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:  1 

Climate change is having a significant impact on ecosystem services, and is likely to become 2 

increasingly important as this phenomenon intensifies. Future impacts can be difficult to 3 

assess as they often involve long time scales, dynamic systems with high uncertainties, and 4 

are typically confounded by other drivers of change. Despite a growing literature on climate 5 

change impacts on ecosystem services, no quantitative syntheses exist. Hence, we lack an 6 

overarching understanding of the impacts of climate change, how they are being assessed, 7 

and the extent to which other drivers, uncertainties, and decision making are incorporated. 8 

To address this, we systematically reviewed the peer-reviewed literature that assesses 9 

climate change impacts on ecosystem services at sub-global scales. We found that the 10 

impact of climate change on most types of services was predominantly negative (59% 11 

negative, 24% mixed, 4% neutral, 13% positive), but varied across services, drivers, and 12 

assessment methods. Although uncertainty was usually incorporated, there were 13 

substantial gaps in the sources of uncertainty included, along with the methods used to 14 

incorporate them. We found that relatively few studies integrated decision making, and 15 

even fewer studies aimed to identify solutions that were robust to uncertainty. For 16 

management or policy to ensure the delivery of ecosystem services, an integrated approach 17 

that incorporates multiple drivers of change and accounts for multiple sources of 18 

uncertainty is needed. This is undoubtedly a challenging task, but ignoring these 19 

complexities can result in misleading assessments of the impacts of climate change, sub-20 

optimal management outcomes, and the inefficient allocation of resources for climate 21 

adaptation.  22 

 23 

:  24 

 25 

Climate change is a having a significant impact on ecosystem services, and these impacts are 26 

likely to increase as this phenomenon intensifies (Mooney et al., 2009). However, the 27 

impacts of climate change on ecosystem services can be difficult to assess as impacts often 28 

change over long time scales with high uncertainties (IPCC, 2014). Regional variation in 29 

climate drivers and pressures can create further challenges when assessing and managing 30 
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their impacts (van Vuuren et al., 2007). Despite these challenges, integrating climate change 31 

and other drivers into assessments of ecosystem service provision is vital, because efforts to 32 

ensure supply of ecosystem services which ignore these impacts could lead to perverse 33 

outcomes. For instance, designing a coastal reserve system that ignored the impacts of sea 34 

level rise could lead to a decline in coastal wetlands and the ecosystem services they 35 

provide in the long run (Runting et al. 2016). To add to this challenge, future drivers of 36 

change of ecosystem services are not limited to the biophysical aspects of climate change 37 

but also include socio-economic changes occurring in parallel, such as increases in 38 

population, food demand, and technology, as well as changes in policy and institutions 39 

(Millennium Ecosystem Assessment, 2005) (Fig. 1).  40 

 41 

Assessing the impact of the different attributes of climate change on ecosystem services 42 

(e.g., changes in precipitation, temperature, CO2, and sea level rise) individually is 43 

informative but does not necessarily capture all the information needed for a 44 

comprehensive assessment. It is important to consider the impact of multiple attributes of 45 

climate change simultaneously within the socio-economic context that together drive the 46 

relative supply of and demand for ecosystem services. To illustrate, climate change may 47 

decrease agricultural production through declines in rainfall, increases in evaporative 48 

demand, and shorter growing seasons, despite the positive effects of CO2

 55 

 fertilization on 49 

productivity (Rosenzweig et al., 2014). However, increases in global population and demand 50 

for agricultural commodities may facilitate agricultural expansion or intensification (Foley et. 51 

al 2005), which could result in an overall increase in food provision. Because of these 52 

complex interactions, assessing the relative and cumulative impact of these drivers is 53 

essential for a thorough understanding of ecosystem service change. 54 

It is also important to incorporate the impacts of key local drivers of change, alongside 56 

global drivers such as climate change, as this could impact both the outcome of the 57 

assessment and how the service is managed (Fig. 1). For example, efforts to secure 58 

freshwater supply in South Africa’s fynbos ecosystem in a drying climate may be thwarted 59 

by invasive alien woody plant species, as these species have higher rates of 60 

evapotranspiration than the native fynbos plants (Pejchar & Mooney, 2009). After 61 

