving this habitat type due to its high scarcity.

Finally, we would like to highlight that none of the chosen allocations lie on the PPFs, 
which might suggest an inefficient allocation of resources at first glance. However, there 
are four reasons for the discrepancies between the actual allocations and the PPFs: first, 
the budget constraint may not allow reaching the PPF (the PPF was drawn for a budget 
constraint of 1001 monetary units, representing the value of the reserve in t = 12 in the “no 
sale, very high funding” case). This budget is not available in earlier time steps or for sce-
narios of smaller budget constraints. Hence, it can be seen that for higher funding levels, the 
outcomes achieved move closer towards the bottom right, representing a shift outwards and 
towards habitat conservation over “resources for other purposes”. Second, the PPFs show 
only one habitat type each. The actual allocations not only create a single habitat type, but 
all three. Third, the optimisation procedure selects sites by considering future conditions, 
while the PPF may be interpreted as optimal at a given point in time. This means that the 
optimisation may select sites that may not be optimal initially, but improve the outcome in 
later time steps. This may be observed by considering that the outcome of H3 moves increas-

Fig. 10  Production possibility frontiers (PPFs) showing the trade-offs between resources available for 
other purposes in monetary units (MU) and conservation of habitat type 1 (Fig.  10a), habitat type 2 
(Fig. 10b) and habitat type 3 (Fig. 10c) over time. The common budget constraint is 1001 monetary units 
(i.e., the value of the reserve in t = 12 in the “no sale, very high funding” case). A visualisation of the de-
velopment of the PPFs over time has been uploaded separately as Video for Fig. 10
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ingly close to the maximum in the late time steps. Finally, the PPF assumes that sites may 
be reallocated at no cost (i.e., transaction costs equal zero), while the actual allocations are 
subject to path dependencies and transaction costs. The impact of these factors explains the 
remaining differences between the PPF and the actual outcomes achieved.

3.3  Site Habitat Permanence

A potential loss in site habitat permanence5 is typically one of the key arguments brought 
forward against the ‘sale’ policy. In this section, we therefore briefly examine to what extent 
the ‘sale’ policy decreases site habitat permanence for each habitat type (Fig. 11). For a 
more detailed discussion on these aspects, see Appendix F1.

Considering the ’no sale’ policy, Fig. 11 shows that even if sales are not permitted, 100% 
of initial habitat areas can be maintained over time only for H1 (the expanding habitat type). 
This occurs as given climatic changes, maintaining a stable reserve network does not nec-
essarily lead to site habitat permanence, as climatic changes themselves lead to changes in 
habitat distributions within reserve networks, even when the sites are maintained continu-
ously over time (Lewis and Polasky 2018). For H2 (the shifting habitat type), even under 
’no sale’ only 64% of initial habitat areas can be maintained under climate change, while 
for H3 (the contracting habitat type), only 9% of initial habitat areas can be maintained due 
to changing climatic conditions. The curves representing the ‘no sale’ policies hence show 
the extent to which climate change causes habitat turnover even in a static reserve network.

5  Remember that site habitat permanence of a chosen habitat type is measured as the percentage of the areas 
covered initially by that habitat type that is maintained throughout the run-time of the model in the same grid 
cells.

Fig. 11  Site habitat permanence measured as the % of the original habitat areas maintained in all time 
steps depending on the level of funding
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Comparing the ’sale’ and ’no sale’ policies, it can be seen that site habitat permanence 
tends to be lower under the ’sale’ policy. However, two effects can be observed: (1) site 
habitat permanence increases under the ’sale’ policy with increasing levels of funding. The 
reason for this is that as the budget increases, fewer sites are sold (see Appendix F2 for 
details). (2) The difference between the ’sale’ and ’no sale’ policies is smallest for the habitat 
type that becomes increasingly rare, H3. Sites that contain H3 are therefore unlikely to be 
sold even if they could be, as the optimisation maximises the extent of the scarcest habitat 
type. This means that allowing for sale tends to decrease site habitat permanence when com-
pared to the ’no sale’ case, but mainly for the expanding and thus not threatened habitat type.

