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Optimizing intermediate ecosystem services in agriculture 1 

using rules based on landscape composition and configuration 2 

indices 3 

Abstract 4 

Important intermediate ecosystem services (ES) such as crop pollination and biological 5 

control of pests, which underpin the final ES agricultural yields, are mediated by mobile 6 

organisms that depend on availability of habitat and its arrangement in the landscape. It 7 

has been suggested that landscape-scale management (LSM) of habitat in a multi-farm 8 

setting results in higher provisioning of such ES compared to farm-scale management 9 

(FSM). However, to achieve the LSM solution, farmers’ land-use decisions need to be 10 

coordinated. To this end, we develop rules based on novel landscape composition and 11 

configuration indices. We model farmers’ interdependencies through ES in an agent-12 

based model (ABM) and optimize land use at both the farm and landscape scales for 13 

comparison. Our analysis is based on a simple artificial landscape with homogeneous soil 14 

quality and uses crop pollination as an illustrative ES. We consider habitat configuration 15 

at the field scale. Our rules demonstrate that the coordinated solution is characterized by 16 

a higher degree of habitat availability and a configuration of habitat that is dispersed 17 

rather than agglomerated. We tested these rules over a range of assumptions about 18 

ecological parameter values and suggest that such rules could be used to improve 19 

governance of ES in agricultural landscapes. 20 
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1. Introduction 24 

Intermediate ecosystem services (ES) such as pollination and biological pest control 25 

benefit agriculture, by improving the final ecosystem service agricultural yields and/or 26 

saving on costly inputs (Bianchi et al., 2006; Bommarco et al., 2013; Cong et al., 2014a; 27 

Cong et al., 2015; Fisher et al., 2009; Klein et al., 2007; Power, 2010; Tilman et al., 28 

2002). Consequently, farmers can boost productivity by maintaining or creating (semi-29 

natural) habitat for organisms providing such ES, but usually at some opportunity cost 30 

because less land can be used in production. Furthermore, since ES such as pollination 31 

and biological pest control are mediated by mobile organisms, farmers need also to 32 

consider the potential externalities of their habitat conservation decisions. This is because 33 

one farmer’s decisions will likely affect neighboring farmers’ yields via changes in flows 34 

of ES (Fisher et al., 2009; Sutherland et al., 2012). These interdependencies imply that 35 

farmers acting independently are not likely to maximize the overall potential benefits 36 

from habitat conservation, resulting in the Tragedy of Ecosystem Services (Lant et al., 37 

2008). Rather, optimizing management of ES requires coordinating habitat conservation 38 

among farmers (Cong et al., 2014b).  39 

    Some existing governance systems claim to support the conservation of habitat for ES 40 

providers. For example, in the US the Conservation Reserve Program (CRP) offers 41 

payments to farmers who cover environmentally sensitive crop land with permanent 42 

vegetation (Kirwan et al., 2005). The payments are, however, based on soil productivity 43 
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or land rental prices and the total area entered into the scheme (Plantinga et al., 2001). In 44 

Europe, Swiss farmers are required to manage at least 7% of their land as Ecological 45 

Compensation Areas to qualify for area-related subsidies (Herzog et al., 2005). Similarly, 46 

as a consequence of the recent CAP “Greening” reform, some 30% of annual direct 47 

payments are now contingent on farmers reserving at least 5% of their arable area as 48 

Ecological Focus Areas, with the intention to benefit biodiversity (EU, 2013). 49 

Nevertheless, none of these costly schemes consider habitat quality, other than on a 50 

rudimentary basis (e.g. 5% of the farm area should be classified as non-crop), or how 51 

habitat should be arranged across the landscape (i.e. habitat configuration); aspects which 52 

are likely to impact their effectiveness for promoting ES (Brady et al., 2009; Dicks et al., 53 

2013; Hart et al., 2014). 54 

In the existing Economics’ literature, the focus is mostly on how to increase habitat 55 

connectivity for the benefit of biological conservation, with the underlying assumption 56 

being that agglomerated habitat is ecologically more valuable than dispersed habitat 57 

(Drechsler et al., 2010; Fahrig et al., 2011; Parkhurst and Shogren, 2007; Söderström et 58 

al., 2001). Similarly, arguments used in the ecological literature also emphasize the need 59 

for agglomerating habitat, in particular by spatially separating food production and 60 

biodiversity conservation (so-called land-sparing) rather than making land used in 61 

production more conducive to biodiversity conservation (land-sharing)  (Brussaard et al., 62 

2010; Green et al., 2005; Law et al., 2015; Phalan et al., 2011). Accordingly, the current 63 

literature has a strong conservation perspective, i.e. how to conserve as many species as 64 

possible given an agricultural production target (von Wehrden et al., 2014), while 65 

ignoring potential synergies between habitat conservation and agricultural production via 66 
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ES (Ekroos et al., 2014; Holland et al., 2014; Rey Benayas and Bullock, 2012); which is 67 

also an argument for promoting land-sharing in the ecological literature (Fischer et al., 68 

