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Abstract 

For species inhabiting agricultural landscapes, the combination of intensive agriculture and climate 

change poses important threats. To conserve these species, incentive-based instruments like agri-

environment schemes (AES) are commonly used. In economics, a substantial debated has emerged 

about their cost-effective spatio-temporal design. However, the impact of climate change has largely 

been ignored in this debate. As climate change may influence both the effectiveness and costs of 

conservation measures, AES may become less cost-effective in the future if they are not adequately 

adapted. We develop a climate-ecological-economic (CEE) model to examine the cost-effectiveness of 

AES under climate change. We apply the model to the conservation of 8 meadow bird species in 

Northern Germany and determine the cost-effective set of conservation measures under recent (2000-

2004) and future (2075-79) climatic conditions. Our results show that AES need to be adapted under 

climate change in order to remain cost-effective. In our case study, a measure with an earlier timing of 

land use is added to the cost-effective AES in order to avoid desynchronizations between the measures 

and the species given the species’ phenological adaptations and the changes to conservation costs.  

Keywords: agri-environment scheme, climate change, climate-ecological-economic model, 

conservation measure, cost-effectiveness, desynchronization, ecological-economic model   
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1. Introduction 
Global biodiversity is in decline, and intensive agricultural land use is one of the most important threats 

to species (Cole et al. 2021, Dasgupta 2021). One policy option to conserve species in agricultural 

landscapes are incentive-based instruments (Khanna et al. 2018) such as the implementation of 

conservation measures defined in payments for ecosystem services schemes or agri-environment 

schemes (AES) (Chakrabarti et al. 2019, Dakpo et al. 2021, Lichtenberg 2021, Duke et al. 2022). AES 

measures typically define restrictions on land use and have a measure-specific payment (Mennig & 

Sauer 2020). The decision problem of the farmers is to select the land use that maximizes profits, which 

implies the decision of whether or not to participate in the AES and – if the AES offers the farmer the 

opportunity to select between different measures – which conservation measure to implement (Ohl 

et al. 2008).  

For economists, a key criterion to assess the suitability of an AES is its cost-effectiveness (Messer 2006, 

Duke et al. 2013, Armsworth 2014). Previous research has examined the cost-effectiveness of 

conservation measures taking into account that both the benefit and costs of a measure are spatially 

heterogeneous and differ between different conservation measures (Lewis et al. 2011, Duke et al. 

2014, Wätzold et al. 2016). However, an additional complexity in this assessment arises when 

considering the threat that climate change poses for species conservation (Dasgupta 2021). Under 

climate change, initially cost-effective conservation measures may need to be adapted to remain cost-

effective (Ando & Mallory 2012, Pecl et al. 2017, Reside et al. 2018). To develop recommendations for 

the necessary adaptations, the impact of climate change on both the species and on costs of 

conservation measures has to be considered (Gerling et al. 2022a). 

Changing climatic conditions may impact a species inhabiting agricultural landscapes both directly (by 

altering the climatic conditions of the habitat) and indirectly (by inducing changes to agricultural land 

use which in turn influence the species). For example, Santangeli et al. (2018) examine the case of two 

ground-nesting farmland bird species which used to be well adapted to the timing of land use. 

However, under climate change, the species lay their eggs increasingly early. While the farmers also 
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adapt the timing of land use, the birds have advanced their egg laying dates by more than the farmers’ 

adaptations of land use dates, leading to a temporal desynchronization. This desynchronization poses 

a large threat for the species, as they now lay their eggs increasingly before land use (while they used 

to lay their eggs after land use). As the birds lay their eggs on the ground, the mechanical operations 

of land use are likely to destroy the nests in the case of desynchronization.  

Temporal desynchronization processes may be relevant for the design of conservation measures as 

many conservation measures focus on the timing and frequency of land use measures. A prominent 

example are biodiversity-enhancing mowing regimes (Kleijn et al. 2006, Cong et al. 2020, Allen et al. 