4  Discussion and Conclusion

Under climate change, the comparative advantage of potential reserve sites to “produce” 
habitat may change. To maintain cost-effectiveness, reserves need to be adapted to these 
dynamic changes and conservation sites need to be reallocated according to their “ecologi-
cal productivity”. In this paper, we analysed two land purchase policies in order to assess 
their suitability for the climate adaptation problem in biodiversity conservation: a typical 
’no sale’ policy and a novel ’sale’ policy that provides resale flexibility for climate change 
adaptation. We developed a climate-ecological-economic model to analyse under what con-
ditions the novel ‘sale’ policy provides cost-effectiveness advantages.

We find that the value of resale flexibility is particularly high when the conservation 
agency only has a small budget to adapt the reserve network to climate change. This “bud-
get effect” implies that the value of resale flexibility is also higher in case of low interest 
rates as high interest rates increase the available budget over time. A similar budget effect 
has been identified before in a different conservation setting (Lewis et al. 2011), and is 
caused by increasing budgets leading to a large proportion of the landscape being con-
served, which implies that the likelihood of including sites that become cost-effective in the 
future increases.

However, in the setting of changing comparative advantages the budget effect occurs for 
an additional reason: An increasing budget acts as an additional source of flexibility as it 
allows the agency to add increasingly cost-effective sites to the reserve network, hence act-
ing as a means of climate adaptation of the reserve. For low budgets, increasing the budget 
or adopting the ‘sale’ policy may to some extent be seen as alternative climate adaptation 
measures, both of which improve the utility received from habitat conservation. However, 
for low budgets the value of resale flexibility in comparison to the utility received from 
increasing the budget is particularly high. At higher funding levels, the value of resale flex-
ibility ceases as there is no longer a need to replace existing reserve sites following the 
argumentation by Lewis et al. (2011)– but buying new reserve sites still provides ecological 
benefits. The relative value of increasing budgets in comparison to resale flexibility hence 
increases with increasing budgets. However, the marginal value of increasing budgets also 
exhibits diminishing marginal returns as increasingly less cost-effective sites are added.

When considering ecosystems of highly mobile species, one may consider relaxing the 
proximity constraint which allows the conservation agency to select new reserve sites more 
freely. In this case, the value of resale flexibility is particularly high as the option of sales 
increases the number of transactions relative to the ‘no sale’ policy, and the value of each of 
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those transactions is increased when relaxing the proximity constraint: Without the proxim-
ity constraint, the agency may choose sites to maximise utility, while the proximity con-
straint restricts the choice of sites. In research on agglomeration payments to incentivise 
contiguous habitat creation with landowners, a similar effect has been termed the “patch 
restriction effect” (Drechsler et al. 2010). Our results are robust to the considered alternative 
cost distributions, climate change sensitivities of the habitat types, and the case in which 
non-conserved sites provide some ecological value.

Previous research has suggested that allowing the sale of reserve sites may improve 
cost-effectiveness by facilitating adaptation of reserves to the dynamic conditions of climate 
change (Alagador et al. 2014, 2016), but possible increases in habitat turnover are the key 
reason against the ‘sale’ policy (Appendix F1). To reduce the negative impacts of habitat 
turnover, previous research has suggested to tie the ’sale’ option to restrictions on future 
land use (Hardy et al. 2018), and that temporary protection may be particularly valuable for 
early-successional habitats (Ranius et al. 2022). Our research suggests that two additional 
important factors influencing this trade-off are (1) whether, and to what extent, other sources 
of funding are available for adapting the reserve network, and (2) how climate change influ-
ences the relative occurrence of the habitat type in question. More specifically, our model 
allowed us to identify a new trade-off between the ’sale’ and ’no sale’ policies: ’sale’ pro-
vides advantages for habitat types that become increasingly rare, especially for low levels of 
additional funding, as ’sale’ then provides an important option to adapt the reserve network 
to changing climatic conditions. ’No sale’ on the other hand improves site habitat perma-
nence mainly for the expanding habitat type, while only little permanence is lost under ’sale’ 
for the increasingly rare habitat type.

