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Abstract

Although biodiversity is generally diminishing, in some areas its conservation is expanding. 

However; the exact path of this expansion is uncertain. This can lead to problems of path-

dependence and lock-in effects. Path dependence describes situations where history strongly 

influences present decisions and lock-in effects refer to situations where an earlier decision 

provides strong incentives to follow a particular path, even if more efficient alternatives are 

available later on. We develop a conceptual ecological-economic model to investigate which 

ecological and economic parameters favour the appearance of efficiency losses in biodiversity

conservation due to path dependence and lock-in effects in a dynamic two-period two-region 

model. Generally we find that efficiency losses occur if there are signals that guide the first-

period budget into a region that later turns out to be suboptimal if both time periods had been 

considered right from the beginning. To illustrate the conservation relevance of our findings, 

we present potential efficiency losses through path dependence in the hypothetical case of 

applying offsets to conserving the endangered Maculinea teleius butterfly near the city of 

Landau in Germany.

Key words: dynamic optimisation, ecological-economic model, ecological benefit, economic 

cost, efficiency, resource allocation.

Highlights

 Lock-in and path dependence can arise in dynamic systems subject to uncertainty

 Lock-in and path dependence can lead to efficiency losses

 We explore lock-in and path dependence in a conservation planning problem

 We identify the circumstances under which efficiency losses are high
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Introduction

Global biodiversity is declining at an alarming rate (Butchart et al. 2010). Despite this general

negative trend, biodiversity conservation is expanding in some areas. Examples include the 

enlargement of reserve sites (Morales-Hidalgo et al. 2015), the generation of new habitats 

through financial means from offsets (Wende et al. 2018), the implementation of conservation

easements (Rissmann et al. 2013), and land purchase by conservation agencies and NGOs 

(Schöttker and Wätzold 2018). This expansion, however, is typically slow and the exact path 

of expansion is unknown as the future political situation regarding biodiversity conservation 

(Haila and Henle 2014) and the availability of future conservation budgets (Drechsler and 

Wätzold 2007) are full of uncertainties. This means that decision makers have to make 

conservation decisions today without knowing to what extent conservation expansion is 

possible in the future. 

In their analyses of decisions and their consequences in a dynamic and uncertain world, 

economists and social scientists have identified path dependence and lock-in effects as 

important factors that affect the long-term consequences of present decisions and may lead to 

inefficiencies (David 1985, North 1991). The concept of path dependence typically is used to 

describe situations where history, i.e. previous conditions, strongly influences present 

decisions (Liebowitz and Margolis 1995). The term lock-in has been used to explain that an 

earlier decision provides strong incentives to follow a particular path – to be locked-in in that 

path - even if more efficient alternatives are available later on (David 1985). Applications of 

the concepts of path dependence and lock-in effects are found in the fields of technology 

development (Ruttan 1997), organisational analysis (Sydow et al. 2009), and institutional 

change (North 1991), among others. 

There are also some studies that use these concepts in environmentally related research. 

Barnett et al. (2015) investigate how the path-dependent nature of the institutions limit 
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today’s climate change adaptation in Australia. Unruh and Carrillo-Hermosilla (2006) argue 

that due to industrial lock-in effects developing countries are unlikely to leapfrog carbon 

intensive energy production, and regarding agricultural land use, Sutherland et al. (2012) use 

path dependence to explain farmers’ resistance to move towards environmentally beneficial 

land use. The closest analysis to biodiversity conservation that we found is the application of 

the concept of path dependence to explain the emergence of payments for ecosystem services 

(Bidaud et al. 2013). However, to our knowledge there is no research that analyses 

biodiversity conservation policies and strategies from the perspective of path dependence and 

lock-in effects in a systematic manner.

The overall purpose of this paper is to contribute to filling this gap by applying the concepts 

of path dependence and lock-in effects to the analysis of biodiversity conservation, using a 

conceptual ecological-economic model. The model considers the case of a conservation 

agency that has to allocate a conservation budget over two time periods and two regions. The 

regions are characterized by their initial amounts of conserved land and the shapes of their 

ecological benefit and economic costs functions which relate conserved land to benefits and 

costs, respectively. We explore the extent to which these characteristics, as well as the 

available conservation budget and the conservation agency’s time preference, favour 

efficiency losses from path dependence and lock-in effects.

For this we compare two settings. In a ‘myopic setting’, the conservation agency only knows 

before each period the budget for that period and has no information about the budget in the 

second period. In an ‘optimal setting’, the agency is informed in the beginning about the 

budgets available in both periods. In comparison with the optimal setting, efficiency losses 

may occur in the myopic setting because the agency invests the budget in a region where it is 

optimal at the time of the decision in period 1 but sub-optimal in hindsight in period 2. Path 

dependence occurs as the decision on where to allocate the budget generates conservation 
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conditions that influence the decision on where to allocate the budget in period 2. Lock-in 

arises as the decisions of the first period cannot be easily reversed for ecological reasons 

(reversal would create habitat turnover that negatively affects species) and for economic 

reasons (purchase and sale of conservation areas is likely to incur costs). 

To demonstrate the practical relevance of our findings, we present potential efficiency losses 

through path dependence and lock-in in the hypothetical case of applying payments financed 

by offsets to conserve the Large Blue butterfly, Maculinea teleius, in a region near the city of 

Landau in Germany. 

Our work relates to the analysis of biodiversity conservation in a dynamic and uncertain 

world (Costello and Polasky 2004, Meir et al. 2004, Pressey et al. 2007). For example, Johst 

et al. (2011) and Van Teeffelen et al. (2012) discuss the impact of habitat network dynamics 

on species conservation. Adopting a more historical perspective Dallimer et al. (2009) address

land use change, habitat change, and how stakeholders perceive it in the Peak District in 

England. Other research addresses the risk of land-use conversion (Strange et al. 2006), the 

impact of price uncertainty on different aspects of agri-environment policies (Barraquand and 

Martinet 2011), the spatial allocation of conservation measures including land price feedbacks

(Dissanayake and Önal 2011), and how to optimally allocate conservation budgets over time 

considering budget uncertainty (Drechsler and Wätzold 2007) and flexibility (Lennox et al. 