2021) which prohibit mowing during a certain time frame, as harvesting during the breeding period 

has detrimental effects on the survival of eggs and nestlings of many species due to the mechanical 

operations of the mowing machinery (Johst et al. 2015). However, given the fixed timing of harvest 

restrictions in many conservation measures (Wätzold et al. 2016) and possible phenological 

adaptations of the target species, the resulting desynchronization may make AES less cost-effective 

under climate change. If a species adapts its breeding time under climate change, the formerly cost-

effective timing specified in the conservation measure will then have to be adapted to remain cost-

effective.  

Regarding the impact of climate change on conservation costs, one needs to consider that the costs of 

a conservation measure depend – among other factors – on the frequency of land use and the timing 

of the measure relative to the profit-maximizing timing (Mewes et al. 2015). Climate change typically 

leads to an advancement of the timing of the profit-maximizing land use (Cui & Xie 2021), implying 

that the costs of a conservation measure with a fixed timing may change under climate change. 

Moreover, the costs of a chosen conservation measure may increase on some sites and decrease on 

others as the productivity of the land is impacted in a spatially heterogeneous manner (Rashford et al. 

2016, Ray et al. 2019, Lachaud et al. 2021). Finally, cost changes are likely to differ depending on the 

magnitude of climate change (Gerling et al. 2020). 
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One focus of previous economic research on biodiversity conservation under climate change has been 

the cost-effectiveness of conservation measures and policy instruments. Gerling & Wätzold (2021) 

have analyzed the cost-effectiveness of conservation policy instruments on a conceptual level, Gerling 

et al. (2022a) focused a specific species in a conservation planning context, Gerling et al. (2022b) 

considered different habitat types and land purchase, Huber et al. (2017) focused on interaction effects 

between several targeted AES measures, and Schöttker & Wätzold (2022) examined different 

governance modes in a changing climate. Given the prominence of uncertainty in the context of 

climate change, another focus has been on different approaches of how to deal with risk (Mallory & 

Ando 2014, Shah et al. 2016, Drechsler et al. 2021). Other research addressed auctions as an incentive-

based instrument for the provision of ecosystem services (Lewis & Polasky 2018), the role of results-

based AES (Colombo & Rocamora-Montiel 2018), and people’s willingness-to-pay for species migrating 

under climate change (Lundhede et al. 2014). 

We believe us to be the first to examine the cost-effective design of AES considering various 

conservation measures and target species under climate change. Specifically, we examine changes to 

the cost-effectiveness of an AES for conserving various meadow bird species in a changing climate. To 

do so, we combine ecological-economic modelling (Polasky et al. 2011, Armsworth et al. 2012, Jiang & 

Swallow 2017, Drechsler et al. 2022) with a climate model (henceforth referred to as climate-

ecological-economic (CEE) modelling), which has been shown to be a suitable approach to assess the 

cost-effectiveness of conservation measures (Gerling et al. 2022a). With our CEE model, we examine 

the cost-effective design of an AES consisting of different conservation measures with a specific focus 

on the timing of land use under recent and future climatic conditions. The conservation measures are 

extensive mowing regimes with specified mowing dates and frequencies. Similar to Gerling et al. 

(2022a), we define cost-effectiveness as maximizing an ecological benefit indicator for a given (AES) 

budget constraint in a region that experiences climate change. We specifically model the impact of 

climate change on both the species and costs and consider two climate scenarios, RCP4.5 (moderate 

increase in greenhouse gas emissions) and RCP8.5 (large increase in greenhouse gas emissions). We 
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determine the cost-effective set of conservation measures from a list of possible measures under 

recent (2000-2004) and future (2075-2079) climatic conditions. We apply the model to the case study 

of designing a cost-effective AES to conserve a set of meadow-breeding bird species in Northern 

Germany. 

2. Conservation problem 

2.1. Case study area 
Our case study area is the Northern most tip of Germany. The case study area covers an area of 5,040 

km² and borders the North Sea on the West and the Baltic Sea on the East. The area has a maritime 

climate with few hot days in summer and few cold days in winter. Under climate change, precipitation 

is expected to increase in winter and spring and decrease in summer. Regarding temperature, climate 

change is expected to lead to a modest increase in temperature in comparison to other areas of 

Germany (DWD 2017). 

