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Appendix A: Initial optimisation  

We apply a goal programming approach in order to ensure that the conservation agency initially (i.e. 

in t=0) owns the optimal reserve network that conserves all habitat types given a budget constraint of 

500MU (monetary units). This budget is approximately 7% of the value of all potential reserve sites in 

the landscape.  

Following the approach of Jafari and Hearne (2013), we represent each site as a node. The budget is 

initially located at a source node outside of the grid. The problem is then regarded as a transshipment 

problem. Capital flows from the source to a node in the grid and from there to other connected nodes. 

Each node has a demand for capital equal to its cost and a reward equal to its ecological value. Capital 

cannot flow through a node without meeting its demand, i.e. without it being purchased. In this way 

contiguity is ensured while meeting some objective. Table A.1 provides an overview of the sets, indices, 

parameters and variables used in the mathematical formulation of the initial optimisation procedure.  

Table A.1 Overview of used sets, indices, parameters and variables in the initial optimisation. 

Symbol Description 

Sets and Indices 

N Set of all sites (nodes) in the n x m grid 

0 The source node 

N+ Set of all sites (nodes) plus the source node 

Mi Set of all sites in the Moore neighbourhood of site 𝑖 ∈ 𝑁 

Mi+ Set of all sites in the Moore neighbourhood of site 𝑖 ∈ 𝑁 plus the source node 

Parameters 

pi Price of site i  

hki Ecological value of site i for habitat type k 

B Budget 

Variables 

yij equal to one if money flows from site i to site j (indicating site j is selected 
for purchase), 0 otherwise 

xij Amount of capital that flows from site i to site j 

We first formulate the constraints of the problem. 

(𝐴. 1) ∑ 𝑥𝑗𝑖

𝑗∈𝑀𝑖+

− ∑ 𝑥𝑖𝑗

𝑗∈𝑀𝑖

≥ 𝑝𝑖 × ∑ 𝑦𝑗𝑖

𝑗∈𝑀𝑖+

                  ∀ 𝑖 ∈ 𝑁 

(𝐴. 2) ∑ 𝑦𝑗𝑖

𝑗∈𝑀𝑖+

≤ 1∀𝑖 ∈ 𝑁 

(𝐴. 3) 𝑦𝑖𝑗 ≤ 𝑥𝑖𝑗                   ∀ 𝑖 ∈ 𝑀𝑗+, ∀ 𝑗 ∈ 𝑁 

(𝐴. 4) 𝑥𝑖𝑗 ≤ 𝐵 × 𝑦𝑖𝑗                  ∀ 𝑖 ∈ 𝑀𝑗+ , ∀ 𝑗 ∈ 𝑁 
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(𝐴. 5) ∑ 𝑦0𝑖

𝑗∈𝑁

= 1                 

(𝐴. 6)  𝑦𝑖𝑗 ∈ {0,1}, 𝑥𝑖𝑗   ≥ 0,      ∀ 𝑖 ∈ 𝑁+, 𝑗 ∈ 𝑁 

Constraint A.1 represents the flow of capital. The capital flowing into site i must be greater than or 

equal to the cost of the site plus the capital flowing out of it. Constraint A.2 ensures that capital can 

only flow into a site from one source. This ensures that each site is purchased only once. Constraints 

A.3 and A.4 ensure that capital will only flow from i to j if and only if yij=1, indicating that site j is 

purchased. Constraint A.5 together with A.3 forces capital to flow from the source and to only one site. 

As a result, we create one single connected reserve network. Constraint A.6 provides necessary 

function rules for xij, yij, i and j. 

Objective and solution procedure 

We have a multi-objective problem in that we would like to select sites to maximise the value with 

respect to each habitat type. Also in this step, we deal with this problem using goal programming. 

Solving to maximise each habitat type in turn subject to the constraints A.1- A.6, we obtain the goal gk 

corresponding to each habitat type k. Thus: 

(𝐴. 7)  𝑔𝑘 = 𝑚𝑎𝑥 ∑ ∑ 𝑦𝑖𝑗 × ℎ𝑘𝑗

𝑖∈𝑀𝑗+𝑗∈𝑁

            𝑘 = 1,2,3 

The goal for each habitat is obtained while ignoring the other habitats. We now attempt to obtain 

habitat values as close as possible to the goals in a multi-objective setting by minimising 𝜀 (cp. equation 

A.8). Thus, we replace the previous objectives and add a new constraint to the previous constraints, as 

given below. 

min 𝜀 subject to: 

(𝐴. 8) 
𝑔𝑘 − ∑ ∑ 𝑦𝑖𝑗 × ℎ𝑘𝑖𝑗𝑖∈𝑀𝑗+𝑗∈𝑁

𝑔𝑘
≤ 𝜀           𝑓𝑜𝑟 𝑘 = 1,2,3 
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Appendix B: Alternative utility function 

We consider that the agency’s utility function may not be adequately presented by eq. 6 in the main 

paper. However, how future biodiversity should be valued – in particular under climate change – 

remains an open question. Without considering the specific challenges arising under climate change, 