2017). Further examples are analyses on the impact of land market feedbacks on reserve 

selection (Butsic et al. 2013), the impact of policy adjustment costs on species management if 

ecosystems change (Boettiger et al. (2016), the cost-effective mitigation of threats to 

biodiversity conservation (Auerbach et al. (2015), and the combination of threat mitigation 

with different types of discounting (Armsworth 2018). More recently, the impact of 

(uncertain) climate change has gained prominence in conservation planning (Ando et al. 2018,

Vincent et al. 2019). 
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A seminal paper on efficiency losses that arise from myopic decisions is Meir et al. (2004) 

who investigate efficiency losses in the context of uncertain conservation investment 

opportunities, varying budget constraints, and biodiversity degradation in unprotected sites. 

Further research includes Spring et al. (2010) who investigate efficiency losses of strategies 

that address only current threats to biodiversity compared to strategies that consider future 

threats, Iacona et al. (2017) who show that making conservation investments in future periods 

can be superior to making them today, for example due to learning and capacity building, and 

Robillard and Kerr (2017) who investigate efficiency losses that occur in the context of 

heterogeneous land price dynamics if the delay between design and implementation of 

conservation plans is too long.

Our research is different from the abovementioned research as we identify how three basic 

factors that are relevant for most conservation decisions – the shape of the cost functions and 

the ecological benefit functions as well as the size of the conservation budget – influence 

efficiency losses of myopic decisions. Moreover, we are the first to explicitly apply the 

framework of path dependence and lock-in effects to analyse biodiversity conservation 

decisions. We hope this will stimulate cross-fertilisation between general economic research 

of path dependence and lock-in effects and research in conservation biology. 

2. Methods

2.1 The model

We consider two regions that differ by their ecological benefit functions, their economic cost 

functions and their initial habitat area. For the choice of the benefit functions we build two 

scenarios: 
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(a) the benefit functions are concave or convex to varying degrees, such that the benefit Bi in 

region i (i = 1,2) is given by:

(1a)

where Ai is the habitat area in region i and zi a region-specific constant. 

Concave benefit functions (zi < 1) may be motivated by the species-area relationship that tells 

that the number of species in a region increases with the size of that region in a concave 

manner (Begon et al. 1990, Table 22.1), or by the fact that the expected life time of a 

population subject to strong environmental fluctuations increases less than linearly with 

increasing habitat area (Lande 1993, Wissel et al. 1994). Convex benefit functions (zi > 1) 

may arise due to threshold effects or the fact that the expected life time of a population subject

to weak environmental fluctuations increases more than linearly with increasing habitat area 

((Lande 1993, Wissel et al. 1994). In the case study in section 4 we will use that (in the 

absence of spatial environmental correlations) the viability of a metapopulation increases with

increasing number of habitat patches in a convex manner. Examples of concave and convex 

benefit functions are shown in Fig. 1a.

 (b) the benefit functions are saturating, such that the benefit is given by

(1b)

where ki and zi are constants. In a saturating benefit function the benefit is limited to some 

maximum value, which in the present formulation is equal to one. For zi > 1 (dash-dotted and 

long-dashed lines in Fig. 1b) the benefit increases in a convex manner with increasing habitat 

area Ai if Ai is rather small, and in a concave manner if Ai is rather large (sigmoid shape). 

Increasing ki beyond the value of 2 chosen in Fig. 1b would shift the concave region towards 

larger values of Ai. The sigmoid shape of the ecological benefit function models an ecological 

threshold that must be crossed to reach high ecological benefits. The magnitude of habitat 
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area Ai that is needed to cross the threshold is positively related to parameter ki, so that 

increasing ki shifts the threshold towards larger areas Ai.

For zi ≤ 1 (solid, dotted and short-dashed lines in Fig. 1b) the benefit Bi increases in a concave

manner with increasing habitat area Ai so that the marginal benefit declines with increasing Ai.

This case is qualitatively very similar to the case of concave benefit functions in eq. (1a) 

discussed above.

Initially, each of the two regions has a habitat area of magnitude A0i which may be increased 

by amounts Ai. The associated costs (depending on the policy instrument this might be 

purchase of area, conservation payments, etc.) are modelled as

, (2)

so that cost Ci increases quadratically with increasing habitat area Ai. This implies that the 

marginal cost dCi/dAi increases linearly with increasing habitat area Ai, and 2e is the slope of

that increase. Parameter c0i is the cost of the first unit of increased habitat area. Marginal costs

can be shown to increase linearly if the costs of the land parcels are heterogeneous and 

distributed according to a uniform distribution (Drechsler 2011). For reasons of simplicity, we

assume that the financial expenses for conservation, i.e. the budget, equal costs Ci (see 

Wätzold and Drechsler (2014) and Drechsler (2017) for examples where an efficiency 

analysis considers budget and costs separately). 

The total conserved area in region i then is

. (3)

which determines the benefit Bi according to eq. (1). We assume that the total benefit in both 

regions is 

, (4)
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for an alternative assumption see Wätzold and Drechsler (2005). Based on the above settings 

and using eq. (1a), Drechsler and Wätzold (2001) analysed the decision problem where a 

conservation agency must allocate a budget Ctot among the two regions to maximise Btot.

The control variable in that static decision problem is the budget share q[0,1] that falls into 

region 1, with  and  (and C1 + C2 = Ctot). Depending on the parameters, a cost-effective share 

qopt exists that maximizes Btot for given Ctot.

Dynamics and time-dependence come into play by assuming that the budget becomes 

available to the conservation agency in two tranches. In a first period the agency can spend a 

budget of C(1) and in a second period a budget C(2) is available. The corresponding total 

benefits in the two periods are calculated according to eq. (4) and denoted as Btot
(1) and Btot

(2), 

and the total intertemporal benefit is assumed to be

, (5)

where r is the discount factor. 

The task for the conservation agency is to allocate the two budgets Ctot
(1) and Ctot

(2) among the 

two regions so that the intertemporal benefit B is maximised. An allocation is represented by 

q(1) and q(2) where  is the budget for region 1 in period 1,  is the budget for region 2 in period 

1,  is the budget for region 1 in period 2, and  is the budget for region 2 in period 2.

We consider two settings in this dynamic allocation problem:

(I) ‘optimal’: the conservation agency knows Ctot
(1) and Ctot

(2) in the beginning of the 

first period and chooses q(1) and q(2) to maximise the intertemporal benefit B.

(II) ‘myopic’: in the beginning of the first period the conservation agency only knows 

Ctot
(1) and chooses q(1) to maximise Btot

(1). Only in the beginning of the second 
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period it learns the budget Ctot
(2) for the second period and based on this 

information chooses q(2) to maximise B. 