The case study area is divided into climate cells of 12km x 12km (cp. Figure 1). Furthermore, grassland 

areas that are used as meadows within the case study area are represented by grassland cells of 250m 

x 250m. For each grassland cell, information such as the productivity of the land (measured by the 

German system of “grassland numbers” (Grünlandzahl1)) and the presence of structural elements such 

as water bodies is available. Taking into account the land productivity allows for a spatial 

differentiation of biomass growth (influencing the opportunity costs of conservation), while the 

available biomass and additional information like the presence of structural elements allow for a 

spatial differentiation of conservation impacts at the spatial scale of grassland cells.  

                                                           
1 Grassland numbers are an overall indicator of productivity, consisting of various parameters such as humidity 
and soil characteristics (BMEL n.d.)  
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Figure 1: illustration of the location of the case study area in the North of Germany and its division into 12km x 
12km climate cells. Map of Germany created with mapchart.net. 

2.2. Target species 
We consider a list of eight bird species that are sensitive to the timing of land use and of conservation 

interest as they are threatened or likely to become threatened in the near future according to the red 

list (Knief et al. 2010): the black grouse (Tetrao tetrix), black-tailed godwit (Limosa limosa), common 

redshank (Tringa totanus), common snipe (Gallinago gallinago), meadow pipit (Anthus pratensis), 

northern lapwing (Vanellus vanellus), skylark (Alauda arvensis), and whinchat (Saxicola rubetra). All 

species are ground-breeding meadow birds, but differ in their breeding time. Furthermore, the species 

differ in their habitat requirements such as humidity or grass length. Details on the species’ habitat 

requirements can be found in Appendix A1. 

Under climate change, the species may adapt phenologically by advancing the timing of typical life 

cycle events. Regarding bird species, one critical parameter is the beginning of the breeding period 
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(Kluen et al. 2016). However, the phenological adaptations of different bird species are of different 

magnitude (Kluen et al. 2016). We therefore consider species-specific values regarding the timing and 

advance of egg disposal of the eight species in the ecological model. 

2.3. Development of conservation measures 
We have developed an initial list of 11 conservation measures which are candidates for the 

conservation measures included in the cost-effective AES for the first period (2000-2004). These 

measures were selected by determining the most cost-effective conservation measure for each species 

using the software-based decision support system DSS-Ecopay (Sturm et al. 2018). The measures differ 

in their frequency and timing of land use (cp. Table 1). The timing of land use is given in quarter months 

(QM) by dividing each month into four equal parts consisting of approximately 7.5 days each. For 

example, measure M19/6 allows for a first harvest not before quarter month 19, followed by a break 

of 6 quarter months and a second harvest not before quarter month 25.  

Table 1: List of conservation measures. Measures marked by a * are only offered in the second period (2075-79). 

Measure 

name 

Timing first 

harvest 

Timing second 

harvest 

Measures in both periods (2000-04 and 2075-79) 

M19/6 From QM19 From QM25 

M19/8 From QM19 From QM27 

M20/6 From QM20 From  QM26 

M21/6 From QM21 From QM27 

M22/6 From QM22 From QM28 

M23/6 From QM23 From QM29 

M24/6 From QM24 From QM30 

M25/6 From QM25 From QM31 

M26/0 From QM26 None 

M27/0 From QM27 None 

M28/0 From QM28 None 

Additional measures in period 2 (2075-79) 

M17/6* From QM17 From QM23 

M17/8* From QM17 From QM25 

M18/6* From QM18 From QM24 

M18/8* From QM18 From QM26 

To account for possible phenological adaptations, we consider four additional conservation measures 

in the second period (2075-79), M17/6, M17/8, M18/6 and M18/8, which represent shifts of the 
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initially earliest measures (M19/6 and M19/8) by one and two quarter months. We thus have a list of 

15 possible conservation measures for the second period. 