2008; Kremen, 2015).  69 

Managing ES efficiently may, in contrast to biodiversity conservation where 70 

agglomerating habitat is more desirable, require greater dispersion of habitat across a 71 

landscape (Ekroos et al., 2014; Mitchell et al., 2015; Smith et al., 2010). Although ES 72 

providers may be affected positively by habitat agglomeration, their capacity to provide 73 

ES across a landscape declines with increasing distance. Consequently, dependence on 74 

the landscape-wide configuration of habitat arises for agricultural crops (Garibaldi et al., 75 

2011; Ricketts et al., 2008; Rusch et al., 2010; Tscharntke et al., 2005).  76 

In principal, there are two spatial scales relevant to the evaluation of the efficiency of 77 

farmers’ management of ES: landscape-scale management (LSM) and farm-scale 78 

management (FSM). LSM implies that individual farmers’ land-use decisions are 79 

coordinated from a holistic perspective to optimize aggregate output at a larger scale than 80 

the field or farm, the landscape. In contrast, FSM implies that farmers make their 81 

decisions considering only their own benefits. LSM has been found superior to FSM for 82 

solving many environmental problems, including species conservation (Drechsler et al., 83 

2010; Hale et al., 2001), pollution control (Haycock and Muscutt, 1995) and disaster 84 

prevention (Moreira et al., 2009).  85 

LSM might also benefit crop production of individual farmers. Based on agent-based 86 

modelling (ABM), Cong et al. (2014b) show that LSM of intermediate ES produced by 87 

mobile organisms is superior to FSM for maximizing individual farm profits. However, 88 

they also demonstrate that strong incentives work against the LSM solution because of 89 



5 
 

 
 

the externalities of ES, giving rise to a classical Prisoner’s Dilemma. Another potential 90 

barrier to LSM arises because of transaction costs, e.g. the monitoring and enforcement 91 

costs for implementing LSM in reality. The prisoner's dilemma and transaction costs raise 92 

the issue of finding appropriate decision support tools to achieve efficient management of 93 

ES in agricultural landscapes (Lant et al., 2008; Stallman, 2011).  94 

A first step towards designing such decision support tools, and an ancillary aim of this 95 

paper, is to describe or quantify landscape configuration emerging under LSM, FSM or 96 

any real settings using two indices: habitat availability index (HAI) and habitat 97 

configuration index (HCI). The overriding aim of this paper, however, is to examine the 98 

composition and configuration of habitat emerging under different ecological 99 

assumptions and contrast the LSM and FSM solutions. We use pollination to exemplify 100 

the provision of ES by mobile organisms (Kremen et al. 2007), but a similar approach 101 

could equally well be applied on biological pest control (Jonsson et al., 2014).  102 

2. A conceptual example  103 

Since habitat configurations in reality are likely to be more subtle than strict 104 

agglomeration or dispersion (Lusiana et al., 2012), quantifying the degree of 105 

agglomeration or dispersion has important implications for economic analysis. To 106 

illustrate the problem, consider a simple example of six hypothetical farms (a-f) with four 107 

equal-sized fields each (Fig. 1). 108 

[Insert Fig. 1 here] 109 

Each field can be used for farming and/or providing habitat for ES providers. The number, 110 

I, indicates the proportion of each field used for farming. No assumption is made about 111 
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configuration within the field. Let us examine farms (a) and (b). Perfect agglomeration at 112 

the farm-scale implies that the farm-agent, in this case farm (a), uses some fields purely 113 

for farming (I=1) and reserves other fields purely for habitat (I=0). In contrast, perfect 114 

dispersion, as illustrated by farm (b), implies that habitat for ES providers is distributed 115 

uniformly among fields, i.e. I is identical for all fields. Clearly, an index is needed to 116 

locate any observed landscape configuration (e.g. farms (c-f)) along the agglomeration-117 

dispersion continuum. In this paper we use the terms "agglomerated" and "dispersed" 118 

habitat to describe habitat configuration relevant for ES considering the synergy between 119 

conservation and production, instead of the terms "land sharing or sparing" which are 120 

generally used in the debate about trade-offs between conservation and production. 121 

3. Method: Indices and Agent-based models 122 

We first introduce the two landscape indices: HAI and HCI, after which we present an 123 

ABM, where individual farmers are represented by agents, to describe the FSM solution 124 

as a benchmark, i.e. without any coordination of their decisions. Third, we employ the 125 

same ABM (as used for the FSM solution) but with a single agent to describe the LSM 126 

solution. Finally, we present the uncertainties for the main model parameters. 127 