considering these key impacts, policy to secure freshwater supply in the region is now 62 
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focused on the removal of these invasive species (Buch & Dixon, 2009). Furthermore, both 63 

local and external drivers may alter the relationships between services, particularly where 64 

each service reacts differently to the same driver (Bennett et al., 2009). Identifying and 65 

incorporating these key drivers of change in ecosystem services is essential for designing 66 

context appropriate management strategies.  67 

  68 

However, even if all major drivers are incorporated into ecosystem service assessments, 69 

there may still be considerable uncertainty associated with the results. First, there is 70 

substantial uncertainty involved in projections of climate change and its potential impacts 71 

(IPCC, 2014). This is further confounded by the uncertainty in the magnitude of other drivers 72 

of change (such as varying demand and commodity prices), which can also alter the demand 73 

for and supply of ecosystem services (Bryan, 2013) (Fig. 1). Other potential uncertainties, 74 

such as those associated with the measurement or modeling of ecosystem services, may 75 

also be important to consider (Hamel & Bryant, In review). Quantifying this uncertainty is 76 

not only important for determining the range of impacts on ecosystem services but is 77 

especially important to include in designing robust policy and management strategies.  78 

 79 

Despite a growing number of studies assessing the impacts of climate change on ecosystem 80 

services, there are no quantitative syntheses of this information. Consequently we lack a 81 

broad understanding of these impacts, how they are being assessed, and the extent to 82 

which other drivers, uncertainties, and decision making are included. To address these gaps, 83 

we systematically reviewed the peer-reviewed literature that assesses climate change 84 

impacts on ecosystem services at sub-global scales. This allowed us to quantify the impacts 85 

of climate change and other drivers on ecosystem services, and determine how these 86 

impacts were measured or modelled. In doing so, we determine how uncertainty was 87 

incorporated in these assessments, and the extent to which decision making (actions, 88 

policies, or other interventions) was considered. We also identify gaps in the literature 89 

relating to the contexts of the assessments, and recommend key directions for future 90 

research. 91 

 92 
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  93 

 94 

To address these aims, we designed a conceptual framework to structure our literature 95 

review (Fig. 1). Climate change, along with a range of other drivers and decisions, can 96 

impact ecosystem service provision. Non-climate drivers of change (e.g., land use change) 97 

can vary in scale from local drivers (which originate within or proximate to the study site) to 98 

external drivers (which operate at a scale larger than the study site). Whether a particular 99 

driver is local or external can depend on the scale and context of the study. For instance, 100 

commodity prices for food and raw materials are set globally for crops like wheat, corn, or 101 

cotton, but set locally for some non-timber forest products such as some medicinal plants, 102 

forage, and resin (Shackleton et al., 2007). Additionally, a driver that is external at the patch 103 

scale (e.g., fertilizer run-off) may be within the study area at regional or national scales.  104 

These drivers of change are often interrelated as external drivers can influence local ones, 105 

such as global commodity prices influencing local land use change. Decisions made at the 106 

local scale can directly improve ecosystem service provision or influence local drivers, but 107 

they generally do not have a significant impact on the magnitude of external drivers. 108 

Decision making can also occur well outside the location and scale of the study area (e.g., 109 

the national and global level decision making inherent in the IPCC emissions scenarios (IPCC, 110 

2013)), but here we focus on the decisions that can be made by local and regional actors to 111 

adapt to the impacts.  112 

 113 

We compiled a set of peer-reviewed journal articles on ecosystem services and climate 114 

change (Fig. 2). A list of research articles published between 1990 and 2014 was generated 115 

using selective key-words under “TOPIC” in the database of ISI Web of Science Core 116 

Collection. Articles published in 2014 were only included if they appeared in the database 117 

before November 2014. We applied the search: (“ecosystem service*” OR “ecosystem 118 

good*”) AND (climat* NEAR chang*). The key word search was constrained to general terms 119 

in order to produce a representative sample of the literature (rather than a comprehensive 120 

list). Using “ecosystem service” OR “ecosystem good” omitted studies that assessed an 121 

ecosystem service, but did not identify it as such (e.g., food production, biofuels, health 122 

benefits). Studies that did not use the term “ecosystem service” would be unlikely to follow 123 

an ecosystem service framework, so comparing them to our conceptual framework (Fig. 1) 124 
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would have potentially exaggerated research gaps (such as  incorporating drivers other than 125 

climate change and decision making). Additionally, including more specific terms such as 126 