In the myopic setting, the conservation agency allocates the budget into the two regions based

on the size of the currently available budget, as it has no information about the availability of 

future budgets. This leads to path dependence in a sense that “history matters” (Liebowitz and

Margolis 1995): the decision in period 1 on where to allocate the conservation budget C(1) 

generates conservation conditions that influence the decision in period 2 on where to allocate 

the conservation budget C(2). As the decisions of the first period cannot be easily reversed for 

ecological reasons (reversal would create habitat turnover which negatively affects species: 

Johst et al. 2011) and for economic reasons (it is not straightforward to purchase and sell 

conservation areas, Lennox et al. 2017), the conservation investment from the first period is 

“locked-in”. 

Due to path dependence and the lock-in effect the intertemporal benefit in the myopic setting 

(Bmyopic) may be smaller than that in the optimal setting (Bopt). An efficiency loss occurs which 

is measured by

. (6)

2.2 Model analysis

To analyse the effect of the model parameters on the existence and relevance of path 

dependencies we randomly sample the model parameter values from uniform distributions 

(Table 1). We build 106 random parameter combinations and for each of them calculate the 

efficiency loss L. We identify the set P of all parameter combinations that lead to efficiency 

losses L ≥ 0.1 for the scenario of eq. (1a) and L ≥ 0.05 for the scenario of eq. (1b). We are 
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interested in the statistical properties of the parameter combinations in P. For this we first 

calculate the means of the model parameters in P to compare them with the means from the 

uniform distributions of Table 1. A large difference in these means for some focal model 

parameter indicates that efficiency losses L ≥ 0.1 (L ≥ 0.05) are not found for all values of that

parameter but only (or predominantly) for values within a subrange of the total range 

considered. This in turn indicates that this model parameter has a strong influence on the 

existence of path dependence, and the sign of the difference between the two means indicates 

whether an increase in the parameter increases or decreases the likelihood of path 

dependence. 

In a second step we aim at detecting interactions between model parameters and calculate 

pairwise correlations (based on Pearson’s correlation coefficient) between the parameters, 

based on the set P. To identify interactions of three or more parameters we introduce a new 

approach which is based on the observation that if, e.g., two normalised quantities x and y 

(with a mean of zero and a standard deviation of one) are strongly positively (negatively) 

correlated their sum x + y (difference x – y) has a comparatively large variation. In Appendix 

S1 we develop a new procedure that allows analysing combinations of multiple quantities 

with regard to positive and negative correlations and ranks them through some ‘weighted’ 

sum f introduced in Appendix S1. If two model parameters a and b, e.g., have a correlated 

effect on the likelihood of path dependence, the procedure will generate the result ‘{a + b} 

best characterises the relationship between parameters a and b’, where the plus sign represents

the positive correlation (a minus sign would represent a negative correlation). With three 

model parameters, a, b and c, a typical result might be ‘{a + b – c} best characterises the 

relationship between the three parameters quantities a, b and c’, where {a + b – c} stands for 

‘a is positively correlated with b and negatively correlated with c’. In the analysis we consider
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interactions of up to four model parameters and identify the three strongest correlations (with 

highest Pearson’s correlation coefficient and/or the highest value of f).

3. Results

3.1 Concave and/or convex benefit functions

We identified 17,680 parameter combinations which lead to efficiency losses L equal or 

above 0.1. Table 2 shows the means of the parameters in this set P. Some of the means differ 

from those in Table 1: the means of z1 and z2 are increased, those of A10 and A20 are reduced, 

and the mean of C(1) is reduced while that of C(2) is increased. The increased means of the 

exponent z1 and z2 mean that efficiency losses are more likely to occur with strongly convex 

benefit functions (large z) than with weakly convex or concave functions (small z). The reason

is the strongly increasing marginal benefits associated with strongly convex benefit functions. 

This implies that (i) the benefit increases fast with increasing budget, it increases faster than 

the costs which increase only quadratically, and therefore larger budgets should always be 

allocated into the region with the highest zi, and that (ii) substantial differences occur between

the benefits of the two regions (for given habitat area) even if their z values differ only 

slightly (Fig. 1a). These two aspects imply that extreme allocations of the budget (all into one 

region in the first period) are most critical if in hindsight it turns out that another allocation 

with a larger share in the other region would have been better.

Small initial habitat areas A01 and A02 mean that even if z1 and z2 differ, the initial benefits 

Bi(A0i) and the initial marginal benefits dBi(Ai0)/dAi do not yet differ strongly, so the signal for 

allocating the budget into the region with the higher zi is weak compared to other signals like 

costs, so a small budget may be misguided into the region with the lower zi.
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To understand the result regarding the budgets C(1) and C(2), consider that in the myopic setting

the conservation agency decides on the first-period allocation only on the basis of C(1). If C(1) 

is small compared to the total budget C(1) + C(2) then due to the differing cost and benefit 

functions there is a risk that the cost-effective allocation based on C(1) differs from that based 

on C(1) + C(2).

Next consider the pairwise correlations between the parameters in P. Both with regard to 

Pearson’s correlation coefficients and our own procedure for detecting correlations (Appendix

A), the three strongest correlations are   

(i) z1 + A02 

(ii) A01 – A02

(iii) z1 – A01.

Note that these correlations also include their symmetric counterparts, obtained by swapping 

the region indices 1 and 2, such as, e.g., z2 + A01 for correlation (i), A02 – A01 for correlation (ii),

and z2 – A02 for correlation (iii). Correlation (i) indicates that efficiency losses are likely if the 

exponent z1 and the initial habitat area A02 are positively correlated. A positive correlation 

means that a comparatively large value of z1 is related to a large value of A02 and a small value

of z1 is related to a small value of A02. To consider the first case of both parameters being 

large, according to the benefit function eq. (1), a large A02 implies a comparatively large initial

marginal benefit in region 2, even if the benefit function in region 2 is less convex or more 

concave than in region 1 (z2 < z1). A large value of z1, however, implies that the ecological 

benefit function in region 1 is likely to be more convex than in region 2. Consequently, in the 

myopic setting the large initial marginal benefit in region 2 guides the first-period budget C(1) 

into region 2 which, however, is likely to have the less convex or more concave benefit 

function, and is less cost-effective for larger budgets. 
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For the case of both z1 and A02 being small the argument is analogous: a small A02 implies that 

the initial marginal benefit in region 2 is likely to be lower than that in region 1, misguiding 

the first-period budget C(1) into the region which has a benefit function likely to be less 

convex or more concave than the other region. 

