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Abstract 14 

Landscape structure and fragmentation have important effects on ecosystem 15 

services, with a common assumption that fragmentation reduces service 16 

provision. This is based on fragmentation’s expected effects on ecosystem 17 

service supply, but ignores how fragmentation influences the flow of services to 18 

people. Here, we develop a new conceptual framework that explicitly considers 19 

the links between landscape fragmentation, the supply of services, and the flow 20 

of services to people. We argue that fragmentation’s effects on ecosystem service 21 

flow can actually be positive or negative and use our framework to construct 22 

testable hypotheses about the effects of fragmentation on final ecosystem service 23 

provision. Empirical efforts to apply and test this framework are critical to 24 

improve landscape management for multiple ecosystem services. 25 

 26 

Keywords: landscape fragmentation, ecosystem services, ecosystem service 27 

flow, ecosystem service supply, biodiversity  28 
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Landscape fragmentation: the need to reconceptualize for ecosystem 29 

services 30 

Humans continue to heavily modify natural ecosystems around the world, 31 

with negative consequences for biodiversity (see Glossary) and natural capital 32 

[1,2]. At the same time, demand for ecosystems to provide benefits, or services, 33 

to society is growing rapidly [3]. This has significantly increased the need to 34 

understand and manage landscapes simultaneously for ecosystem services and 35 

biodiversity. Recently, the potential of managing landscape structure [4-6], and 36 

in particular landscape fragmentation [7,8], for these multiple goals has been 37 

highlighted. Interest in landscape fragmentation - the breaking apart of areas of 38 

natural land cover into smaller pieces independent of a change in the amount of 39 

natural land cover - has a long history in ecology [9]. Consequently, a well-40 

developed understanding exists of its effects on biodiversity and ecosystem 41 

functioning [10]. However, the shift in research interest from biodiversity 42 

towards the concept of ecosystem services has recast what before were solely 43 

ecological questions into social-ecological ones [11-13]. This recasting means 44 

that predictions about the ecological effects of landscape fragmentation on 45 

biodiversity and ecosystem functioning are unlikely to translate directly into 46 

ecosystem service provision. This will be especially true if fragmentation has 47 

contrasting effects on people and how they interact with ecosystems to produce 48 

ecosystem services compared to biodiversity and ecosystem functioning. It is 49 

therefore critical to rethink how fragmentation alters all of the components of 50 

ecosystem service provision in order to improve landscape management for 51 

multiple services. 52 
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Ecosystem service provision depends on three elements: supply, demand, 53 

and flow (Figure 1), each of which can respond differently to landscape 54 

fragmentation. Ecosystem service supply is the potential for natural capital to 55 

generate a benefit for people, irrespective of it being realized or used [14]. In 56 

turn, ecosystem service demand is the level of service provision desired or 57 

required by people, and is influenced by human needs, values, cultures, 58 

institutions, and built capital [15]. Finally, for ecosystem service provision to be 59 

realized, people must interact with ecosystems to gain a benefit. This interaction 60 

connects service supply with demand to produce a service flow: the actual 61 

delivery of a service to people to be used or enjoyed [15].  62 

Here, we argue that the effects of fragmentation on ecosystem service 63 

supply and flow can either complement or oppose each other, leading to 64 

contrasting net effects on service provision. Ecosystem service supply depends 65 

on the presence of particular species, ecosystems, or ecological processes that 66 

are often negatively affected by fragmentation. In contrast, most ecosystem 67 

service flows depend on the distribution and movement of organisms, matter, 68 

and people between areas of natural and anthropogenic land cover. For example, 69 

fragmentation of forests from logging, road construction, or agricultural and 70 

urban expansion can alter plant species composition and growth, negatively 71 

affecting water quality regulation and carbon sequestration [16,17]. At the same 72 

time, this fragmentation can improve forest access, increasing timber harvesting, 73 

hunting, wild food foraging, and park visits [18,19]. Thus, by altering the 74 

arrangement of areas of service supply and demand, or humans and natural 75 

capital across a landscape, fragmentation can modify ecosystem service supply, 76 

movements critical for service flow, and ultimately service provision. 77 
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That landscape fragmentation simultaneously affects ecosystem service 78 