“crops” or “fisheries” would bias the results towards these services and return an 127 

impractical number of papers, so specific key words such as these were excluded. We 128 

applied a similar approach to climate change phenomena (e.g., we did not include additional 129 

terms like “sea level rise” or “global warming”) for the same reasons. These general search 130 

terms returned 1,567 papers (Fig. 2).  131 

 132 

We read the abstracts of these 1,567 papers to determine if they met the requirement for 133 

inclusion in this study (the filter, Fig. 2). These criteria had three components. First, our 134 

criteria required papers to be an assessment of provisioning, regulating or cultural 135 

ecosystem services (in accordance with the TEEB (2010) framework). This excluded reviews 136 

or conceptual papers and articles that focused on biodiversity or supporting/habitat 137 

services, as these are better defined as ecosystem functions (de Groot et al., 2002, 2010; 138 

Wallace, 2007), and the impact of climate change on species and biodiversity has been 139 

reviewed elsewhere (Tylianakis et al., 2008; Bellard et al., 2012; Mantyka-Pringle et al., 140 

2012; Chapman et al., 2014; Pacifici et al., 2015). Second, we excluded studies that did not 141 

incorporate climate change impacts (e.g., studies focusing on carbon sequestration in the 142 

absence of climate change impacts but refer to its importance for mitigating climate 143 

change). Last, global-scale assessments of climate change impacts on ecosystem service 144 

provision were excluded because regional variations in climate drivers create unique 145 

challenges at sub-global scales (such downscaling global climate scenarios (van Vuuren et 146 

al., 2007)), and adaptation to the impacts of climate change usually occurs at sub-global 147 

scales (Ford et al., 2011).  148 

 149 

The 150 papers that passed these criteria were read in detail to extract data using specific 150 

questions (Fig. 2). These questions had fixed answer categories, along with an open-ended 151 

comment box to clarify responses and ensure consistency in data extraction (see Table 1 for 152 

a summary, and Supplementary Table 4 for details). In order to minimize errors and biases, 153 

each paper was read by two readers (co-authors of this review paper), who independently 154 

answered the data extraction questions. The two responses for each paper were then 155 

compared, and any discrepancies were noted qualitatively (the nature of the discrepancy) 156 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



 

This article is protected by copyright. All rights reserved 

and quantitatively (0 for complete disagreement, and 0.5 for partial agreement [1 was given 157 

if there was no discrepancy]). These quantitative scores revealed a mean agreement of 22.3 158 

(86%) answers (σ = 2.6 [10%]) of a maximum possible 26. Recording the differences 159 

qualitatively allowed any discrepancies to be resolved through a discussion between the 160 

readers, with a third opinion sought from an additional reader if needed. These final (i.e., 161 

resolved) responses were used for the subsequent analyses and form the basis of the results 162 

reported here. This process revealed that of the 150 studies that were not initially excluded 163 

(from reading the abstract), 33 studies did not fit the criteria described above, so they were 164 

excluded from further analysis leaving a total of 117 studies. 165 

 166 

We designed the data extraction questions to apply to our aims and conceptual framework 167 

(presented in Fig.1).  The data extraction questions were organized by each component of 168 

the conceptual framework, and each question relates to one of our aims (Table 1): (a) to 169 

identify gaps in the literature relating to the context of the assessments, (b) to quantify the 170 

impacts of climate change and other drivers on ecosystem services, (c) to determine how 171 

these impacts were measured or modelled, (d) to determine how uncertainty was 172 

incorporated in these assessments, and (e) to determine the extent to which decision 173 

making (actions, policies, or other interventions) was considered. To identify any gaps in the 174 

contexts of the assessments (a), we extracted data relating to the study’s spatial (Q3), 175 

geographical (Q4), and ecological (Q5) setting, along with which ecosystem services (Q6), 176 

and which aspects of each service (Q7) were assessed. We adopted the ecosystem service 177 

typology for provisioning, regulating and cultural services from TEEB (2010), and the 178 

definitions of ecosystem service supply and delivery based on Tallis et al. (2012) 179 