Since the two cases of both parameters being large and both being small lead to the same 

conclusion, we consider only one of these two cases in the interpretation of the other 

correlations below. Analogously, if the two parameters are negatively correlated so that a 

large value of one parameter coincides with a small value of the other (correlations (ii) and 

(iii)), we consider only one of the two possible cases. In addition, we consider that if a 

parameter is high for one region (e.g., large z1) it is likely (probability above 50%) to be 

higher than that for the other region (z2), unless there is some significant correlation between 

the two parameters (z1 and z2).

The (likely) efficiency loss caused by the positive correlation between z1 and A02 (correlation 

(i)), of course, occurs only if the two initial habitat areas differ (because otherwise both 

regions would have the same initial marginal benefit), which is indicated by correlation (ii), 

that is efficiency losses occur especially if A01 and A02 are negatively correlated, i.e. when one 

of them is large and the other one is small.

The negative correlation (iii) between z1 and A01 can be explained in the same way as 

correlation (i). For instance, a large value of A01 implies a high initial marginal benefit in 

region 1 and in the myopic setting the budget C(1) is likely to be allocated into region 1. This 

region, however has a more concave benefit function (small z1) which calls for allocation of 

the budget into region 2 (with the probably higher exponent z2 > z1) in the optimal setting.

The three strongest triple correlations are (again not listing their symmetric counterparts):

(iv) z1 – A01 + A02
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(v) z1 – z2 – A01

(vi) z1 – z2 + A02.

They represent combinations or ‘amplifications’ of the three pairwise correlations above and 

can be explained in the same way. Correlation (iv), for instance, amplifies correlation (ii) 

above, so that efficiency losses occur especially if the initial habitat areas are negatively 

correlated, and if in addition the exponent z1 in region 1 is negatively correlated with A01 

(correlation (iii)).

The three strongest quadruple correlations are:

(vii) z1 – z2 – A01 + A02

(viii) z1 – c02 – A01 + A02

(ix) z1 – e1 – A01 + A02.   

Correlation (vii) is again a combination or amplification of the previous correlations. 

Correlations (viii) and (ix), in contrast, add some new information. Regarding correlation 

(viii), in the myopic setting the correlation z1 – A01 + A02 is likely to misguide the budget C(1) 

into region 2 with the higher initial habitat area and marginal benefit. This is amplified by a 

small initial marginal cost c02 (c02 is positively correlated with A02 in correlation (viii)). The 

misallocation into region 2 induced by the correlation z1 – A01 + A02 is also amplified if the 

increase in marginal costs e1 in region 1 is small (correlation ix)) because cost increases only 

weakly with increasing budget, favouring region 1 for large budgets. 

Altogether, efficiency losses are likely to be large if the benefit functions differ and are 

convex and the region with the higher degree of convexity (z) has

(i) the smaller initial habitat area A
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(ii) the larger initial marginal cost c0, and

(iii) the smaller increase in the marginal cost e.

In addition, for efficiency losses to occur, the budget for period 2 must be large enough 

compared to the budget for period 1 so that it can induce a significant increase in the benefits 

in period 2, but it must not be so large that the allocation of the period-1 budget plays no role. 

For purpose of illustration, consider an example. A very large efficiency loss of L = 0.94 was 

obtained by the parameter sample z1 = 4.75, z2 = 4.80, A01 = 9.61, A02 = 0.75, c01 = 0.28, c02 = 

0.94, e1 = 2.68, e2 = 0.03, r = 0.08, C(1) = 2.94 and C(2) = 5.02. Here, both regions have convex 

benefit functions with the benefit function in region 2 being more convex. However, the 

initial habitat area in region 1 is substantially larger and the initial costs much smaller than in 

region 2, which induces an initial allocation of the budget in period 1 in region 1. However, 

this is not cost-effective in hindsight as not only the benefit function in region 2 is more 

convex than in region 1 but also the increase in the marginal costs is much smaller. 

3.2 Saturating benefit functions

As Table 2 shows, some of the means in set P differ from those in Table 1. The main 

differences are that the means of the initial habitat areas, A01 and A02, and the budgets, C(1) and 

C(2), are smaller than in the case of convex or concave benefit functions. Although the means 

of the exponents z1 and z2 are only slightly higher than the means in Table 1, they represent 

sigmoid benefit functions in which the ecological benefit first increases on a convex manner 

and later in a concave manner (Fig. 1b). Together with this observation, the relatively small 

means of A01, A02, C(1) and C(2) indicate that the problem of efficiency losses due to path 

dependence and lock-in effects occurs especially when the amounts of conserved areas are 
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such that the convex part of the ecological benefit function governs the ecological benefit. By 

this, similar arguments apply as with concave and/or convex benefit functions.

This is confirmed by the observation that the three strongest pairwise correlations obtained 

with saturating benefit functions between the parameters in P are identical to the correlations 

(i) – (iii) obtained with concave and/or convex benefit functions; and the strongest triple and 

quadruple correlations are very similar to correlations (iv) – (ix) above.  

4. Case study

To illustrate the practical relevance of path dependence and lock-in, we consider the 

conservation of the endangered Large Blue butterfly, Maculinea teleius, in a landscape near 

the city of Landau in Germany (Drechsler et al. 2007). If the meadows in the landscape (Fig. 

2) are managed in a profit-maximising manner, they are mown every year at the end of May 

and a second time in mid-July. The second cut thus falls into the eclosion period of the 

butterfly, reducing the species’ reproductive success. As a conservation measure, we consider 

an alternative mowing regime: mowing every second year once at the end of August. This 

mowing regime maximises butterfly survival in the study region for a given budget, without 

harming breeding birds (Drechsler et al., 2010). As shown by the authors, the survival of the 

butterfly is sensitive to the spatial allocation of meadows on which this alternative, butterfly-

friendly mowing regime is applied. In particular, butterfly survival increases with increasing 

spatial aggregation of the butterfly-friendly meadows.