supply and flow has not, thus far, been widely acknowledged in the development 79 

and application of the ecosystem service concept. The majority of ecosystem 80 

service studies that consider fragmentation focus only on service supply [4,20] 81 

and disregard demand and flow. Similarly, most ecosystem service decision-82 

support and quantification tools focus on service supply and have limited ability 83 

to determine flow [21]. While tools such as InVEST 84 

(naturalcapitalproject.org/InVEST.html) and ARIES (ariesonline.org) aim to 85 

better quantify service flows across landscapes, integration of this information 86 

into decision-making remains limited and is still mainly focused on service 87 

supply. Consequently, predictions about how landscape fragmentation will affect 88 

ecosystem service provision are likely to be incorrect. This has important 89 

implications for landscape planning to optimize service provision.  90 

To spur research in this area, we present a conceptual framework that 91 

links fragmentation explicitly with ecosystem service supply and flow, and use it 92 

to make testable predictions about the effects of landscape fragmentation on 93 

ecosystem service provision. We discuss how fragmentation could drive 94 

tradeoffs and synergies among services, highlighting the implications for policy 95 

and planning, and identify future research priorities for investigating the role of 96 

landscape fragmentation on ecosystem service provision. 97 

 98 

Linking fragmentation to ecosystem service supply and flow 99 

Here, we identify specific mechanisms by which landscape fragmentation, 100 

independent of the loss of natural land cover, affects service supply and flow 101 

(Figure 1), and the ultimate consequences of these relationships for service 102 
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provision. A planning issue of critical importance in many human-dominated 103 

landscapes is how spatially to arrange areas of natural land cover within the 104 

human-dominated matrix [22,23]. While we recognize that alteration of the 105 

spatial arrangement of natural land cover also has important consequences for 106 

landscape heterogeneity, our framework simplifies this complexity by focusing 107 

on fragmentation of natural land cover. We feel this is a necessary first step to 108 

better develop a spatially explicit landscape-scale understanding of ecosystem 109 

services. 110 

 111 

Fragmentation and ecosystem service supply 112 

Fragmentation tends to drive biodiversity loss and shifts in ecosystem 113 

function [24,25], although a variety of responses can occur, especially at low or 114 

intermediate levels of fragmentation [9]. Fragmentation often reduces the ability 115 

of plant and animal species to move across landscapes, interrupting daily 116 

movements between foraging and breeding habitat, dispersal events, and 117 

migration [10]. In addition, smaller habitat patches support fewer species, 118 

contain smaller populations that are at greater risk of extinction [26], and have 119 

increased edge effects that can negatively affect the persistence of native species 120 

[27]. Each of these different effects of fragmentation can result in degradation of 121 

the natural capital and biodiversity that contribute to service supply (Figure 1). 122 

There is widespread evidence that biodiversity influences or is strongly 123 

correlated with the supply of many ecosystem services [28,29]. For example, 124 

increased tree species richness [30] and plant diversity [6] are each associated 125 

with an increased supply of multiple ecosystem services. In particular, 126 

biodiversity is increasingly important as the number of services considered 127 
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increases [31]. Thus, if biodiversity declines with landscape fragmentation, as is 128 

commonly observed [10], ecosystem service supply will also likely be lost. 129 

Pollination and pest regulation are among the best-studied examples 130 

where landscape fragmentation drives this relationship. Increased species and 131 

functional diversity in pollinator or arthropod predator communities can 132 

increase service supply [32,33]. In turn, this diversity can be enhanced by 133 

increased forest and grassland connectivity or increased landscape complexity 134 

(smaller fields, more hedgerows) across agricultural landscapes [34,35]. 135 

Fragmentation can also affect forest plant diversity and the supply of carbon 136 

storage and sequestration [17,36], although this effect is not universal [37]. 137 