Gollier (2010) argues for a relatively small discount rate of less than half the discount rate for 

consumption – and hence an only slightly decreasing value over time (which however depends on 

current ecological and economic growth rates). Lewis et al. (2022) empirically estimate a discount rate 

of around 2%, which implies significant welfare gains for biodiversity conservation “now” rather than 

“later”. The TEEB report argues that this is not only an economic question, but an ethical one (TEEB 

2010) and hence further challenges to what extent the value of future biodiversity is lower than the 

value of current biodiversity. Future research could then examine how climate change influences this 

valuation: in times of high biodiversity extinction rates biodiversity becomes increasingly scarce. Given 

decreasing marginal utility, the value of preventing a marginal species’ extinction hence increases (see 

Batabyal et al. (2003) for a discussion on the scarcity value, and Zhu et al. (2019) on the impact of 

scarcity on the appropriate discount rate). Overall, the question remains: what is the present value of 

future biodiversity? 

Given the scant research on valuing future biodiversity, and in particular the lack of research on the 

issue under climate change (which we argue has a strong impact on this valuation), we decided to 

model a present-focused decision-maker who cares highly about present conservation outcomes 

(future biodiversity has no value to them) as a rather “extreme” case to complement the analyses 

conducted in the main paper. While in reality, the valuation of future conservation may lie in between 

the two considered extreme cases, we focus on these two cases to gain an understanding of the impact 

of this assumption on overall results. When considering the temporal dimension, the utility function 

given in eq. 5 in the main paper then becomes:  

(B.1) 𝑈𝑡 = 𝑚𝑖𝑛. {U𝑘=1,𝑡 , U𝑘=2,𝑡 , U𝑘=3,𝑡}         

  
Results 

Figure B.1 shows the development of 𝑈𝑡 over time. It can be seen that the utility of conservation 

decreases as the mountain-top habitat H3 becomes increasingly scarce. A higher budget leads to higher 

utilities achieved, especially during the later periods. Comparing this with the results from the utility 

specification analysed in the main paper, it can be seen that spatial flexibility has a lower value, and 

the differences in the value of spatial flexibility are more similar for different budget constraints.  
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The low utilities achieved in the final time steps are caused by the low conservation status of H3 

towards the end of the optimisation. In particular, even for a high budget, the outcomes achieved for 

H3 are relatively low. The present-focused utility function, leading to myopic decision-making, hence 

leads to worse ecological outcomes, which in turn leads to lower utilities in the future.   

 
Figure B.1 Utility of conservation over time for a present-focused decision-maker. 
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Appendix C: Utility of increasing amounts of habitat 

Increasing habitat or population size of a single species is often found to exhibit diminishing marginal 

utility. Hypothetical utility functions are therefore often assumed to be positive but concave (e.g. Davis 

et al. 2003, Davis et al. 2006). There are also a range of empirical studies assessing the willingness-to-

pay (WTP) for increases in habitat or population size, which often find diminishing marginal utility. 

Rather than inventing a hypothetical utility function from scratch, we use published quantitative 

outcomes to develop a utility function that resembles empirical studies. This requires detailed, 

quantitative outcomes (such as information on the WTP for different increases in a certain 

conservation outcome, which also needs to be quantified (e.g. increase in habitat area)). Published 

studies that satisfy these data requirements are summarized in Table C.1. 

Table C.1 Overview of studies used to develop utility functions (may add another one if the authors send me the full text). 

Abbreviated 
name 

Ecosystem studied Reference 

LG Spotted owl habitat Loomis & González-Cabán, 1998 

BT Elephant abundance Bandara & Tisdell, 2005 

LL Gray whale population size Loomis & Larson, 1994 

LLR Steller Sea Lion population size Lew et al. 2010 

To allow comparability between these very different studies, we scale the examined conservation 

outcome between 0 and 1, and scale the WTP or utility reported also between 0 and 1. These utility 

functions are shown in Figure C.1. 
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Figure C.1 Scaled utility of increases in resource amount (habitat or population size) based on the literature (see Table C1 
for references to the four studies). Trend lines of data points have been added.  

It can be seen that utility increases steeply in the first 40% or so of the conservation outcome, increases 

at a smaller rate until around 65% of the conservation outcome, and tends to level off for any further 

increases. Based on this pattern, we develop the utility function shown in Figure C.2. This function 

increases particularly steeply until 8 units of habitat area have been added (which represents around 

40% of maximum habitat areas in case of no additional funding). It then increases less steeply for 

habitat areas up to 13 units, representing around 65% of this maximum value, and starts levelling off.  
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Figure C.2 Utility function exhibiting decreasing marginal utility 
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Appendix D: Neighbourhood 

We assume that grid cells are only connected if they are located within a certain distance d defined by 

the combined Moore neighbourhood (Gray 2003) around already conserved grid cells. Any grid cells 

Mi which are located within this distance d around current reserve site i are those that are part of the 

combined Moore neighbourhood at time t. Those cells Mi are shaded yellow in Figure D.1 (c). 