We assume that the butterfly-friendly mowing regime is incentivised through payments from 

offsets, which are available in Germany (OECD 2016). The offsets compensate for long-term 

negative impacts on the environment. Therefore, contracts where farmers commit themselves 

to manage their land in a certain biodiversity-enhancing manner in return to payments, have to
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be long-term (typically 30 years), too (Treffkorn et al. 2007, OECD 2016). We extent the 

analysis of Drechsler et al. (2007) with the butterfly-friendly mowing regime of Drechsler et 

al. (2010) to a dynamic management problem by assuming two periods, each consisting of 15 

years, where in the first period a budget is available that allows total payments of €10,000 per 

annum and in the second period of €20,000 per annum. The budget increase between the two 

periods mimics the setting of the general model analysis that in the second period more land 

can be conserved than in the first. Assuming profit-maximising behaviour, landowners with 

costs below the payment will accept the payment and mow in the butterfly-friendly manner 

while landowners with higher costs manage their land in the profit-maximising manner. 

We further assume that in the west of the study region (left to the vertical dotted line in Fig. 2,

termed the western subregion), marginal conservation costs are lower than in the eastern 

subregion (right to the vertical dotted line in Fig. 2). This is motivated by the assumption of 

farm houses being located in the more rural eastern subregion, implying that the reduced 

mowing frequency of the butterfly-friendly mowing regime reduces transport costs from the 

distant meadows in the western subregion to the farm houses (relative to the transport costs 

associated with the profit-maximising mowing regime which involves more frequent 

mowing). We add these spatially differentiated transport costs to the conservation costs of 

Drechsler et al. (2007) by multiplying those costs in the eastern subregion by a factor b = 2.

Second, we assume that transport costs are lower if the managed meadows are close to each 

other. This is relevant especially in the eastern subregion where the meadows are closer to the 

farm houses, because here a dispersion of the meadows adds relatively more to the transport 

costs than in the western subregion in which all meadows are associated with rather high 

transport costs. To model this circumstance in a simple and intuitive manner, we assume that 

the costs (per hectare) around the point marked by the open circle in Fig. 2 are reduced by

 (7)
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with h = €400 and  = (1.25 km)–1. At the marked point the costs reduction therefore is c = 

€400 and which declines with increasing distance so that one km from the point it equals 

about c = €180.   

The second assumption, together with the fact that the payment scheme induces conservation 

of the least costly meadows, implies that in the eastern subregion butterfly-friendly meadows 

will be spatially aggregated, while in the western subregion they will not. Metapopulation 

theory (Hanski 1999) states that (at least in the absence of correlated environmental 

stochasticity) the viability of a metapopulation increases with increasing number of habitat 

patches in a convex manner (e.g., Frank and Wissel 2002), and the strength of this convexity 

is positively related to the spatial connectivity of the habitat patches (Frank and Wissel 2002).

So the viability of the butterfly population in the study region will increase in a convex 

manner with increasing number of butterfly-friendly meadows, and the convexity is stronger 

if butterfly-friendly meadows are added in the eastern subregion than in the western 

subregion.

Together with our first assumption that marginal conservation costs are higher in the eastern 

subregion than in the western subregion, we are confronted with a typical situation identified 

in the general model analysis that favours path dependence and lock-in: the ecological benefit 

functions are convex, and the more convex benefit function is associated with higher marginal

conservation costs.

Lock-in arises in the present management problem because the contracts between 

conservation agency and farmer have a duration of 30 years implying that a meadow 

conserved in year 1 of the analysis will stay conserved for the next 30 years. The problem of 

path dependence occurs because in the first 15-year period a rather small conservation budget 

is available which may favour a different allocation of butterfly-friendly meadows than the 

larger budget available in the second 15-year period. This change in the cost-effective 
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allocation would call for a reallocation of butterfly-friendly meadows, which however is 

impossible due to the lock-in. 

From the results of the general model analysis we expect that under the myopic setting the 

conservation agency will, given its small budget in the first period and its aim for cost-

effectiveness, allocate the butterfly-friendly meadows in the less costly western subregion – 

which is achieved by offering conservation contracts for all meadows in the study region. In 

contrast, under the optimal setting where the budget increase to the second period is known it 

is cost-effective to offer the contracts only for meadows in the eastern subregion, because at 

larger budgets it is more cost-effective to allocate, despite the higher costs, conservation 

efforts into the region with the more convex benefit function – which in the present case is the

eastern subregion. 

Figure 3 confirms these expectations. In the first period (lines without symbols) the 

quasiextinction risk of the butterfly is smaller if conservation contracts are offered for all 

meadows in the study region (dotted line) than if they are offered only for meadows in the 

eastern subregion (solid line). So in the myopic setting the conservation agency would offer 

the contracts for all meadows. In the second period (lines with symbols), in contrast, the 

quasiextinction risk is lower if the contracts had been offered right from year 1 only for 

eastern meadows (solid line) than if they were offered for all meadows over the entire 30 

years (dotted line) or if they had been offered for all meadows in the first period and were 

offered only for the eastern meadows in the second period (dashed line). Altogether, if only 

the first period is considered it is more cost-effective to offer the contracts for all meadows 

while if the longer future is considered it is more cost-effective to offer them only for 

meadows in the eastern subregion. 

As the case study only served to illustrate the potential relevance of our general analysis for 

real-world conservation, a systematic analysis of the driving factors of the results is beyond 
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the scope of this paper. However, we analysed two alternative scenarios without (i) reduced 

differences in the strengths of convexity (by largely eliminating the spatial clustering of 

butterfly-friendly meadows in the eastern subregion and setting  = (0.125 km)-1) and (ii) 

reduced differences in the marginal conservation costs between the two subregions (by 

reducing b to 1.5), and observed no path dependence: offering the contracts for all meadows 

always minimised the quasiextinction risk. This indicates that the path dependence observed 

in the case study indeed results from the described positive correlation between marginal 

conservation costs and strength of convexity in the ecological benefit function. 

5. Summary of results and discussion

Efficiency losses due to path dependence and lock-in effects are likely if there are signals that 

misguide the first-period budget into a region that is suboptimal in terms of cost-effectiveness 

if both time periods were considered right from the beginning. These wrong signals are 

mainly sent from the marginal costs and benefits. Large initial costs and/or small initial 

marginal ecological benefits in one region are likely to guide the first-period budget into the 

other region. This other region, however, may have a less strongly increasing ecological 

benefit function if both time periods and both budgets were considered.

In our model analysis, this occurred especially if

(i) the ecological benefits functions are strongly convex, so that the benefit increases 

at an increasing rate,

(ii) the initial marginal cost is low in the region with the less convex benefit function 

while the slope of the marginal cost is low in the region with the more convex 

benefit function, so that the first-period budget is misguided into the region which 

in the long run has the higher costs and the lower ecological benefit, 
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(iii) the initial habitat area, and thus the initial marginal benefit is small in the region 

with the more convex benefit function, so that the first-period budget is misguided 

into the other region which in the long run has the lower ecological benefit.