Similarly, fragmentation of marine ecosystems and rivers can have significant 138 

effects on aquatic biodiversity and fish abundance important for commercial 139 

fisheries [38,39]. Unfortunately, most of these examples only quantify service 140 

supply and not actual flows to people, which might be affected very differently by 141 

fragmentation. 142 

 143 

Fragmentation and ecosystem service flow 144 

For most ecosystem services, their flow depends on the movement of 145 

organisms, matter, energy, and/or people across landscapes to connect spatially 146 

separate locations of supply and demand (Figure 1)[20]. For example, pollination 147 

depends on the movement of native pollinators from fragments of non-crop 148 

vegetation into fields [40], drinking water provision relies on the flow of above- 149 

and below-ground water to areas of collection or consumption [41], and the 150 

movement of people to fishing locations or parks is needed for fisheries and 151 

recreation [42]. Conversely, some services depend on ecosystems restricting 152 
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flows of organisms or matter. For example, flood regulation is provided when 153 

ecosystems restrict or delay water flow [43], disease regulation when the 154 

movements of disease vectors to people are limited [44], and water quality 155 

regulation when ecosystems capture or transform excess nutrients, sediments or 156 

pollutants [41]. 157 

Because ecosystem service flow relies on facilitating or restricting 158 

movement, landscape fragmentation can affect the magnitude and spatial pattern 159 

of these flows (Box 1)[20]. Importantly, fragmentation increases the 160 

interspersion of natural and anthropogenic lands, reducing distances between 161 

areas of service supply and demand, and potentially increasing service flow. At 162 

the same time, fragmentation affects the number, size, shape, spatial 163 

arrangement, and isolation of patches of natural land cover, which in turn can 164 

positively or negatively affect the flow of soil, water, energy, and organisms 165 

across landscapes [4]. Thus, fragmentation can have either negative or positive 166 

effects on service flow, depending on the service in question, the process of 167 

landscape fragmentation, and the resulting landscape structure (Box 1). In 168 

addition, the flow of some ecosystem services will be insensitive to 169 

fragmentation. For example, carbon sequestration and storage provides climate 170 

regulation globally regardless of its spatial location or the location of 171 

beneficiaries. 172 

 173 

How fragmentation affects ecosystem service flow 174 

Increased interspersion of natural and anthropogenic lands 175 

Expansion of human land-use resulting in the fragmentation of natural 176 

land cover can place areas of service supply and demand in closer proximity to 177 
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one another. For services that rely on the juxtaposition of ecosystems and 178 

people, this can increase service flows (Figure 2A). Services provided by mobile 179 

organisms often fall into this category. For example, interspersion of remnant 180 

forests and grasslands with cropland can maximize both pollination and pest 181 

regulation services [45]. Small reservoirs of regularly-placed natural land cover 182 

that provide shelter and nesting resources can more evenly distribute pollinators 183 

across agricultural landscapes and are predicted to maximize the flow of 184 

pollination services [22]. Similarly, regularly-spaced forest patch and hedgerow 185 

reservoirs of arthropod predators are needed to ensure an even flow of pest 186 

regulation to agricultural fields [46,47]. 187 

Increased fragmentation can also improve people’s access to ecosystems 188 

to obtain recreational and health benefits. Increased visitation to parks and 189 

previously inaccessible wilderness areas when roads and trails are built can 190 

increase fishing, hunting, timber harvesting, and land clearing [18,19]. Similarly, 191 

in urban areas having nearby green spaces increases accessibility and can 192 

improve human health and well-being [48,49]. We predict that these effects of 193 

fragmentation on patterns of human movement, while often overlooked in the 194 

literature [4], will be as common and important for ecosystem service flow as 195 

those on the movement of other organisms. 196 

Increased interspersion of people, their activities, and ecosystems can 197 

also increase flows of ecosystem disservices (damages or costs to people from 198 

ecosystems). For example, the spread of human diseases via biotic vectors is 199 

often greater when human habitation occurs in close proximity to natural areas. 200 

For Lyme’s disease in North America, increased interspersion of people and 201 

forests is highly correlated with disease prevalence [50,51]. 202 
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 203 