(Supplementary Table 4). Not every study fitted neatly into these categories, which caused 180 

of some of the aforementioned discrepancies, although these were resolved through a 181 

discussion of the semantics of the TEEB ecosystem service definitions.  182 

 183 

A range of questions were used to quantify the impacts of climate change and other drivers 184 

on ecosystem services (b) and the methods used to assess them (c). We collected 185 

information on which aspects of climate change (Q9) and which non-climate drivers of 186 

change (if any) (Q15, Q16) were considered. Options for which climate change attributes 187 

were included were adapted from IPCC (2014). The response categories for which non-188 
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climate drivers were assessed (Q15) were not pre-defined, so any driver could be included. 189 

To quantify the (directional) impact of drivers on ecosystem services, the impact of climate 190 

change (Q11) and non-climate drivers (Q17) was recorded as positive, negative, neutral, or 191 

mixed. We did not specify quantitative measures of the magnitude of change, as this would 192 

be problematic to compare across different services using different methods (particularly 193 

qualitative methods), baselines, and indicators. We also recorded if any interactions 194 

between services were assessed (Q12), and if the attributes of climate change were 195 

assessed cumulatively, in isolation from each other, or using both of these approaches 196 

(Q10). If the study considered both the cumulative and individual impacts of climate change 197 

and other drivers (Q18), we allowed an option to record the interaction between climate 198 

and non-climate drivers, specifically, whether their impacts are synergistic, antagonistic, 199 

additive or unclear (Q19) (based on definitions in Brown et al. (2013)).  The methods used to 200 

assess the impact of climate change could be identified as empirical (i.e. a laboratory or field 201 

based study), a statistical or process-based model (with or without the use of local field 202 

based data), expert elicitation, or other methods (Q13). These methods were further 203 

classified as static (assessing only one future or past time point in addition to the baseline) 204 

or dynamic (assessing more than one future or past time points), and the interval between 205 

time points was also recorded  (Q14).  If monetary valuation was undertaken, the valuation 206 

method was specified (e.g., market value, avoidance cost, contingent valuation) (Q8), based 207 

on definitions from Christie et al. (2012).   208 

 209 

To determine how uncertainty was incorporated in these assessments (d), we first recorded 210 

whether uncertainty was mentioned, explicitly incorporated in the assessment, or ignored 211 

(Q24). We then identified the methods used to incorporate uncertainty (i.e., scenario 212 

analysis, sensitivity analysis, multiple models, probabilistic approaches, or other methods), 213 

which were adapted from Polasky et al. (2011), Yousefpour et al. (2011), and Refsgaard et 214 

al. (2007) (Q25). For each method, we also identified which source(s) of uncertainty it 215 

addressed (e.g. the magnitude of climate change, or how ecosystem services are supplied) 216 

(Q25). This information was also used to identify gaps in the sources of uncertainty that 217 

were accounted for.  218 

 219 
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To get an understanding of the extent to which decision making was incorporated (e), we 220 

recorded if solutions were explicitly measured or modelled, just mentioned, or ignored 221 

(Q20). Where decision making was included, we identified the methods used (e.g., 222 

cost/benefit analysis, adaptive management) (Q21, Q22), the solutions proposed (Q23), and 223 

if these solutions were robust to the uncertainties included (Q26). Here we focused on 224 

decision making that occurred at a similar scale to the study area (Fig. 1). Of course, decision 225 

making can also occur at much larger scales (e.g., global policies), but these decisions were 226 

usually bundled with other external drivers (and were treated as such in this review).  A full 227 

list of questions and response categories are given in Supplementary Table 4. 228 