The conservation relevance of the findings is demonstrated by a case study where offset 

payments are applied to butterfly conservation near the city of Landau, Germany. 

Naturally, the problem of path dependence occurs if the budget for the first period is 

substantially smaller than the total budget available for both periods. If it was almost as large 

as the total budget the allocation signal for the first-period allocation would likely to be the 

same as that for the allocation of the total budget. On the other hand, it is plausible (not 

analysed systematically in this paper) that an extremely small first-period budget would not 

lead to large efficiency losses, because even if it was allocated into the wrong region, the 

associated ‘waste of money’ would be small. 

The insights from our model can be generalised to make them fruitful to a broader 

conservation context. The model results indicate a principle structure where in a situation with

several conservation projects and uncertainty over future budgets, path dependence and lock-

in effects with efficiency losses are likely to occur: This is the case if marginal net benefits 

(benefit minus costs) of some projects in the first period are high but in later period(s) low and

for other projects the opposite applies. Myopic concerns of cost-effectiveness (under 

uncertainty) then suggest allocating resources in the first type of projects whereas with 

hindsight and over a long time the opposite allocation might have been the more cost-

effective option. Our case study suggests that such a structure might not be uncommon in 

conservation decisions, calling for more research on path dependence and lock-in effects in 

biodiversity conservation, the efficiency losses that arise and policy responses to avoid them.
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Although these conclusions are derived from an analysis with two periods, we believe that in 

their general sense they are valid also in conservation management problems with more than 

two periods. Nevertheless, extending the analysis two more than two periods would be an 

interesting matter of future research.

A straightforward policy recommendation from our analysis is that uncertainty over future 

budgets should be minimized to the extent possible to avoid efficiency losses due to path 

dependence and lock-in effects. This conclusion – based on a conceptual model – is in line 

with calls from practitioners in several European countries who consider uncertainty over 

future budgets a main impediment for cost-effective conservation activities (Wätzold et al. 

2010). This indicates a high relevance of the issue of budget uncertainty and that better 

conservation outcomes can be achieved if information about future conservation budgets is 

available at an early stage.

However, considering that uncertainty about the future, such as future conservation budgets, 

can never be fully eliminated, the problem of path dependence may be mitigated by an 

awareness of the conditions under which it is likely to occur. Here the results of our general 

model analysis point to the relevance of nonlinearities (e.g., convex benefit functions favour 

efficiency losses while concave functions appear unproblematic), trade-offs between short- 

and long-term policy performance (maximisation of short-term cost-effectiveness may 

compromise long-term cost-effectiveness), and contradictory policy signals (if. e.g., the 

shapes of the cost functions favour one policy and the shapes of the benefit functions favour a 

contrary one).
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6. Conclusions

In our opinion, there is substantial potential for further research to understand under what 

ecological and economic conditions path dependence and lock-in effects in biodiversity 

conservation occur and how conservation policy responses should look like. In our case, 

budget uncertainty leads to path dependence and lock-in effects. However, other factors may 

also favour or hinder their occurrence. A possible factor is the flexibility of policy instruments

to respond to changing ecological and societal circumstances. For example, some people 

argue that conservation banking may be a flexible policy instrument able to respond to change

(Johst et al. 2011, Wende et al. 2018) whereas other policy instruments such as conservation 

easements are criticised for lacking flexibility (Rissman et al. 2013). In how far inflexibility 

of policy instruments contributes to path dependence and lock-in effects is a matter of further 

research and we hope this paper can stimulate this and related debates. 

These debates seem important from a conservation point of view, as our analysis suggests that

if path dependence and lock-in effects are not considered, efficiency losses may occur 

resulting in a waste of scarce conservation resources (cp. Ferraro and Pattanyak 2006, Cong 

and Brady 2012).

Acknowledgements

We are grateful for the helpful comments of three anonymous reviewers.

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556



References

Ando, A., Howlader, A., Mallory, M. 2018. Diversifying to Reduce Conservation Outcome 

Uncertainty in Multiple Environmental Objectives. Agricultural and Resource Economics 

Review 47 (2), 220-238.

Armsworth, P.R., 2018. Time discounting and protected‐area priorities. Conservation Biology

32 (5), 1063–1073. 

Auerbach, N.A, Wilson, K.A, Tulloch, A.I.T., Rhodes, J.R., Hanson, J.O., Possingham, H.P., 

2015. Effects of threat management interactions on conservation priorities. Conservation 

Biology 29, 1626–1635.

Barraquand, F, Martinet, V., 2011. Biological conservation in dynamic agricultural 

landscapes: effectiveness of public policies and trade-offs with agricultural production. 

Ecological Economics 70, 910–920.

Barnett, J.L., Evans, S., Gross, C., Kiem, A.S., Kingsford, R.T., Palutikof, J.P., Pickering, 

C.M., Smithers, S.G., 2015. From barriers to limits to climate change adaptation: path 

dependency and the speed of change. Ecology and Society 20:5.

Begon, M., Townsend, C.R., Harper, J.L., 1990. Ecology: From Individuals to Ecosystems. 

Blackwell, 2nd ed.

Bidaud, C., Méral, P., Andriamahefazafy, F., Serpantié, G., Cahen-Fourot, L., Toillier, A., 

2013. Institutional and historical analysis of payments for ecosystem services in Madagascar. 

Governing the provision of ecosystem services. Springer, Dordrecht, 207–233.

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576



Boettiger, C., Bode, M., Sanchirico, J.N., LaRiviere, J., Hastings, A., Armsworth, P.R., 2016. 

Optimal management of a stochastically varying population when policy adjustment is costly. 

Ecological Applications 26, 808–817.

Butchart, S.H, Walpole, M., Collen, B., Van Strien, A., Scharlemann, J.P., Almond, R.E., ...  

Carpenter, K.E., 2010. Global biodiversity: indicators of recent declines. Science 382, 1164–

1168.

Butsic, V., Lewis, D.J., Radeloff, V.C., 2013. Reserve selection with land market feedbacks. 

Journal of Environmental Management 114, 276–284.

Cong, R.-G., Brady, M., 2012. How to design a targeted agricultural subsidy system: 

efficiency or equity? PLoS One 72012: e41225.