Increased isolation of patches of natural land cover 204 

By isolating patches of natural land cover and reducing patch sizes, 205 

fragmentation can have negative effects on the movement of organisms and 206 

matter (Figure 2B). This is especially true if the intervening matrix impedes 207 

movement between patches. For services provided by mobile organisms [52], 208 

including pollination and seed dispersal, isolation can negatively affect service 209 

flow. For example, seed dispersal can be highly sensitive to forest fragmentation 210 

by agriculture, especially the loss of small forest patches that maintain landscape 211 

connectivity [53]. Services that rely on the movement of water can also be 212 

disproportionately affected. The presence of dams has fragmented most of 213 

Earths’ major river systems, reducing water flow and the movement of people 214 

along these rivers, altering water provision to people, water quality regulation 215 

[54], and opportunities for recreation [55,56]. 216 

 217 

Decreased patch size and increased edge 218 

Reduced patch size can decrease visitation rates and ecosystem service 219 

flows, for both organisms and people (Figure 2C). For example, smaller fields 220 

often experience less pollinator visitation compared to larger fields, with 221 

consequences for pollination and other services provided by mobile organisms 222 

[34,57]. Similarly, small parks attract fewer visitors from surrounding urban 223 

areas [58], reducing recreation [59] and other cultural services. 224 

For those services that depend on restricting movement, increases in edge 225 

and edge:area ratio can have a variety of effects, either reducing or increasing 226 

service flow to people (Figure 2D). For example, fragmentation of areas of 227 
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natural land cover by agriculture can result in greater vegetation-field edge and 228 

increased soil erosion [60,61] and nutrient loss [62,63], with consequences for 229 

downstream water quality. Contrastingly, linear patches of vegetation such as 230 

hedgerows can fragment the cropland matrix of agricultural landscapes, 231 

intercepting pesticides and odors and increasing air quality regulation [64,65]. 232 

Other directionally-provided ecosystem services, such as storm protection and 233 

flood regulation might also be improved by more linear wetlands [66]. 234 

 235 

Consequences for ecosystem service provision 236 

The varied processes by which fragmentation affects landscape structure 237 

and heterogeneity, and thereby service flow, means that fragmentation’s effects 238 

on supply and flow can be in parallel or opposition. We argue that this will result 239 

in a variety of landscape-scale fragmentation effects on the provision of different 240 

services, and hypothesize that three broad categories of effects are possible (Box 241 

2). For example, when the effects of fragmentation on supply and flow oppose 242 

each other, service provision will peak at intermediate levels of fragmentation 243 

(Figure 3F). These three categories of relationships provide testable predictions 244 

of the effects of fragmentation on service provision. 245 

The diverse effects of fragmentation on service provision will also drive 246 

positive and negative relationships between services in fragmented landscapes 247 

as each responds differently to the modified landscape structure, even if the 248 

services themselves do not interact strongly [67]. Importantly, our framework 249 

predicts that tradeoffs and synergies between ecosystem services might not 250 

always be unidirectional or constant, but could vary depending on the level of 251 

landscape fragmentation. Thus, we predict that managing landscape structure 252 
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for ecosystem services does not simply involve minimizing fragmentation, but 253 

requires a much more complete understanding of the effects of landscape 254 

structure on service provision. 255 

 256 

Challenges for ecosystem service science and policy 257 

The challenge of incorporating the ecosystem services paradigm into 258 

environmental policy and landscape planning is increasingly being recognized 259 

[68,69]. The next major challenge is to develop a body of predictive theory to 260 

support policy and planning activities, similar to that currently present in 261 

biodiversity-fragmentation research. In this context, ecosystem service research 262 

needs to move away from simply quantifying and mapping the biophysical 263 

supply of services [70], and towards identifying locations of service demand, and 264 

potential pathways and magnitudes of service flow [15,20]. Understanding these 265 

different aspects of service provision and what features of landscape structure, 266 

fragmentation, and heterogeneity control them will significantly improve the 267 

ability to manage landscapes for ecosystem services. Our framework is a first 268 

step towards a more robust theory linking landscape structure with ecosystem 269 

services.  270 

We propose that ecosystem service supply will decline with increasing 271 

fragmentation, but that the flow of ecosystem services to beneficiaries can 272 

increase or decrease. Thus, fragmentation of the landscape can either enhance or 273 

degrade ecosystem service provision (Box 2). We also argue that the responses 274 