The budget for each 5-year period is set to 3,725,000€, which would allow for approximately 15% of 

the grassland area to be conserved if on each grassland cell the most cost-effective conservation 

measure was implemented. We chose this value as in Schleswig-Holstein, 15% of permanent 

grasslands were managed with biodiversity-enhancing conservation measures in 2014-2020 (Sander 

et al. 2019). 

3. Climate-ecological-economic model 

3.1. Overview of the CEE model 
We adapt the CEE model by Gerling et al. (2022a), which focuses on climate change impacts in a 

conservation planning context for a grasshopper species, and combine it with the ecological model 

from DSS-Ecopay (Johst et al. 2015) in order to model an AES context and the mowing impact on several 

bird species.  The overview of the model is shown in Figure 2.  

 

Figure 2: structure of the CEE model (adapted from Gerling et al. 2022a). Boxes with dashed borders are taken 

from Gerling et al. (2022a), boxes with solid lines represent modifications. 

Climate model 

Vegetation model Harvest module 

Ecological model Agri-economic cost assessment 

Simulation module 

Optimisation module 

Result: cost-effective AES 
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The basis of the CEE model is the climate model (Keuler et al. 2016). The climate model generates high 

resolution climate projections of parameters like temperature and precipitation using the regional 

climate model COSMO-CLM (Rockel et al. 2008, Früh et al. 2016). Climate data is available at a spatial 

scale of 12kmx12km climate cells on a daily basis. We examine two scenarios, which differ in the 

emission pathways: a medium emission scenario (RCP4.5) and a high emission scenario (RCP8.5). We 

do not consider a low emission scenario as given current emission reductions, reaching a low emission 

scenario seems increasingly unlikely (Sanderson 2016). This data is used as an input for the vegetation 

model, which is a simplified model of grass growth based on Schippers and Kropff (2001). The 

vegetation model is a key input for the harvest module and the agri-economic assessment and is 

needed to determine the costs of conservation measures. Grass growth is determined at the spatial 

scale of 250mx250m grassland cells.  

We then consider a list of conservation measures defined by their timing of land use (cp. Table 1) and 

the alternative business-as-usual (BAU) land use for each grassland cell (i.e., the land use in the absence 

of an AES). Based on climatic conditions and grass growth, the harvest module estimates the yield-

maximizing timing of harvest on each grassland cell (Gerling et al. 2020). However, the yield-

maximizing timing of harvest may not be profit-maximizing. For example, while highly productive 

grassland may be harvested up to four times, the variable costs may exceed the value of the additional 

harvest for the final harvest on less productive grassland.  

We consider this in the agri-economic cost assessment (Gerling et al. 2020) which determines the 

profit-maximizing timing of harvest for each grassland cell. Note that this refers to both the profit-

maximizing timing of the BAU land use and the profit-maximizing way of implementing a conservation 

measure. Assessing the profit-maximizing timing of a conservation measures is needed due to the 

flexibility given by a conservation measure (e.g., the timing of land use may be restricted to “not before 

quarter month 22”, but may be delayed if necessary) and is determined for each grassland cell. Given 

this timing, the second output of the agri-economic cost assessment are grassland cell-specific cost 

estimates of each conservation measure for both periods (2000-04 and 2075-79), i.e. the differences 
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in profit between the BAU land use and the conservation measures. We consider changes in variable 

costs (such as the necessary machinery) and changes in the value of the yield of the BAU land use and 

the conservation measure (cp. Gerling et al. 2020 for details). Changes in the yield value depend on 

the quantity and quality of the harvest (Mewes et al. 2015) and may be impacted by changing climatic 

conditions (Ray et al. 2019, Gerling et al. 2020, Lachaud et al. 2021). Moreover, we consider the impact 

of extreme events: for example, changes in precipitation patterns may lead to increased frequency of 

flooding before the first harvest as precipitation shifts from summer towards spring (DWD 2017). 

However, when a meadow is flooded for an extended period of time, the quality of the harvest 

decreases rapidly (Gerling et al. 2020).  