Costello, C., Polasky, S., 2004. Dynamic reserve site selection. Resource and Energy 

Economics 26, 157–174.

Dallimer, M., Tinch, D., Acs, S., Hanley, N., Southall, H.R., Gaston, K.J., Armsworth, P.R., 

2009. 100 years of change: examining agricultural trends, habitat change and stakeholder 

perceptions through the 20th century. Journal of Applied Ecology 46, 334–343. 

David, P.A., 1985. Clio and the Economics of QWERTY. The American Economic Review 

75, 332–337. 

Dissanayake, S. T., Önal, H., 2011. Amenity driven price effects and conservation reserve site

selection: A dynamic linear integer programming approach. Ecological Economics, 70 (12), 

2225-2235.

Drechsler, M., Wätzold, F., 2001. The importance of economic costs in the development of 

guidelines for spatial conservation management. Biological Conservation 11, 51–59.

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598



Drechsler, M., Wätzold, F., 2007. The optimal dynamic allocation of conservation funds 

under financial uncertainty. Ecological Economics 61, 255–266.

Drechsler, M., 2011. Trade-offs in the design of cost-effective habitat networks when 

conservation costs are variable in space and time. Biological Conservation.144, 479–489.

Drechsler, M., 2017. Generating spatially optimized habitat in a trade-off between social 

optimality and budget efficiency. Conservation Biology 31, 221–225

Ferraro, P.J., Pattanayak, SK., 2006. Money for nothing? A call for empirical evaluation of 

biodiversity conservation investments. PLoS Biology 4, e105.

Haila, Y., Henle, K., 2014. Uncertainty in biodiversity science, policy and management: a 

conceptual overview. Nature Conservation 8, 27.

Iacona, G.D., Possingham, H. P., Bode, M., 2017. Waiting can be an optimal conservation 

strategy, even in a crisis discipline. Proceedings of the National Academy of Sciences, 114 

(39), 10497-10502.

Johst, K., Drechsler, M., van Teeffelen, A., Hartig, F., Vos, C.C., Wissel, S., Wätzold, F., 

Opdam, P. 2011. Biodiversity conservation in dynamic landscapes: trade-offs between 

number, connectivity and turnover of habitat patches. Journal of Applied Ecology 48, 1227–

1235.

Lande, R., 1993. Risks of population extinction from demographic and environmental 

stochasticity and random catastrophes. The American Naturalist 142, 911–927.

Lennox, G.D., Fargione, J., Spector, S., Williams, G., Armsworth, P.R., 2017. The value of 

flexibility in conservation financing. Conservation Biology 31, 666–674. 

Liebowitz, S.J., Margolis, S.E., 1995. Path dependence, lock-in, and history. Journal of Law, 

Economics, and Organization 11 (1), 205–226.

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621



Meir, E., Andelman, S., Possingham, H.P., 2004. Does conservation planning matter in a 

dynamic and uncertain world?  Ecology Letters 7, 615–622. 

Morales-Hidalgo, D., Oswalt, S.N., Somanathan, E., 2015. Status and trends in global primary

forest, protected areas, and areas designated for conservation of biodiversity from the Global 

Forest Resources Assessment 2015. Forest Ecology and Management 352, 68–77.

North, D.C., 1991. Institutions. Journal of Economic Perspectives 5, 97–112.

Pressey, R.L., Cabeza, M., Watts, M.E., Cowling, R.M., Wilson, K.A., 2007. Conservation 

planning in a changing world. Trends in Ecology & Evolution 22, 583–592.

Rissman, A., Bihari, M., Hamilton, C., Locke, C., Lowenstein, D., Motew, M., Smail, R., 

2013. Land management restrictions and options for change in perpetual conservation 

easements. Environmental Management 52, 277–288.

Robillard, C. M., Kerr, J. T. 2017. Assessing the shelf life of cost‐efficient conservation plans 

for species at risk across gradients of agricultural land use. Conservation Biology 31(4), 837-

847.

Ruttan, V.W., 1997. Induced innovation, evolutionary theory and path dependence: sources of

technical change. The Economic Journal 107, 1520–1529.

Schöttker, O., Wätzold, F., 2018. Buy or lease land? Cost-effective conservation of an 

oligotrophic lake in a Natura 2000 area. Biodiversity and Conservation 27, 1327–1345.

Spring, D., Baum, J., Nally, R.M., MacKenzie, M., Sanchez‐Azofeifa, A., Thomson, J. R., 

2010. Building a regionally connected reserve network in a changing and uncertain world. 

Conservation Biology, 24 (3), 691-700.

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642



Strange, N., Thorsen, B.J., Bladt, J., 2006. Optimal reserve selection in a dynamic world. 

Biological Conservation 131, 33–41.

Sutherland, L.A., Burton, R.J., Ingram, J., Blackstock, K., Slee, B., Gotts, N., 2012. 

Triggering change: towards a conceptualisation of major change processes in farm decision-

making. Journal of Environmental Management 104,142–151. 

Sydow, J., Schreyögg, G., Koch, J., 2009. Organizational path dependence: Opening the black

box. Academy of Management Review 34, 689–709.

Treffkorn, A., Jessel, B., Szaramowicz, M., 2007. Kompensationsmaßnahmen und 

Landwirtschaft. Naturschutz und Landschaftsplanung 39, 2.

Unruh, G.C., Carrillo-Hermosilla, J., 2006. Globalizing carbon lock-in. Energy Policy 34, 

1185–1197.

Van Teeffelen, A.J., Vos, C.C., Opdam, P., 2012. Species in a dynamic world: consequences 

of habitat network dynamics on conservation planning. Biological Conservation 153, 239–

253. 

Vincent, C., Fernandes, R. F., Cardoso, A. R., Broennimann, O., Di Cola, V., D'Amen, M., ... 

Guisan, A. 2019. Climate and land-use changes reshuffle politically-weighted priority areas of

mountain biodiversity. Global Ecology and Conservation, 17, e00589.

Wätzold, F., Drechsler, M., 2005. Spatially uniform versus spatially heterogeneous 

compensation payments for biodiversity-enhancing land-use measures. Environmental and 

Resource Economics 31, 73–93.

Wätzold, F., Drechsler, M., 2014. Agglomeration payment, agglomeration bonus or 

homogeneous payment? Resource and Energy Economics 37, 5–101.