of ecosystem service flow to fragmentation are driven by: (a) increased 275 

interspersion of anthropogenic and natural lands, (b) increased isolation of 276 

patches of natural land cover, and (c) reduced patch sizes and increased amounts 277 
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of edge. These predictions reflect a number of important gaps in current 278 

knowledge and highlight a number of key research questions that will best 279 

address them (Box 3). In particular, testing our hypotheses across landscape 280 

gradients of fragmentation by quantifying the supply, demand, and flow of 281 

multiple services is an essential next step. Only in this way will the mechanisms 282 

by which fragmentation drives both service provision and tradeoffs between 283 

services be identified. Describing the precise form of the relationships between 284 

fragmentation and service provision, and identifying if distinct classes of 285 

relationships exist, similar to those in our framework, are also critical questions 286 

for future research. 287 

Landscape planning almost always involves decisions about the spatial 288 

arrangement of conflicting land-uses that influence the level of landscape 289 

fragmentation (e.g. [71]). Active urban and rural landscape planning could 290 

benefit substantially from a more nuanced understanding of the relationships 291 

between landscape fragmentation and heterogeneity, and ecosystem service 292 

provision. Yet implications for other globally relevant policy challenges are 293 

equally important. Understanding when and why fragmentation inhibits or 294 

enhances ecosystem service provision is central to the land sparing versus land 295 

sharing (or wildlife-friendly farming) debate [23,72]. This is also true for 296 

designing rules to improve the effectiveness and co-benefits from trades in 297 

carbon markets (e.g. REDD+)[73], biodiversity (e.g. offsetting, agri-environment 298 

schemes) [5,74], and other ecosystem services (e.g. water quality). Market-based 299 

approaches to stimulate desirable land-use outcomes are also increasingly 300 

incorporating effects of spatial configuration [75], but currently incorporate only 301 

a simple understanding of the consequences of fragmentation. Thus, 302 
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understanding the effects of fragmentation on ecosystem services is of critical 303 

importance for developing effective policy mechanisms.  304 

 305 

Concluding Remarks 306 

Our conceptual framework highlights the vital importance of 307 

understanding how fragmentation of natural land cover affects service supply 308 

and flow and the different ecological and social components of ecosystem service 309 

provision. Incorporating these effects into ecosystem service assessments is 310 

critical to develop effective tools that can help structure landscapes to provide 311 

multiple ecosystem services. In many ways, the field of ecosystem services is 312 

ideally placed to address this challenge; many studies already work at large 313 

spatial scales across landscapes with different levels of fragmentation, and 314 

incorporate data from a diversity of sources, including ecological, remote 315 

sensing, and social survey data. What is needed now is increased empirical 316 

research into the exact nature of the relationships between fragmentation and 317 

ecosystem service supply and flow. As the ecosystem services concept is 318 

increasingly incorporated into decision-making and planning activities, the need 319 

to improve understanding of ecosystem service provision at the landscape-scale 320 

is fundamentally important. 321 
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Figure 1. A conceptual diagram of the effects of landscape fragmentation on the 332 

provision of ecosystem services. Fragmentation alters ecosystem service supply 333 

by affecting natural capital. This occurs when fragmentation affects the 334 

movement and distribution of organisms, matter, and energy across a landscape, 335 

with consequences for the biodiversity and ecosystem functions that are 336 

important for service provision. Fragmentation also affects patterns of human 337 

distribution, activities, and movement across the landscape. Combined, these 338 

effects influence the magnitude and spatial pattern of ecosystem service flows 339 

that connect areas of service supply to areas of demand. Thus, ecosystem service 340 

flows, and ultimately service provision, depend on how landscape fragmentation 341 

and the resulting landscape structure affect the movement and distribution of 342 

both ecosystems and people. In turn, the benefit derived from an ecosystem 343 

service affects service demand by altering human wellbeing and needs. This 344 

demand then drives human activities that alter landscape fragmentation (dashed 345 

arrow). Ecosystem service provision can also directly affect natural capital 346 

(dashed arrow) through over-exploitation. Adapted from [14]. 347 

 348 

Box 1. What is landscape fragmentation and how does it affect ecosystem 349 

service flow? 350 

Landscape fragmentation is the breaking up of larger areas of natural land 351 

cover into smaller, more isolated patches, independent of a change in the total 352 