3.1 HAI and HCI 128 

After reviewing the landscape ecology literature on indices, we found no single index 129 

immediately suitable for our purposes (e.g. Rutledge (2003), Dale (1999), Ripple et al. 130 

(1991), Scheldeman and van Zonneveld (2010)). Inspired by the analysis of habitat 131 

amount and habitat fragmentation (Fahrig, 2002), we use instead two indices to jointly 132 

evaluate the composition and configuration of habitat at the farm and landscape scales: (i) 133 
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Habitat Availability Index (HAI) to measure the composition of habitat; and (ii) Habitat 134 

Configuration Index (HCI) to measure the configuration of habitat.  135 

    We use HAI, to describe the proportion of farmland area left as semi-natural habitat 136 

and hence not used for farming (Fahrig, 2002; Kirwan et al., 2005). Here, HAI simply 137 

reflects the average amount of habitat available in a particular field (plot or landscape), 138 

with the remainder assumed to be used for growing crops. It can be expected that a 139 

moderate increase in habitat availability will boost yield (Cassman, 1999) because of 140 

greater provisioning of ES. However, beyond a critical threshold any further increase in 141 

habitat availability in a field will depress yield due to the overriding loss of area for 142 

growing crops on the field (Ekroos et al., 2014). This index is also  the inverse of the 143 

proportion of arable land which is commonly used to describe agricultural landscapes 144 

(Roschewitz et al., 2005). 145 

    To measure habitat configuration we propose a habitat configuration index (HCI) that 146 

varies between perfectly agglomerated to perfectly dispersed habitat. Inspired by the 147 

landscape shape index and classic indices of dispersion (Plantinga et al., 2001), we make 148 

HCI independent of HAI and the number of fields, by defining it as the ratio of the 149 

variance of habitat availability (VHA)1 among fields of a real landscape to VHA in a 150 

perfectly agglomerated landscape with the same number of fields and habitat availability. 151 

The lower bound for HCI is zero, indicating uniform farming intensity across all fields 152 

(perfect dispersion). The upper bound of HCI is one and corresponds to the largest 153 

possible variability of farming intensities across the fields (perfect agglomeration, recall 154 

                                                           
1 If there are n fields in the landscape, 2

1 1

1 1( ) ( ) ;
n n

i i
i i

VHA Var HAI HAI HAI
n n

� �
� �

� � � �� �� � . HAIi is 

the habitat availability of field i. 
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farm (a) in Figure 1). Using HCI of perfect dispersion (zero) as one endpoint and HCI of 155 

perfect agglomeration (one) as the other endpoint, we can map any habitat configuration 156 

on the dispersion-agglomeration continuum, i.e. HCI  [0,1].  157 

In Table 1, we illustrate the utility of the two indices by calculating these for the six 158 

hypothetical farms depicted in Fig. 1. Based on these indices, it can be seen that farm (f) 159 

has a habitat configuration (HCI=0.25) that is closer to perfect dispersion (HCI=0) than 160 

farm (e) (HCI=0.5). Using both indices, we can measure and compare the landscape 161 

compositions and configurations emerging within farms and for the landscape. 162 

[Insert Table 1 here] 163 

3.2 ABM at farm and landscape scales 164 

ABM at farm scale 165 

The ABM, described in Cong et al. (2014b), is developed to simulate interdependent 166 

farmers’ behavior without landscape-wide coordination (i.e. FSM). In the ABM the total 167 

landscape is represented as a N N� grid (see Fig. 2). Each farm is represented by n n�  168 

fields, where n < N, and indexed by its ID (i) and coordinate (v, w). Individual fields (i.e. 169 

grid plots) constitute the minimum decision unit for each farm. The spatial configuration 170 

of habitat within a field is not considered, i.e. the land use within a field is assumed to be 171 

homogeneous. With FSM, each farm aims to maximize its own profit independently of 172 

other farms. 173 

[Insert Fig. 2 here] 174 

The basis of ABM is that, since ES are important for yields of some crops, farmers need 175 

to weigh the benefits of conserving habitat (where providers of ES can survive) against 176 

the costs (losing the opportunity of farming the land). The main assumptions of the ABM 177 
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are that (i) crop production is (at least partly) dependent on the ES whose level is 178 

determined by the landscape (Garibaldi et al., 2011; Kennedy et al., 2013; Ricketts et al., 179 

2008); (ii) the ES declines exponentially with the distance from the source habitat 180 

(Ricketts et al., 2008); and (iii) the ES emanating from habitat parcels are additive, i.e. 181 

potential interactions among ES providers from different habitats are not considered 182 

(Lonsdorf et al., 2009). Based on these assumptions, the key parameters are the degree of 183 

yield dependence on the ES (b/a, which thereby differentiates the crop types), pollinator 184 

mobility ( ,�  which describes the typical foraging distance of ES providers) and habitat 185 

suitability ( ,	 which reflects the suitability of different types of habitat for ES providers 186 

and hence their abundances).  187 

The ABM proceeds in annual time steps. At the start of each year, the flow of ES to 188 

each field is calculated based on the current landscape, after which each farm-agent 189 