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664



Wätzold, F., Mewes, M., van Apeldoorn, R., Varjopuro, R., Chmielewski, T.J., Veeneklaas, 

F., Kosola, M.L., 2010. Cost-effectiveness of managing Natura 2000 sites: an exploratory 

study for Finland, Germany, the Netherlands and Poland. Biodiversity and Conservation 19, 

2053–2069.

Wende, W., Tucker, G.M., Quétier, F., Rayment, M., Darbi, M. (Eds.)., 2018. Biodiversity 

Offsets: European Perspectives on No Net Loss of  Biodiversity and Ecosystem Services. 

Springer.

Wissel, C., Stephan, T., Zaschke, S.-H., 1994. Modelling small populations, pp. 67–103 in 

Remmert H, editor. Minimum Viable Populations. Springer, Berlin/London/New York.

665

666

667

668

669

670

671

672

673



Tables

Table 1: Ranges for the model parameters.

Parameter Meaning Minimum Maximum Mean
zi Exponent benefit function (eq. 1a) 0 5 2.5
ki Threshold in sigmoid benefit (eq. 1b) 0 10 5
c0i Offset marginal cost function (eq. 2) 0 1 0.5
ei Slope marginal cost function (eq. 2) 0 5 2.5
A0i Initial conserved area region i (eq. 3) 0 10 5
Ctot

(1) Budget period 1 0 10 5
Ctot

(2) Budget period 2 0 10 5
r Discount rate for benefit (eq. 5) 0 0.1 0.05
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Table 2: Means of the parameter values in the set P of parameter combinations that lead to 

efficiency loss L ≥ 0.1 (concave and/or convex benefit functions, scenario a) and L ≥ 0.05 

(saturating benefit functions, scenario b), respectively. In parentheses the comparison with the

means from the uniform distributions of Table 1.

Parameter Mean (concave/convex) Mean (saturating)
Benefit exponent z1 3.38 (> 2.5) 2.77 (> 2.5)
Benefit exponent z2 3.39 (> 2.5) 3.04 (> 2.5)
Threshold k1 - 5.80 (≈ 5)
Threshold k2 - 5.92 (≈ 5)
Initial marginal cost c01 0.51 (≈ 0.5) 0.52 (≈ 0.5)
Initial marginal cost c02 0.51 (≈ 0.5) 0.53 (≈ 0.5)
Slope marginal cost e1 2.43 (≈ 2.5) 2.95 (> 2.5)
Slope marginal cost e2 2.42 (≈ 2.5) 2.74 (≈ 2.5)
Initial habitat area A01 3.72 (< 5) 1.84 (< 5)
Initial habitat area A02 3.68 (< 5) 1.47 (< 5)
Budget period 1 C(1) 3.25 (< 5) 0.96 (< 5)
Budget period 2 C(2) 6.56 (> 5) 1.97 (< 5)
Discount rate r 0.05 (= 0.05) 0.05 (= 0.05)
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Figures

Figure 1: Concave and convex benefit functions (panel a) for different values of zi (solid line: 

zi = 0.2, dotted line: zi = 0.5, short-dashed line: zi = 1, dash-dotted line: zi = 2, long-dashed 

line: zi = 5). Saturating benefit functions (panel b) for ki = 2 and different values of zi (values 

as in panel a).
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Figure 2: Model landscape (black: settlements, dark grey: forest, light grey: open land, white: 

meadow). Source: Drechsler et al. (2007). The dotted line separates the eastern subregion 

defined in section 4 from the western subregion, and the open circle marks the location at 

which the cost reduction introduced by eq. (7) is maximal.
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Figure 3: Quasiextintions risk: probability of the area occupied by the butterfly falling below 

the threshold Ac within a 15-year time period. The quasiextinction risk is shown for various 

levels of Ac from 0 to 100 ha; naturally, the risk of falling below a low threshold is small 

while the risk of falling below a high threshold is large. Lines without symbols: first period 

(years 1 – 15); lines with symbols: second period (years 16 – 30). Solid lines: optimal setting; 

dotted lines: myopic setting with payment offered to all farmers in both periods; dashed line: 

myopic setting with payment offered to all farmers in the first period and only to the farmers 

in the eastern part of the region in the second period. 
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Appendix S1: Development of a procedure to detect interactions among multiple 

quantities

The development of the procedure starts with the observation that the variation in the sum of 

two normalised quantities a and b (with zero means and standard deviations of one) 

monotonically increases with increasing Pearson’s correlation coefficient between the two 

quantities. To understand the reason, assume a and b to be strongly positively correlated 

(Pearson’s correlation coefficient close to 1). This means that large a are associated with large

b and small a are associated with small b. Consequently, the sum a + b will have a rather high

standard deviation (close to 2 given a and b are normalised as described). In contrast, if a and 

b were uncorrelated (with zero Pearson’s correlation coefficient) a large value of a could well 

occur with a medium or small value of b and the standard deviation of a + b would be lower. 

In the case of negatively correlated a and b (Pearson’s correlation coefficient of –1) a large 

value of a would be associated with a small value of b and a small value of a with a large 

value of b, implying that the standard deviation of a + b would be minimal (close to 0 given 

the normalization described above). Figure A1 shows the relationship between the standard 

deviation of the sum a + b and Peason’s correlation coefficient between a and b.  

In an analogous manner one can show that the standard deviation of the difference a – b 

increases with decreasing Pearson’s correlation coefficient between a and b and, in particular, 

has a minimum value of 0 if a and b are perfectly positively correlated and a maximum value 

of 2 if a and b are perfectly negatively correlated.   

To consider interactions between three or more quantities, a1…aN, we first normalise the ai, so

each of them has zero mean and a standard deviation of one, and build all possible functions

(A1)
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where each wi can take values of –1, 0 or +1. By this, each quantity ai is combined with the 

other quantities aj (j ≠ i) either in an additive manner (wi = 1), a subtractive manner  (wi = –1) 

or not at all (wi = 0), and by systematically varying all wi within their ranges all combinations 

of positive and negative correlations between the quantities a1…aN are considered. We restrict

our analysis to a maximum of four interacting model parameters, i.e., i|wi|  ≤ 4. We rank the 

combinations {wi} with regard to the magnitude of function f and identify the combinations 

with the highest values of f.

Figure A1: Standard deviation of the sum a + b of two quantities a and b (each with zero 

mean and standard deviations of one) versus Pearson’s correlation coefficient between a and 

b. The statistics are calculated on the basis of 1000 samples of a and b.
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