The ecological model builds on previous research regarding the impact of differently timed 

conservation measures on meadow bird species with differing habitat requirements (Johst et al. 2015, 

Wätzold et al. 2016). In the ecological model, we determine the local habitat quality generated by each 

conservation measure for each species and for each grassland cell. The local habitat quality is given as 

a value between zero and one, with zero representing very low habitat quality (i.e., reproduction is 

impossible) and one very high quality (ideal conditions). To determine the local habitat quality, we 

consider grassland-cell specific conditions which are independent of the timing of egg disposal (such 

as the presence of structural elements and the grassland type) and factors that depend on the timing 

of egg disposal (such as mortality caused by mowing machines). We then sum up the local habitat 

quality of all grassland cells in order to determine the total effective habitat area generated in the case 

study region. This value is thus an indicator of the overall conservation impact of a conservation 

measure on a species.  

The simulation module (cp. Wätzold et al. 2016) relies on the basic algorithm from DSS-Ecopay (Sturm 

et al. 2018) but is applied to the merged dataset from the ecological model and the agri-economic cost 

assessment. It combines information from the agri-economic cost assessment and the ecological 

model in order to provide the expected conservation impact and costs of each conservation measure 

for each grassland cell under recent (2000-04) and future (2075-79) climatic conditions.  
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Finally, the optimization module determines the cost-effective AES through simulated annealing. The 

optimization is based on the algorithm from DSS-Ecopay (Wätzold et al. 2016) and maximizes the 

ecological outcome for a given budget constraint. The ecological outcome is measured as the sum of 

the effective habitat area generated for all species implying that every species is given the same 

weight. The decision variables of the optimization problem are the payment per measure and the 

maximum area covered by each measure. Additionally, out of the 15 possible conservation measures 

(cp. Table 1), some may be excluded in the optimization.  

The final output of the CEE model is the cost-effective AES consisting of a set of conservation measures 

and their respective payments for the case study area under recent (2000-04) and future (2075-79) 

climatic conditions.  

3.2. Phenological adaptations in the ecological model 
In order to examine the impact of climate change on the bird species, we consider phenological 

adaptations of the species in terms of the timing of egg disposal. Importantly, the species react 

differently to climatic changes. Table 2 summarizes the expected adaptations for each species based 

on values published in the literature. In some cases, values are only available regarding changes in the 

arrival date of migratory birds. In these cases, we take the adaptation of the arrival date as an indicator 

for the adaptation of egg disposal. 

Table 2: Species-specific phenological adaptations of egg disposal. Adaptations highlighted by a * refer to 

approximations based on changes in the arrival date 

Species Phenological 

adaptation 

(change in egg 

disposal*) 

Relevant climatic 

criterion 

Data source 

black 

grouse 

-1.1 days Per 1°C April 

temperature 

Ludwig et al. 2006 

black-tailed 

godwit 

±0 days  Schroeder et al. 2012, Kentie et al. 2018 

common 

redshank 

-1.8 days* Per 1°C April 

temperature 

Gunnarsson & Tómasson 2011 

common 

snipe 

-3.7 days* Per 1°C April 

temperature 

Gunnarsson & Tómasson 2011 
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meadow 

pipit 

-1.0 days* Per 1°C April 

temperature 

Gunnarsson & Tómasson 2011 

northern 

lapwing 

-3.0 days Per 1°C spring 

(March to May) 

temperature  

Kluen et al. 2016 

skylark -3.4 days* Per 1°C March  Askeyev et al. 2009 

whinchat -1.6 days Per 1°C spring 

(March to May) 

temperature  

Kluen et al. 2016 

 

4. Preliminary Results 
Please note that the results are preliminary and will be checked for mistakes in the coming days – 

please do not cite them! 

4.1. RCP4.5 scenario 
To be done 

4.2. RCP8.5 scenario 
In the RCP8.5 scenario, the cost-effective AES consists of only one measure in the first period and two 

measures in the second period (cp. Table 3). Conservation measure M25/6 is included in both AES, but 

in period 2 measure M23/6 is offered additionally. The payment of measure M25/6 remains of a similar 

size, implying that the costs of this measure remain relatively stable over time. However, the payment 

of the newly added measure M23/6 is lower. This suggests that due to the phenological adaptations 

of the species, less costly conservation measures are added to the cost-effective AES. 