(farmer) calculates the profits from agricultural production on all of their fields, which is 190 

dependent on ES as calculated above. Finally, each farm-agent determines its land use on 191 

each field for the coming year (i.e. the proportion of crops on each field, implying the 192 

remainder is managed as habitat), to maximize profits when assuming that all other farm-193 

agents will keep their current landscapes. Consequently changes in habitat composition 194 

and configuration on a particular farm could affect the level of ES benefiting its 195 

neighbors and hence their land-use decisions in the following year. 196 

ABM at landscape scale 197 

We employ the agent-based model with a single agent to determine the landscape-scale 198 

management (LSM) solution. It is identical to the solution for a single owner of the 199 
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landscape. The single agent determines the land use on all fields in the landscape to 200 

maximize the total profit which is affected by the spatial configuration of habitat via ES. 201 

3.3 Sensitivity analysis   202 

Crop production function 203 

We assume that crop yield can be divided into two components: (1) the yield, a, that is 204 

independent of ES (e); (2) the yield, b, that is dependent on the level of ES (see equation 205 

(4) in Cong et al. (2014b) for details). Accordingly, crop yield on plot (c,d) is calculated 206 

as follows: 207 

, ,c d c dy a b e� 
 �                                                           (1) 208 

In the baseline model, 50% of maximum yield is assumed to be independent of ES (i.e. a 209 

is set to 5, and b is set to 5). In the sensitivity analysis (section 4.2.1), we consider the 210 

implication of crops having different degrees of dependency on ES. The two extreme 211 

situations are defined as yield being fully dependent on ES (a=0, b=10) and yield having 212 

least dependence on ES (a=9, b=1), after which we analyze several alternatives between 213 

these two extremes. 214 

ES production function 215 

Building on Lonsdorf et al. (2009), the unit ES to plot (c,d) generated from habitat on 216 

plot (f,g), SES(f,g,c,d), is calculated as follows (see equation (2) of Cong et al. (2014b)): 217 

2 2( ) ( )( , , , ) exp f c g dSES f g c d �	 � � � 
 �� �                                (2) 218 

Different types of habitat may vary in their suitability for service providing organisms 219 

and hence affect the abundances of different organisms (Roulston and Goodell, 2011). 220 
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Organisms characterized by variations in mobility are also likely to utilize the landscape 221 

at different spatial scales, resulting in different distance-decline functions (Gathmann and 222 

Tscharntke, 2002; Knight et al., 2005; Westphal et al., 2006). Interpreting both aspects in 223 

terms of our model, the unit ES flowing to any plot (i.e. SES) is dependent on the scale 224 

parameter 	 and the distance parameter � .  In the reference scenario, 1, =0.1	 �� . We 225 

tested the sensitivity of our results to a range of values for one parameter, while keeping 226 

the other parameter constant.  227 

4. Results 228 

We start by evaluating the compositions and configurations of habitat that emerged with 229 

FSM and LSM on individual farms and then for the entire landscape using the baseline 230 

parameters (i.e., using plausible, or non-extreme values of the main parameters of the 231 

model; see Table 1 in Cong et al. (2014b)). We then explore the effects of the two main 232 

uncertainties (crop and ES provider types) on the compositions and configurations of 233 

habitat at both scales. 234 

4.1 Comparison of habitat compositions and configurations with LSM and FSM 235 

4.1.1 Farm-scale results 236 

In this section, we examine the emergent compositions and configurations of habitat on 237 

individual farms with different locations in the landscape. First, we compare the results 238 

for farms with many neighbors (i.e. central farms) to those with few neighbors (i.e. 239 

peripheral farms). Then, we compare farms with an intermediate number of neighbors 240 

depending on their locations in the landscape.  241 
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Farms with many neighbors (Central farm, e.g. Farm 13 (3, 3)) 242 

A distinct visual difference can be discerned in Fig. 3 between the composition and 243 

configuration (i.e. arrangement) of habitat that emerges with (a) FSM and (b) LSM, 244 

respectively, on farms with many neighbors (central farms) compared to those with few 245 

neighbors (peripheral farms). With FSM the resultant arrangement of habitat on farms 246 

with many neighbors is dominated by agglomerated land use, i.e. having either purely 247 

habitat (strong green shading) or purely crops (strong brown shading) on each field. The 248 

striking difference in the configuration of habitat on central farms compared to peripheral 249 

farms is due to the interdependencies created by ES. However, farms, regardless of 250 

location, generally concentrate their cropped fields along their borders with other farms, 251 

so as to take advantage of ES flowing from neighboring farms, and configure or place 252 

their own habitat so as to maximize ES to their own crops. Accordingly, central farms 253 

crop their outer fields and maintain habitat on their inside fields symmetrically, while 254 

peripheral farms tend to concentrate habitat on their neighborless fields which gives a 255 

less symmetric configuration, and implying an agglomerated configuration of habitat. 256 