 
Figure D.1 Illustration of the (a) Moore neighbourhood (d = 1) of a grid cell, (b) the extended Moore neighbourhood (d = 2), 
and (c) the combined Moore neighbourhood of two cells (d = 1). 

This assumption is reasonable as isolated habitats (i.e. grid cells too far away from the reserve network) 

might potentially provide habitat, but this may not be beneficial if the sites are not accessible by any 

target species relying on the potentially provided habitat type, as they lie beyond the species’ dispersal 

abilities (Schöttker & Wätzold 2022). Hence, adding grid cells beyond a combined Moore 

neighbourhood would be ecologically ineffective and not cost-effective per se and is thus assumed 

impossible in our model.  
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Appendix E: Sensitivity analysis regarding climate change sensitivities of habitats  

Figure E.1 shows results for different climate change sensitivities of the habitat types. Specifically, we 

consider that H1 may not expand under climate change (as assumed in the main text), but rather shift 

uphill, similar to the other two habitat types. Figure E.1 shows that as in the main text, the utility of 

conservation increases as the available capital for adaptation increases. Moreover, the ‘sale’ policy is 

strictly preferable to the ‘no sale’ strategy, but the value of spatial flexibility decreases with increasing 

budgets. We conclude that the general trends observed in the main paper also hold for this distribution 

of habitat types.  

 

Figure E.1 Utility of conservation for the alternative habitat suitability specification. 
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Appendix F: Additional results on site habitat permanence 

In this Appendix, we briefly discuss reasons why people may value site habitat permanence (Appendix 

F1) and show results for reserve permanence, i.e. the percentage area of the original reserve network 

maintained in all time steps (Appendix F2). 

Appendix F1: The value of site habitat permanence 

In the main paper, we assume that the conservation agency only cares about preventing species 

extinctions. However, people may also value site habitat permanence i.e. the percentage of initial 

habitat that is maintained in the same sites over time: Consider a region that has traditionally provided 

habitat for some species. People living in this region may have preferences for conserving the species 

that have traditionally been part of this region’s habitat (e.g. Lundhede et al. 2014) and for maintaining 

the use value they derive from experiencing the species in question, e.g. via bird watching, or the 

cultural ecosystem services provided by the region’s habitats. If the habitat shifts further away, 

distance-decay reduces the utility people gain from the habitat simply due to the increasing distance 

(Bateman et al. 2006, Danley et al. 2021). If people additionally exhibit loss aversion, losing biodiversity 

in their region may have to be compensated by a “larger amount” of “new” biodiversity to ensure 

indifference (Kahneman & Tversky (1979) and see Bartczak et al. (2015) for an example in the field of 

biodiversity valuation). Moreover, given the temporal dimension that needs to be considered 

inevitably in biodiversity conservation problems under climate change, people may have preferences 

for conserving a habitat to maintain a species’ population within the region due to its option value, 

even if they may not experience any use value from the species’ existence at present (Paul et al. 2020, 

Dasgupta 2021). Finally, people may even gain bequest value from ensuring the habitat’s persistence 

as they may value future generations experiencing the ecosystem as they have (Turner et al. (2003), 

see O’Garra (2009) for an example).  

In how far is it important that habitat sites are maintained in exactly the same locations then? For 

ecological reasons, maintaining habitat on a specific site may be important (Ranius et al. 2022). 

Regarding possible preferences for site habitat permanence discussed above, a regional focus may be 

appropriate in many cases: Regarding the use value derived from habitat conservation, it may be 

important to people to be able to access the habitat easily, but whether the exact location changes 

within a person’s region may not matter as much. However, even within a region people may value 

specific habitat sites. For example, people may value an existing nature park, and if this park ceased to 

exist this loss may not easily be compensated by the creation of a new park in the region due to loss 

aversion. 
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In the main paper, we examine site habitat permanence (on a specific location) over the entire model 

timeframe. This may be an appropriate consideration of preferences in some cases, and also for 

ecological reasons. However, in other cases, a more nuanced consideration of whether habitat is 

maintained in a certain region (rather than in a specific location/ grid cell) may be more adequate. 

Appendix F2: Reserve permanence 

Here, we provide detailed results on the policies’ reserve permanence, which directly influence the 

site habitat permanence results presented in the main paper. This additional analysis allows us to gain 

an understanding on the trade-off between the ‘sale’ policy (which provides flexibility at a cost in terms 

of habitat turnover) and the ‘no sale’ policy (which maximises site habitat permanence but does not 

account for changes in comparative advantages of sites over time) for adapting biodiversity 

conservation to the challenges of climate change. 

Figure F.1 shows the share of conservation sites that are maintained throughout the run-time of the 

model, i.e. the degree of reserve permanence for different funding levels for the ’sale’ and ’no sale’ 

policies. In the ’no sale’ policy, 100% of sites are maintained due to the restriction on sales for all 

funding levels. In the ’sale’ policy however, permanence is lower than in the ’no sale’ policy, but 

increases with the amount of additional funding available from approx. 79% (K = 0MU) to approx. 86% 

(K = 160MU). 
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Figure F.1 Reserve permanence measured as the % area of the original reserve network maintained in all time steps 
depending on the level of funding. 
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