Table 3: Payments for the conservation measures making up the cost-effective AES in period 1 (2000-04) and 2 
(2075-79). Measures with greyed out cells are not part of the cost-effective AES, measures marked by a * are 
only offered in the second period (2075-79). 

Measure 

name 

Payment first 

period (2000-04) 

Payment first 

period (2075-79) 

M19/6   

M19/8   

M20/6   

M21/6   

M22/6   

M23/6  355€ 

M24/6   

M25/6 367€ 368€ 

M26/0   

M27/0   
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M28/0   

M17/6*   

M17/8*   

M18/6*   

M18/8*   

Considering the relative size of areas conserved with each conservation measure, approximately 40% 

of the conserved area in period 2 applies the newly added measure M22/6 (Fig. 3). 

 
Figure 3: area (%) conserved with each conservation measure in period 1 (2000-04) and 2 (2075-79) 

Figure 4 shows the area conserved with each conservation measure in the two periods. Despite the 

inclusion of a less costly measure, the overall area conserved is barely expanded in the second period. 

 
Figure 4: area (ha) conserved with each conservation measure in period 1 (2000-04) and 2 (2075-79) 
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Finally, Figure 5 shows the habitat generated for each species. Out of the 8 species considered in the 

optimization, habitat is generated for 6 species in 2000-04 and 5 species in 2075-79. Moreover, the 

effective habitat area in the second period is much smaller than in the first period for all species.  

 
Figure 5: effective habitat area (ha) generated for each species in period 1 (2000-04) and 2 (2075-79) 

5. Discussion and Conclusion 
We developed a CEE model to examine the cost-effectiveness of AES under climate change. We believe 

this to be the first model investigating the cost-effective design of an AES for biodiversity conservation 

under climate change. We apply the model to determine the cost-effective AES for a set of meadow 

birds in Northern Germany. The model considers the impact of climate change on both the species and 

costs of conservation. Our results show that the initially cost-effective AES is no longer cost-effective 

when climatic conditions change. 

When comparing the cost-effective AES in the two periods, we found that the cost-effective AES in the 

second period additionally includes earlier conservation measures. This occurs due to the impact of 

climate change (and thus, an earlier phenological beginning of spring) on conservation costs and / or 

benefits. As the timing of the BAU land use depends on phenological changes, the profit-maximizing 

timing is expected to advance under climate change (Cui & Xie 2021). Given that the costs of a 

conservation measure depend on the timing of land use relative to the timing of the BAU land use 

(Mewes et al. 2015), the costs of later conservation measures may increase when the timing of the 



15 
 

BAU land use advances. Regarding ecological effects, species adapt the timing of life cycle stages such 

as the timing of egg disposal to climatic conditions. Hence, an early land use that may have had 

detrimental effects on the species in the past may allow for a certain habitat quality as climatic 

conditions change. The inclusion of earlier conservation measures in the cost-effective AES may 

therefore be explained by the phenological changes. On the other hand, not adapting the AES leads to 

a desynchronization between land use and the species’ breeding behavior, thus decreasing the cost-

effectiveness of the AES. 

When comparing the ecological outcomes in the two periods, we found the area conserved in the two 

periods to be very similar. However, the habitat area generated for each species in the second period 

is lower than in the first period (results to be checked for mistakes). 

In order to simplify complex processes and due to data limitations, we had to make some assumptions 

which require a discussion. Regarding the ecological model, we had to reduce the complexity of the 

possible adaptations of the species to climate change by not considering phenological changes in other 

life cycle parameters (such as the length of the breeding time or the survival probability), which may 

also be impacted by climate change (Hällfors et al. 2020, Reséndiz-Infante & Gauthier 2020). Given 

that we focus on the desynchronizations between the timing of harvest and the species’ breeding 

times, we expect our results to nonetheless highlight valuable trends. Further simplifications within 

the ecological model include the assumptions that changes to the arrival date are an indicator for the 

timing of egg disposal and that estimates from studies from a range of countries also hold for Northern 

Germany.  