 In contrast, LSM results in all the fields on farms with many neighbors becoming, 257 

basically, a mixture of crops and habitat (yellow-green shading), implying a dispersed 258 

configuration of habitat. Specifically, LSM results in a habitat configuration that is 259 

almost perfectly dispersed (HCI=0.017 or close to 0), while with FSM it is almost 260 

perfectly agglomerated (HCI=0.958 or close to 1) (Table 2).  261 

[Insert Fig. 3 here] 262 

Since ES providing organisms have the least average distance to travel to any location in 263 

the landscape from the central farm (that with most effective neighbors), this farm has the 264 
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largest ES coverage (i.e., not only in respect to the level of ES the farm can provide, but 265 

also the farm area that can be affected by ES). Consequently, the dispersion of habitat on 266 

this farm with LSM provides more ES, and hence contribution to aggregate (or 267 

landscape-scale) profits, than the agglomerated configuration resulting from FSM. That is, 268 

with FSM the central farm places its habitat completely inside the farm to maximally 269 

benefit its own crops. On the other hand, the self-interest of peripheral farms results in 270 

some dispersion of habitat with FSM, because it benefits their own production. The 271 

extent of dispersion will depend, however, on the non-linear relationship between the 272 

yield gain and the characteristics of the ES providers. For example, under parameters α=5, 273 

β=0.1 (Section 4.2.2) we found that farmers with many neighbors should also keep some 274 

habitat on the borders of their farms. 275 

Furthermore, in addition to LSM resulting in greater dispersal of habitat on the central 276 

farm, its habitat composition is also higher (HAI=0.473) than with FSM (0.364), which 277 

means that farms with relatively many neighbors should provide relatively more habitat 278 

and disperse it across the farm to achieve the LSM solution than implied by farm-scale 279 

optimality (FSM). 280 

Farms with few neighbors (the corner farms, e.g. Farm 1 (1, 1))  281 

For farms with the least neighbors (the corner farms), their habitat configuration resulting 282 

from both LSM and FSM is closer to perfect agglomeration than dispersion (HCI=0.754 283 

and HCI=0.725, respectively), but the location of the fields devoted to habitat within the 284 

farms varies considerably due to ES interdependencies (Fig. 3). However, habitat 285 

composition with LSM (HAI= 0.458) is still higher than with FSM (HAI=0.408). 286 
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Farms with intermediate numbers of neighbors (Farm (1, 2), (2, 2), (1, 3), (2, 3)) 287 

We sort farms with an intermediate number of neighbors in Table 2 according to their 288 

distance from the center farm, Farm 13. To summarize, habitat availability resulting from 289 

LSM is generally higher than for FSM. Additionally, the configuration of habitat with 290 

LSM is generally closer to perfect dispersion than with FSM; and the degree of 291 

dispersion increases the closer a farm is to the center farm (since the spatial 292 

interdependency increases). Further, while their HAIs are quite similar, their HCIs show 293 

large differences, implying that HAI is a necessary but not sufficient index for improving 294 

landscape management. Rather HCI is needed to complement HAI to inform landscape 295 

management. 296 

[Insert Table 2 here] 297 

4.1.2 Landscape-scale results 298 

The two management strategies, LSM or FSM, result in distinct differences in habitat 299 

compositions and configurations when evaluating the emergent landscapes as a whole, 300 

similar to the farm-scale results. With FSM, agglomerated land uses emerge in two ways 301 

from the landscape-scale perspective. On the one hand, crops or habitat are agglomerated 302 

on each field, which is similar to farm-scale management. On the other hand, fields of 303 

identical land use tend to be arranged contiguously within farms and between farms (e.g. 304 

habitat areas are placed beside each other without intervening fields of purely crops, Fig. 305 

3 (a)). With LSM fields with mixtures of crops and habitat dominate farms, and hence the 306 

landscape (Fig. 3 (b)). In addition to these visual differences, our landscape indices show 307 

that to achieve the LSM solution, farmers should maintain more habitat (higher HAI) 308 

with greater dispersal (lower HCI) compared to individual optimality (FSM).  309 
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Specifically, HAI with LSM (0.463) is larger than it is with FSM (0.381), implying 310 

that a generally greater availability of habitat across the landscape (or average habitat per 311 

field) is required to achieve LSM compared to FSM. The habitat configuration that 312 

emerges for the landscape under the baseline scenario with LSM is close to neutral 313 