Our paper builds on the scarce previous literature on cost-effective policy instrument 
design for biodiversity under climate change (Huber et al. 2017; Schöttker and Wätzold 
2022; Gerling et al. 2023). We consider land purchase as a typical policy instrument for 
biodiversity conservation and examine the value of resale flexibility provided by the ‘sale’ 
policy. Our paper therefore also has strong links to previous research on the value of flex-
ibility in reserve design (e.g., Costello and Polasky 2008; Shah and Ando 2016; Lewis and 
Polasky 2018). However, this research has largely focused on the issue of uncertainty and 
irreversible land use. By contrast, we assume that decision makers have perfect knowledge 
of future conservation costs and impacts of reserve sites, and the value of flexibility arises 
from changes in comparative advantages. If decision makers did not have perfect informa-
tion on future costs and impacts, the value of resale flexibility is therefore likely to increase 
(e.g. Westphal et al. 2003; Costello and Polasky 2004; Kassar and Lasserre 2004; Costello 
and Polasky 2008; Drechsler 2020). Changes in comparative advantages of sites to produce 
habitat as well as uncertainty regarding future costs and ecological productivity of the sites 
hence both contribute to the value of flexibility in conservation decision making. Similarly, 
much of the previous research has focused on permanent habitat loss (e.g., Arrow and Fisher 
1974; Albers 1996; Leroux et al. 2009; Shah and Ando 2016), while we consider that sites 
that are not conserved may generate habitat if they are set under conservation. In our model 
context, shifting reserve sites towards newly cost-effective sites in the key pattern observed 
in spatial habitat designation over time. This shift would likely not be as prominent if 
assuming irreversible habitat loss, as the optimisation of our model would likely focus in 
the early time steps much more on sites that become cost-effective in later time steps. Irre-
versible habitat loss hence represents an ecological constraint on spatial flexibility. Finally, 
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we assume that there is no uncertainty about the future availability of reserve sites (unlike, 
e.g., Costello and Polasky (2004). Considering restricted availability would limit future site 
choices, implying that cost-effectiveness decreases. Moreover, considering that sites may no 
longer be available for conservation in the future may lead to other site selection strategies: 
sites that will become highly cost-effective may be selected sooner to ensure that they are 
under conservation in later time steps.

As in any model, we had to make some assumptions to simplify reality. First, we assume 
that the habitat is generated instantly once a grid cell is conserved. Considering the time 
lag between conservation action and outcomes essentially creates a “conservation credit” 
(as opposed to an “extinction debt” when species do not become extinct immediately after 
a habitat is degraded) (Watts et al. 2020). Including a time lag would reduce the benefits in 
conservation strategies relying on frequent habitat turnover. Given the conceptual nature of 
the model, we decided against specifically modelling this aspect: The size of the time lag 
may vary between years and centuries or even millennia (Watts et al. 2020), and depend 
largely on the habitat type in question (Drechsler and Hartig 2011; Wilson et al. 2011; Pos-
singham et al. 2015), the initial conditions of the site to be restored (Wilson et al. 2011), 
the connectivity to the existing reserve network (Watts et al. 2020), and the dispersal ability 
of the species inhabiting the chosen habitat type (Watts et al. 2020). We refer the interested 
reader to previous research on the topic (Drechsler and Hartig 2011; Possingham et al. 
2015). Similarly, we chose habitat area as the ecological indicator of interest. Habitat area is 
a popular ecological indicator due to its relative simplicity (zu Ermgassen et al. 2019), and 
it is often expected that habitat conservation will lead to certain species inhabiting this site 
(Simpson et al. 2022). However, the creation of a habitat site may not necessarily translate 
to all expected species actually inhabiting that site. For example, the distance between two 
habitat sites plays a large role in determining colonisation success of a new habitat site 
(Westphal et al. 2003). If the aim is to conserve a specific species, species-based approaches 
rather than a habitat-based approach may therefore be more suitable (Simpson et al. 2022).