Furthermore, we had to simplify the interactions between the ecological model and other sub-models 

to limit computation time. First, local humidity and grass length influence the suitability of a grassland 

cell for the species. We consider spatial differences in these parameters between different grassland 

cells. However, climate change may also influence these parameters over time, e.g. by changing the 

dynamics of grass growth (and thus, grass length at any chosen point of time) or humidity due to 
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changes in precipitation patterns. We exclude climate-induced changes in local humidity and grass 

growth dynamics to limit the dependencies between different sub-models in order to reduce 

computation time. This implies that we take these parameters as a general indicator of the suitability 

of a grassland cell and assume that the values are stable over time. Furthermore, in the economic 

model, extreme events such as inundations may lead to postponing the time of harvest. Not allowing 

this delay would lead to unrealistically extreme cost estimates as forcing a harvest during an inundation 

would lead to a harvest of extremely low yield value. However, as these events are exceptions and 

only have a small impact in the ecological model (in comparison to the extreme impact in the economic 

model), we decided against modelling these changes in the ecological model. Again, by reducing the 

dependencies between the sub-models we limit computation time. We do not expect these 

assumptions to be problematic at a level of understanding general trends and as we do not focus on 

the detailed impacts in a chosen year of extreme climatic conditions, but on general trends between 

the two 5-year periods. 

Finally, any CEE model needs to deal with climate change-induced uncertainty on several levels. First, 

future climatic conditions depend on current and future greenhouse gas emissions. We deal with this 

aspect by considering two RCP scenarios representing medium and high emission pathways. Second, 

even if the future emission pathway was known, the resulting changes to climatic parameters are 

subject to uncertainty. This is typically captured by different climate models and is beyond the scope 

of this paper. However, Drechsler et al. (2021) provide a robustness analysis for conservation of a 

target species in Northern Germany based of several climate models. A similar approach could be 

adopted for the analysis of AES in future research. Finally, even if future climatic conditions could be 

predicted with certainty, the impact on conservation costs and species is uncertain. For example, the 

uncertain impact on species is visible by different studies reporting different expected phenological 

adaptations for the same species. Regarding our target species specifically, we expect the black-tailed 

godwit to not adapt its timing of egg disposal based on two studies (Schroeder et al. 2012, Kentie et 
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al. 2018). However, Gunnarson and Tómasson (2011) did find phenological adaptations of the arrival 

date.  

Despite these limitations, we find CEE modelling to be a useful method to understand necessary 

adaptations for cost-effective AES under climate change. However, when translating these results into 

recommendations for the adaptation of actual AES, the underlying assumptions and uncertainties 

need to be considered. More detailed recommendations that go beyond the general 

recommendations drawn from this research would therefore require a deeper understanding of the 

impacts of climate change on the target species (see for example Gerling et al. 2022a) or the 

development of recommendations based on robustness analysis (Drechsler et al. 2021).  

Our research has shown that formerly cost-effective AES are no longer so if they are not adapted to 

changing climatic conditions. Ecologists have long been calling for adaptive management to effectively 

conserve species under climate change (Heller & Zavaleta 2009), and current policy documents take 

these calls up in part when highlighting that due to species’ range shifts, the location of conservation 

sites may have to be adapted under climate change (see for example Die Bundesregierung (2008), US 

Fish and Wildlife Service (2010) and The European Commission (2021)). However, the need to also 

adapt conservation measures temporally is discussed much less so far. 