area of natural land cover (Figure 2). Landscape fragmentation causes three 353 

main interconnected changes to patches of natural land cover across a 354 

landscape: (i) an increase in the isolation of patches and their interspersion with 355 

the surrounding human-dominated land (e.g., agricultural or urban areas), (ii) an 356 
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increase in the number of patches and the amount of patch edge, and (iii) a 357 

decrease in average patch area [9]. Simultaneously, the surrounding human-358 

dominated portion of the landscape can become more connected as 359 

fragmentation proceeds, with important consequences for the movement and 360 

abundance of species that inhabit this portion of the landscape [52,76]. 361 

Thus, landscape fragmentation results in a number of interrelated effects 362 

for landscape structure, including changes to landscape configuration and 363 

heterogeneity. This means that a variety of mechanisms and effects on ecosystem 364 

service flow are possible (Figure 2). Fragmentation affects ecosystem service 365 

flows by facilitating or interrupting movement of organisms, matter, energy, and 366 

people across landscapes. This includes the daily movements of mobile 367 

organisms like pollinators and insect predators across agricultural landscapes; 368 

long-distance migrations; directional overland flows of water and the nutrients, 369 

pollutants, and eroded soil it contains; ocean and atmospheric currents at 370 

multiple spatial scales; and the movement of people across landscapes. The final 371 

effect of fragmentation on service provision will depend heavily on these 372 

processes and the key species, ecosystem functions, biophysical flows, and 373 

human activities that underlie each service, as well as the exact form and amount 374 

of landscape fragmentation that takes place. Additionally, the scale at which 375 

fragmentation takes place relative to ecosystem service flow will also change 376 

how it affects service provision. 377 

 378 

Figure 2. The mechanisms by which landscape fragmentation, independent of a 379 

change in the area of natural land cover, can affect ecosystem service flow. 380 

Locations of natural land cover and ecosystem service supply (green areas) 381 
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provide ecosystem service flows (red arrows) and benefits (red areas) to the 382 

human-dominated matrix (light brown areas) that are affected by landscape 383 

fragmentation. Ecosystem service flows of organisms and people (arrows) can 384 

depend on proximity to natural areas (A) and will therefore be influenced by the 385 

interspersion of natural and anthropogenic land cover across the landscape (e.g., 386 

recreation, pollination, waste treatment, pest regulation). At the same time, 387 

increased isolation of patches and reduced connectivity (B), as well as decreased 388 

patch size (C), can decrease service flow in fragmented landscapes (e.g., 389 

pollination, seed dispersal, cultural services, watercourse recreation, water 390 

provision and regulation). Finally, for services that depend on restricting 391 

movement across landscapes, increased edge amounts with fragmentation (D) 392 

can have positive (e.g., storm protection, air quality regulation) or negative (e.g., 393 

water quality or soil erosion regulation) effects on ecosystem service flow. In 394 

each panel, the area of natural land cover and ecosystem service supply is 395 

unchanged between intact and fragmented landscapes. Adapted from [66]. 396 

 397 

Box 2. Combining the effects of fragmentation on ecosystem service supply 398 

and flow 399 

Our conceptual framework predicts that a range of relationships between 400 

landscape fragmentation and final ecosystem service provision are possible 401 

depending on the specific processes by which fragmentation affects service 402 

supply and flow (Figure 3). While a range of effects is likely, we identify three 403 

general categories of effects: 404 

(1) Double Whammy: fragmentation negatively affects both supply and flow, 405 

resulting most often in rapid and dramatic decreases in ecosystem service 406 
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provision with fragmentation. We predict this relationship for services 407 