(neither agglomeration nor dispersion) (HCI=0.498), while that for FSM is closer to 314 

perfect agglomeration (HCI=0.88), implying that FSM results in farmers maximizing 315 

intensity on cropped fields without considering spatial interdependencies with their 316 

neighbors via ES. In contrast, with LSM the average level of ES per field (7.68) and total 317 

profit (14407) are larger than for FSM (6.60, 13821), implying that the landscape 318 

composition and configuration resulting from FSM certainly result in different levels of 319 

ES across the landscape compared to LSM (Fig. 4, the calculation method can be found 320 

in Cong et al. (2014b)). 321 

[Insert Fig. 4 here] 322 

4.2 Implications of crop and ES provider characteristics 323 

In this section, we examine the effects of two main uncertainties (crop and ES provider 324 

characteristics) on the modeled landscapes and evaluate how the emerging habitat 325 

compositions and configurations respond to changes in these model parameters. 326 

4.2.1 Crop characteristics  327 

We find that for all relevant crop-type parameterizations, the HAIs (HCIs) with LSM are 328 

always higher (lower) than those with FSM (Fig. 5), which supports our conclusion that 329 

the farm-agents with LSM should maintain more habitat and disperse it compared to 330 

FSM. However, we find that as yield dependence on pollination falls from fully 331 

dependent (a=0, b=10) to least dependent (a=9, b=1), the difference between HCIs with 332 
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LSM and FSM decline faster than HAIs (e.g., for the landscape it decreases from 0.76 to 333 

0.03). Thus, the crop type primarily affects habitat configuration while the effects on 334 

habitat availability are relatively small. Overall, the crop-type parameters do not affect 335 

our general results qualitatively.  336 

[Insert Fig. 5 here] 337 

4.2.2 Characteristics of ES providers  338 

We find that for the entire range of tested parameter scenarios for 	 and � , the HAIs 339 

(HCIs) for LSM are always higher (lower) than those for FSM (Fig. 6), thereby 340 

supporting our conclusion that farm-agents should maintain a greater area or composition 341 

of habitat under LSM, and keep it dispersed compared to FSM. As 	 increases from 2 342 

to 5, the gap between HCIs resulting from LSM compared to FSM for peripheral farms 343 

(corner farms: farm (1, 2) and farm (2, 3)) becomes larger (See Fig. 6 (b)). Therefore, 344 

when habitat becomes more suitable for the service-providing organisms, even farms 345 

with few neighbors (e.g. those on the periphery) should disperse the habitat on their farms. 346 

However, as �  increases from 0.2 to 0.5 the differences between the resultant HAIs 347 

and HCIs with LSM and FSM diminish respectively (See Fig. 6 (c) and (d)); if the 348 

organisms are very sensitive to the distance parameter (i.e., have limited mobility for 349 

foraging), the landscape compositions and configurations of farms resulting from LSM 350 

and FSM converge. This is because the interdependencies among farmers become weaker 351 

as a consequence of lower mobility of the service-providing organisms. Consequently 352 

farmers should conserve less habitat and configure the habitat at roughly the midpoint of 353 

the continuum of agglomeration and dispersion (i.e. HCI=0.5). Overall, the 354 

characteristics of ES providers do not affect our general results qualitatively. 355 
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[Insert Fig. 6 here] 356 

5. Discussion and conclusions 357 

Farmers’ land-use decisions are complex to understand and model even under the best of 358 

circumstances. This complexity increases manifold when the potential spatial 359 

interdependencies created by intermediate ecosystem services (ES) from mobile 360 

organisms are taken into account. This is because each farmer’s optimal outcome is 361 

dependent on the land-use (habitat conservation) decisions of other farmers. Previously, 362 

holistic or landscape-scale management (LSM) has been shown to be superior to 363 

individual or farm-scale management (FSM) for managing such ES of benefit to 364 

agriculture (Cong et al., 2014b). The key contribution of this study is to investigate the 365 

composition and configuration of habitat at the farm and landscape scales that result from 366 

LSM compared to FSM, and to test the sensitivity of the results to different ecological 367 

assumptions as they might change in reality compared to modelled solutions.  368 

To achieve this aim we provide measures or indices that make it possible to monitor 369 

landscapes over time and hence provide, in a first step, necessary information to improve 370 

the governance of agricultural landscapes. Inspired by the habitat agglomeration and 371 

dispersion dichotomy in the literature, we propose using the habitat availability index 372 

(HAI) and habitat configuration index (HCI) to construct rules that jointly describe any 373 

particular landscape in terms of the composition and configuration of habitat. This 374 

approach can be used to coordinate habitat management decisions among individual 375 

farmers.  376 
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5.1 Differences between farm-scale and landscape-scale management of ES 377 

Our main conclusion is that, for a landscape with homogeneous soil quality where ES 378 

mediated by mobile organisms influence crop production, farmers should generally 379 

conserve a greater area of habitat (composition) and disperse it more evenly across their 380 

fields to achieve the LSM solution compared to the FSM. Such rules emerging from LSM 381 

are especially important to follow for farms with more neighbors because they need to 382 

provide higher levels of ES compared to the FSM solution. Regarding farms with few 383 

neighbors, the habitat configurations are closer to perfect agglomeration under both LSM 384 

and FSM. This result is logical since a farm with few neighbors has a small ES coverage 385 