Second, the economic model contains some simplifications. We assume that the prices 
of the grid cells remain constant. Under climate change, opportunity costs of land parcels 
will likely be affected in a spatially heterogeneous manner (Schöttker and Wätzold 2022; 
Gerling et al. 2023). Regarding conservation in agricultural landscapes, for example, some 
areas may become more suitable for agricultural activity (for example areas in higher alti-
tudes), while others may become less suitable (for example areas suffering from increasing 
droughts), which may lead to opposing developments of opportunity costs (Ray et al. 2019; 
Lachaud et al. 2021). If climate change leads to a relative decrease (increase) in conserva-
tion costs of newly (formerly) cost-effective sites, the cost-effectiveness of the static reserve 
network is further reduced (increased) in comparison to the case of static opportunity costs. 
However, we decided to ignore this aspect as the changes to opportunity costs depend 
largely on which area is considered. Future research based on specific case study areas or on 
conceptual models investigating the interactions between the relevant variables may include 
these aspects in a similar model.

Research on the value of resale flexibility within the context of policy instrument design 
under climate change has so far only received little attention by economists– despite being 
an important issue in climate adaptation for biodiversity conservation. In particular, under-
standing under what conditions the value of flexibility is particularly high is valuable given 
political inertia and potentially high transaction costs of changing existing regulations 
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(Nalle et al. 2004; Burch et al. 2014). The CEE model presented in this article is able to 
assess the cost-effectiveness of different land purchase policies for climate adaptation of 
biodiversity conservation. A similar model may be used in future research to address other 
questions of adapting conservation to climate change that are beyond the scope of this paper. 
In particular, we would like to suggest the following topics for future research: First, in our 
model we consider two extreme cases of the ’sale’ and ’no sale’ policies for land purchase. 
Future research could examine other policy instruments with medium levels of flexibil-
ity– e.g. in (temporary) conservation easements (Rissman et al. 2015; Owley et al. 2018), 
conservation contracts (Schöttker and Wätzold 2022), offsets (Bull et al. 2013; Gerling and 
Wätzold 2021), or ’purchase, protect, resale’ programmes (in which land may be sold with 
restrictions on future land use) (Hardy et al. 2018). Given the policies’ level of flexibility, 
they provide promising alternatives to land purchase in the face of climate change and ana-
lysing their cost-effectiveness may provide interesting insights for conservation practice.

Second, we consider the case of adapting existing reserves that have not been designed 
with the impacts of climate change in mind. Parts of the value of resale flexibility will 
hence arise to remedy past “misallocations”. However, given that climate change impacts 
the comparative advantages of different conservation sites in “producing” habitat, resale 
flexibility may be expected to continue to provide value even if climate change was consid-
ered from the beginning: Resale flexibility allows the conservation agency to adapt in line 
with changes in comparative advantages, rather than having to choose the allocation that 
is optimal on average over time. Examining these effects in detail remains a question for 
future research. In particular, it may be interesting to consider the impact of uncertainty in 
conservation decision-making in this context– for example considering questions pertain-
ing to when the agency receives information, and in how far this information is subject to 
uncertainty.

Finally, we consider a one-off adaptation budget and assume that funding may be 
invested to be used in future time periods. Previous research has shown that this is an addi-
tional source of (valuable) flexibility (Lennox et al. 2017). Future research could examine 
the value of resale flexibility in different funding models, e.g. considering regular adaptation 
budgets and restrictions to the roll-over of funding. Again, examining in how far the value 
of resale flexibility in different funding models (e.g. one-off payments vs. regular payments) 
depends on assumptions regarding perfect information or uncertainties seems particularly 
interesting.

Given the rapid loss of global biodiversity (Dasgupta 2021) and the need to adapt exist-
ing reserve networks to climate change (Pyke and Fischer 2005; Fung et al. 2017; Graham et 
al. 2019; Lawler et al. 2020), we believe that further (economic) research on how to design 
policy instruments of biodiversity conservation for the climate adaptation problem will pro-
vide valuable information to conserve biodiversity cost-effectively in the future.
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