where reduced connectivity and decreased patch size drive reductions in 408 

service flow (e.g., water provision and regulation, watercourse recreation, 409 

and pollination and pest regulation at high levels of landscape 410 

fragmentation). 411 

(2) Compensating: the effects of fragmentation on flow oppose those on 412 

supply, resulting in increased service provision at intermediate levels of 413 

fragmentation. The exact level of fragmentation that maximizes service 414 

provision depends on the strength and shape of the relationship between 415 

fragmentation and service flow. Services where interspersion of natural 416 

land cover and human-dominated areas determines service flow should 417 

respond in this way (e.g., recreation, cultural and aesthetic services, 418 

genetic resources, pollination, and pest regulation) 419 

(3) Supply Driven: ecosystem service flows are insensitive to fragmentation, 420 

therefore final service provision is simply a function of the effects of 421 

fragmentation on service supply. Examples include carbon sequestration, 422 

carbon storage, and the existence value of biodiversity. 423 

Because there is a wide range of possible patterns of ecosystem service provision 424 

with fragmentation, this will drive synergies and tradeoffs between services in 425 

fragmented landscapes. For example, services that respond in ‘Double Whammy’ 426 

or ‘Supply Driven’ ways to fragmentation might show positive relationships 427 

across landscapes as fragmentation varies. Of course, variation in the strength of 428 

these relationships will also occur (e.g., blue versus red lines in Figure 3E). 429 

Contrastingly, tradeoffs might occur among services following a ‘Compensating’ 430 

relationship. Here, the strength of the trade-offs between services will depend on 431 
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the level of fragmentation and resulting landscape structure. Tradeoffs and 432 

synergies between services and switches between the two could also occur 433 

within the ‘Compensating’ category as levels of fragmentation vary (e.g., green 434 

dashed versus blue solid line in Figure 3F). Thus, our framework predicts that 435 

tradeoffs and synergies between services might not always be unidirectional or 436 

constant, but will vary depending on the level of landscape fragmentation. 437 

 438 

Figure 3. Effects of landscape fragmentation on the supply and the flow of 439 

ecosystem services will affect the final relationship between landscape 440 

fragmentation and ecosystem service provision. Landscape fragmentation, by 441 

reducing biodiversity and ecosystem function, is (A) predicted to reduce 442 

ecosystem service supply (three alternative possible trajectories are shown: red, 443 

green, and blue lines). At the same time, the amount of flow per unit of ecosystem 444 

service supply to beneficiaries can also be affected (B) negatively, (C) positively, 445 

or (D) be insensitive to landscape fragmentation (e.g., carbon sequestration), 446 

with a range of relationships possible (e.g., solid, dashed, and dotted lines). 447 

Combining ecosystem service supply and flow multiplicatively (E,F,G) will result 448 

in distinct relationships between landscape fragmentation and ecosystem 449 

service provision. Each of the trend lines in (E,F,G) is a combination of the lines 450 

in the plots above. Note that some lines overlap in (E) and for clarity not all 451 

possible combinations of supply and flow are shown; the grey lines in (E) show 452 

what provision would be if flow was insensitive to fragmentation. 453 

 454 

Box 3. Outstanding questions about the effects of fragmentation on 455 

ecosystem services 456 
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(1) What are the specific relationships between landscape fragmentation and 457 

ecosystem service supply and flow for different services? While there is 458 

likely wide variation in the form of these relationships, this has yet to be 459 

quantified. This is a key first step to creating landscape management tools 460 

for ecosystem services that deal with fragmentation. 461 

(2) What are the important mechanisms by which fragmentation affects 462 

service flow for different ecosystem services, and do these vary 463 

depending on spatial scale considered? We identify four potential 464 

mechanisms, but their relative importance across different services is 465 

largely unknown. Understanding these mechanisms is key to creating a 466 

predictive framework for the effects of landscape fragmentation on 467 

ecosystem service provision. 468 

(3) Can the relationships between fragmentation and ecosystem service flow 469 

and final provision be generalized for specific categories of services? 470 

While we identify three broad potential categories (Figure 3), there might 471 

be additional categories or there might be instances where relationships 472 

between services and fragmentation are idiosyncratic depending on the 473 

scale of fragmentation or other biophysical and social factors. While we 474 

hypothesize that this is unlikely, it has yet to be tested. 475 

(4) How are positive or negative relationships between ecosystem services 476 

affected by landscape fragmentation? Our framework predicts that these 477 

relationships might not be constant, but could vary across gradients of 478 

fragmentation or landscape structure. The prevalence and actual form of 479 

these relationships need to be tested in real landscapes. 480 
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(5) How can the effects of fragmentation on ecosystem service provision be 481 