(i.e., ES providers have the largest average distance to travel to any location in the 386 

landscape from peripheral farms). Therefore, their land-use decisions are more self-387 

contained and independent of the LSM or FSM solution. 388 

5.2 Uncertainties and limitations 389 

Our conclusion holds for the range of model parameters that characterize plausible crop 390 

and organism characteristics. Naturally, as the crop becomes less dependent on 391 

ecosystem services, the interdependencies among farmers’ land-use decisions become 392 

weaker, and in the extreme where the dependence approaches zero, the landscapes 393 

emerging from FSM and LSM will converge.  394 

Similarly, as the mobility of the ES providers declines, the spatial interdependencies 395 

among farmers weaken. Consequently, it is sufficient for farmers to focus on their own 396 

land (i.e., FSM), as this will also generate efficient LSM. To maximize profits in this case, 397 

farmers should choose the habitat configuration that is roughly at the midpoint of the 398 

continuum of agglomeration and dispersion (i.e. HCI=0.5). 399 
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Finally, as habitat becomes more suitable for supporting greater abundances of ES 400 

providers, even the configuration of habitat on farms with fewer neighbors becomes 401 

important, i.e., they should also disperse their habitat rather than agglomerating it. 402 

Our conclusion following from the LSM solution that habitat should be more dispersed 403 

is similar to Brosi et al. (2008), although they do not consider the ES interdependencies 404 

among farms. Our conclusion contrasts, however, with some prevailing views in the 405 

conservation literature. In particular, most studies on the topical land sharing/sparing 406 

debate suggest that the highest biodiversity benefits are achieved by agglomerating 407 

habitat, i.e. land sparing (Balmford et al., 2012; Drechsler et al., 2010). Although this 408 

configuration may benefit organisms of particular conservation concern, it might not be 409 

optimal to enhance organisms providing ES that benefit agricultural yields (Mitchell et al., 410 

2015). Our research, focusing on synergies between yields and biodiversity in terms of 411 

ES providing organisms, suggests that greater dispersion of habitat at small scales will 412 

therefore benefit crop production via flows of ES (Mastrangelo et al., 2014; Mitchell et 413 

al., 2015). 414 

The minimum decision unit (scale) of our analysis is the field, which is appropriate for 415 

farm management. However, it is straightforward to adapt our model to other choices of 416 

scale. Considering the potential complexity of emerging landscapes, we did not expect to 417 

find a perfect index reflecting the spatial configuration of habitat but rather suggest a 418 

practical and intuitive set of indices that can capture central features of habitat 419 

arrangement in reality. Although HCI (combined with HAI) cannot capture all the spatial 420 

information characterizing the landscape (i.e., where to allocate habitat in space), they 421 
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still serve our research aim well by approximating the necessary spatial allocation of 422 

habitat to optimize ES in agriculture.  423 

In addition, we acknowledge that our model is largely conceptual and that better 424 

specifications of the crop production function and the bio-physical processes for 425 

ecosystem services (see discussion in Cong et al. (2014b)) can be improved in future 426 

research utilizing advances in ecological research. However, the basic relationships based 427 

on distance decay of ecosystem service providers from semi-natural habitat will most 428 

likely hold, making our conclusions qualitatively robust. Finally, including additional 429 

objectives, such as integrating both ecosystem service and conservation perspectives to 430 

optimize landscape composition from a societal perspective may result in diverging 431 

regional solutions, because biodiversity conservation may demand solutions involving 432 

habitat agglomeration (or land sparing) and ES providers may instead demand habitat 433 

dispersion (small-scale land sharing) across production landscapes (Ekroos et al., 2014). 434 

5.3 Implications with respect to real-world management 435 

The landscape in our model is small and finite. In reality, the landscape in which 436 

individual farms are embedded could be large. Landscapes dominated by farmland (e.g., 437 

where non-agricultural land use is less than say 20%) can be viewed as farms with many 438 

neighbors in our model. In other landscapes where farms are embedded in a matrix of say 439 

forests and lakes (e.g. Persson et al. (2010)), the farms would more likely correspond to 440 

peripheral farms in our model because the interdependencies among farmers’ land-use 441 

decisions are trivial. 442 

Currently, a dominating agricultural landscape governance scheme in Europe is the 443 