Given the limited and in parts contradictory information available on phenological adaptations of 

species and on the impact of climate change on conservation costs, robustness analyses may provide 

important insights on robust adaptations of AES. Moreover, we believe that research on how to design 

policy instruments that facilitate the adaptations of conservation measures to be a promising field of 

research. For example, defining conservation measures phenologically (in relation to the beginning of 

spring) rather than setting a fixed date may be a simple adaptation mechanism. Previous research on 

the example of one species has shown that this may be a suitable approach (Gerling et al. 2022a), but 

whether this is an approach that can be generalized would require further analyses. Another promising 

approach are results-based AES, in which farmers are rewarded for the presence of a target species 
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and may choose the conservation measure themselves. Farmers then have an incentive to adapt the 

conservation measures to climate change (Gerling & Wätzold 2021).  

Our research has highlighted the need to adapt conservation measures to climate change, and has 

provided a possible methodology of how to study the necessary adaptations with CEE modelling. Given 

the prominence of measure-based conservation, e.g. as part of AES, and the large amount of public 

resources spent on such schemes, we believe that further research on the “climate-smart” design of 

AES to be highly valuable. 
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Appendices 

A.1. Species information 
Table A1.1 provides an overview of the species’ breeding behavior in the first period (2000-04) and 

habitat requirements. Relevant parameters regarding the breeding behavior include the probability of 

egg deposition in each QM, the probability and last possible timing of a replacement clutch when the 

original clutch has been destroyed,  the critical reproduction phase (including eggs and nestlings), and 

the total reproduction phase  (including the time until the offspring has fully fledged). While land use 

during the critical reproduction phase leads to a low survival probability of the offspring as the birds 

are immobile, land use during later phases induce lower mortalities. Regarding other habitat 

requirements, the species differ in their requirements regarding grass height, soil moisture and the 

presence of structural elements.
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Black Grouse 

(Tetrao tetrix) 

Black-tailed 

godwit (Limosa 

limosa) 

Common 

Redshank 

(Tringa totanus) 

Common Snipe 

(Gallinago 

gallinago) 

Meadow Pipit 

(Anthus 

pratensis) 

Northern 

Lapwing 

(Vanellus 

vanellus) 

Skylark (Alauda 

arvensis) 

Whinchat 

(Saxicola 

rubetra) 

Probability of egg disposal (QM) 

9  
    

0,05 
  

10  
    

0,05 
  

11  
    

0,05 
  

12  0,05  0,05  0,1  
 

13  0,05  0,05 0,05 0,1   

14  0,05  0,05 0,3 0,15   

15  0,15 0,05 0,1 0,3 0,15 0,1  

16 0,2 0,15 0,1 0,2 0,2 0,1 0,3  

17 0,3 0,15 0,1 0,2 0,1 0,05 0,1 0,05 

18 0,3 0,15 0,35 0,15 0,05 0,05 0,05 0,15 

19 0,1 0,15 0,35 0,1 
 

0,05 0,2 0,35 

20 0,1 0,1 0,05 0,05 
 

0,05 0,1 0,35 

21    0,05 
 

0,05 0,05 0,05 

22  
  

 
  

0,05 0,05 

23  
     

0,05 
 

Probability replacement 

clutch 

0 0,5 0,5 0,5 0,5 0,5 0,5 0,5 

Last timing replacement 

clutch (QM) 

 19 23 21 18 21 23 25 

Critical reproduction 

phase (QM) 

3 3 3 3 3 4 3 3 
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Total reproduction 

phase (QM) 

7 7 7 7 3 9 4 4 

Grass height 

Low  (< 10 cm) 1 0,5 1 0,5 1 1 1 1 

Medium (10-30 cm) 1 1 1 1 1 0,5 0,5 1 

High (> 30 cm) 0,5 0,5 0 0,5 0,5 0 0 1 

Soil moisture 

Dry 0 0 0 0 0,5 0,5 1 0,5 

Fresh  1 1 1 0 1 0,5 0,5 1 

Wet  1 1 1 1 1 1 0 1 

Structural elements 

Forest 0,5 0 0 0 0 0 0 0 

Water bodies 0 0 0 0,5 0 0 0 0 

Settlements  0 0 0 0 0 0 0 0 

Table A1: Species-specific breeding behavior in the first period (2000-04) and habitat requirements. Preferences for grass height, soil moisture and structural elements range 

from 0 (unsuitable) to 1 (preferred). 