effectively integrated into decision-making? The causes of fragmentation 482 

across landscapes are varied and it can often be driven by external factors 483 

such as demand for ecosystem services from distant locations. Therefore, 484 

effectively integrating knowledge about the effects of fragmentation into 485 

landscape planning will likely be difficult and effective paths to do this are 486 

yet to be explored. 487 

(6) What is the most important component of ecosystem service provision 488 

(i.e., supply or flow) to understand with respect to landscape planning? 489 

With limited resources available to investigate how fragmentation affects 490 

both service supply and flow, determining which is most important for 491 

landscape management is critical to efficient decision-making.  492 
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Glossary 493 

 494 

Benefit: the ways in which ecosystems improve human wellbeing via the 495 

provision of ecosystem services. Constituents of human wellbeing include 496 

materials essential for life, and contributions to health, security, social relations, 497 

and freedom of choice and action [77]. 498 

Biodiversity: the variability among living organisms from all sources including, 499 

inter alia, terrestrial, marine and other aquatic ecosystems and the ecological 500 

complexes of which they are part; this includes diversity within species, between 501 

species and of ecosystems. Defined here following the 1993 Convention on 502 

Biological Diversity (CBD) meaning of ‘biological diversity’, which we assume is 503 

equivalent to ‘biodiversity’ (www.cbd.int/convention/articles). 504 

Connectivity: the degree to which a landscape facilitates the movement of 505 

organisms and matter [78]. We use the term to include both biotic connectivity 506 

(movement of organisms) and abiotic connectivity (movement of water, 507 

nutrients, and soil) across landscapes. 508 

Ecosystem function: the flow of energy and materials through the arrangement 509 

of biotic and abiotic components of an ecosystem that allow or could allow 510 

natural systems to provide ecosystem services [79]. 511 

Ecosystem service: defined broadly, the biophysical and social conditions and 512 

processes by which people, directly or indirectly, obtain benefits from 513 

ecosystems that sustain and fulfill human life [77]. 514 

Ecosystem service demand: the level of service provision desired or required 515 

by people. Demand is influenced by human needs, values, institutions, built 516 

capital, and technology [15]. 517 
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Ecosystem service flow: the actual delivery to or realization of an ecosystem 518 

service by people. Ecosystem service flow depends on both the supply of and 519 

demand for a service [14,15] as well as the movement of organisms, matter, and 520 

people [4]. 521 

Ecosystem service supply: the full potential of ecological functions or 522 

biophysical elements in an ecosystem to provide a given ecosystem service, 523 

without consideration of whether humans recognize, use, or value that function 524 

or element [14,15]. 525 

Landscape: a heterogeneous area composed of interacting ecosystems that is 526 

repeated in similar form throughout, including both natural and anthropogenic 527 

land covers, across which humans interact with their environment [80]. 528 

Landscape fragmentation: the breaking apart of areas of natural land cover 529 

into several smaller areas within a human-dominated matrix, without any 530 

change in the area of natural land cover [9]. 531 

Landscape heterogeneity: the amount of variation in landscape structure 532 

(composition and configuration) at a particular spatial scale across a landscape. 533 

Landscape heterogeneity is affected by landscape fragmentation through 534 

changes to patterns of spatial complexity. 535 

Landscape structure: the arrangement of land covers and land uses across a 536 

landscape. Broadly, it includes landscape composition (how much of each land 537 

cover or land use that exists), configuration (the spatial pattern of these land 538 

cover or land use types), and connectivity. 539 

Landscape matrix: the surrounding portion of the landscape in which 540 

fragments of natural land cover are located. In most cases we consider the matrix 541 

to be the human-dominated or disturbed areas of the landscape (e.g., agricultural 542 
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fields, urban areas, cleared land). Characteristics of the matrix can be important 543 

for determining landscape connectivity and ecosystem service flow. 544 

Natural capital: the stock of natural ecosystems, including all of their biological 545 

and physical features that supply flows of ecosystem services to people.  546 
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