EU’s Single Payment Scheme (SPS) under the Common Agricultural Policy (CAP) 444 
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(Cong et al., 2012). An important criterion for collecting full payments is the area of 445 

greening measures (ecological focus areas and permanent grasslands), i.e. habitat 446 

availability. If a goal of greening is to improve local biodiversity for the benefit of 447 

ecosystem services (Plieninger et al., 2012), then the spatial configuration of the greening 448 

measures will be important for achieving this goal. However, additional  information 449 

would be required if the payment is to be related to habitat configuration, which would 450 

give rise to additional transaction costs and hence reduce the likelihood of success in 451 

reality.  452 

In this paper we identify a possible approach for improving management at the 453 

landscape scale, by identifying the need to consider habitat configuration across the 454 

landscape and within individual farms, and how to measure it. We suggest that 455 

governance of ecosystem services in agricultural landscapes could instead be based on 456 

the habitat indices generated in this paper, which are more practical and hence less costly 457 

than alternatives. However, this requires both an increased understanding of how 458 

ecosystem service providers benefit from semi-natural habitat of different quality and at 459 

what spatial scale they impact crops. 460 

Finally, any real-world implementation needs to consider the multiple ecosystem 461 

services provided by agricultural landscapes, which may be differently affected by habitat 462 

composition and configuration, making solutions more complex than implied by our 463 

approach (Galler et al., 2015).  464 
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Figures:  649 

 650 

Fig. 1. Six farms with the same composition (availability) of habitat but with varying 651 

configurations (arrangement) of habitat and crops 652 

Note: Metrics indicate the proportion of the field (plot) area used for cropping with the 653 

remainder comprising habitat 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 
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 665 

Fig. 2. Hypothetical landscape as represented in the model and identification of farms 666 

Note: The landscape is represented as a N� N grid while individual farms are represented 667 

by n� n plots (n < N). We set 33N �  and n = 5. The shaded plots are private land (or 668 

fields) that can be used by farmers while the white plots are non-agricultural land. 669 

 670 

 671 

 672 

 673 
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 675 

 676 

Fig. 3. Landscapes resulting from: (a) farm-scale management (FSM) and (b) landscape-677 

scale management (LSM). 678 

Note: Metrics indicate the Habitat Availability Index (HAI) for chosen farms. We only 679 

show HAIs for farms with specific locations because symmetrically located farms (e.g. 680 

farm 1 and farm 25) have identical HAI. 681 
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 684 

(a) 685 

 686 

(b) 687 

Fig. 4. Potential ecosystem-service levels for each field in the landscape resulting from: 688 

(a) FSM and (b) LSM 689 

 690 
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 691 

Fig. 5. The effect of crop type on habitat composition (HAI) and configuration (HCI) on 692 

farms at different locations in the landscape.  693 

Note: a and b are the parameters of the crop yield function: a is the yield that is 694 

independent of ecosystem services and b is the potential additional yield that is dependent 695 

on the level of ecosystem services.  696 

 697 

 698 

 699 
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 700 

Fig. 6. The effect of the service-providing organism’s type on habitat composition (HAI) 701 

and configuration (HCI) on farms at different locations in the landscape: (a) the effect of 702 

the scale parameter α on HAI; (b) the effect of α on HCI; (c) the effect of the distance 703 

parameter β on HAI; and (d) the effect of β on HCI.  704 

Note: We present only a subset of all scenarios because the diagrams for the in-between 705 

scenarios show consistent trends. 706 

 707 

  708 
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Tables: 709 

Table 1. Values of the landscape-scale composition (HAI) and configuration (HCI) 710 

indices for the illustrative landscapes (a)-(f) depicted in Fig. 1 711 

Landscape Index Value Landscape Index Value 

(a) HAI 0.5 (b) HAI 0.5 

 HCI 1  HCI 0 

(c) HAI 0.5 (d) HAI 0.5 

 HCI 0.64  HCI 0.04 

(e) HAI 0.5 (f) HAI 0.5 

 HCI 0.5  HCI 0.25 

 712 

 713 

 714 

 715 

 716 

 717 

  718 
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Table 2. Summary of the farm-scale composition (HAI) and configuration (HCI) indices 719 

for farms at different locations in the landscape 720 

Farm location  Index 

Landscape-scale 

management 

(LSM) 

Farm-scale 

management 

(FSM) 

Difference 

Central HAI 0.473 0.364 -0.109 

 HCI 0.017 0.958 0.941 

Farm (2, 3) HAI 0.468 0.362 -0.106 

 HCI 0.211 0.967 0.756 

Farm (2, 2) HAI 0.463 0.361 -0.102 

 HCI 0.361 0.978 0.617 

Farm (1, 3) HAI 0.463 0.387 -0.076 

 HCI 0.609 0.907 0.298 

Farm (1, 2) HAI 0.462 0.387 -0.075 

 HCI 0.657 0.911 0.254 

Corner HAI 0.458 0.408 -0.05 

 HCI 0.754 0.725 -0.029 

Landscape HAI 0.427 0.381 -0.046 

 HCI 0.494 0.873 0.379 

 721 

 722 