 229 

We then conducted a meta-analysis to determine if there was statistically significant 230 

variation in climate change impacts on ecosystem services across service categories, climate 231 

change attributes, methods used, biomes and spatial scales. Given the categorical nature of 232 

our data, we used cumulative logit models with the ordinal categorical impacts of climate 233 

change on ecosystem services as the response variable, and the spatial scale of the study, 234 

type of ecosystem (i.e., terrestrial, freshwater or marine), climate change attributes (e.g., 235 

temperature increase, CO2

 242 

 fertilization or sea level rise), ecosystem service categories, and 236 

methods used (i.e. empirical, expert elicitation, process-based or statistical modeling) as 237 

predictor variables. Broad ecosystem service categories (i.e., provisioning, regulating, and 238 

cultural) were used instead of the 15 individual TEEB ecosystem service types to ensure a 239 

sufficiently large number of records in each category (see Supplementary Methods for 240 

details). 241 

:  243 

 244 

(a) Contextual information  245 

Our review revealed clear patterns in the contextual information of the reviewed papers 246 

and the characteristics of the ecosystem services studied (Fig. 3). All studies that passed the 247 

first filter were published since 2003, with 78% of these published since 2011 (Fig. 3c). This 248 

trend suggests a growing interest in climate change impacts on ecosystem services. We 249 
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found that the studies considered a diversity of spatial scales (Fig. 3d), but there was a clear 250 

dominance of terrestrial ecosystems (91 studies) over freshwater (40 studies) and marine 251 

(17 studies) ecosystems (Fig. 3e). Although a large number of countries were covered by at 252 

least one study (131 countries), there was a focus on the USA and Europe, with 30 studies 253 

(26%) in the USA and 49 studies (42%) in Europe (Fig. 3g).  254 

 255 

There were also biases in the characteristics of the ecosystem services studied. Provisioning 256 

services (particularly food, raw materials and freshwater) and carbon sequestration 257 

dominated the literature, with cultural services receiving the least attention (Fig. 3f). Whilst 258 

the focus of most studies was on the supply side of ecosystem service provision, the link to 259 

beneficiaries (demand) was also included in almost 40% of cases (Fig. 3f).  Finally, nearly half 260 

of the studies focused on a single ecosystem service (48%, Fig. 3a), which provided the 261 

opportunity for in-depth analysis but meant that interactions between services (e.g., trade-262 

offs) in the context of climate change were rarely considered (only 17% of studies).  263 

 264 

 265 

(b) The impact of climate change and other drivers 266 

We found that a diversity of climate change attributes were included, with most studies 267 

considering more than one attribute (70%, Fig. 3b). The most common attributes were 268 

temperature (81% of papers), often coupled with precipitation change (an increase, 269 

decrease or increasing variability; 63%), but other combinations of climate change attributes 270 

were also explored. Of those studies that considered two or more climate change attributes, 271 

77% assessed these impacts cumulatively (all together), 9.8% assessed the attributes 272 

individually, and 13% assessed the impacts both individually and cumulatively. We found 273 

that the impact of climate change on ecosystem services was predominantly negative (59% 274 

of analyses were negative, 24% mixed, 13% positive, 4% neutral); however, this pattern was 275 

not consistent across services or attributes of climate change (Fig. 4a). The category of 276 

ecosystem service (i.e., provisioning, regulating or cultural) influenced the results, with 277 

regulating and cultural services being impacted more negatively by climate change than 278 

provisioning services (regression coefficients are -0.38 [regulating] and -1.9 [cultural], 279 
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relative to provisioning services, Supplementary Table 2). However, this effect was only 280 

significant for cultural services (p = 0.00155, Supplementary Table 2).   281 

 282 

Based on the four impact categories, carbon sequestration had the most variable response 283 

to climate change (41% of analyses were mixed, 35% negative, 20.5% positive, 3.5% 284 

neutral), but other services had a more negative response (e.g., 92% of analyses of the 285 

impact on biological control were negative, with only 8% mixed) (Fig. 4a). Similarly, CO2

 291 

 286 

fertilization had the most positive impact on services (i.e., 36% of analyses were positive, 287 

36% negative, 14% mixed, and 14% neutral), whereas other climate change attributes 288 

produced a stronger negative response (e.g., 96% of studies on the impact of sea level rise 289 

were negative) (Fig. 4a). 290 

We found that more than half of the papers in our review (56%) incorporated drivers other 292 

than climate change, and 31% either mentioned in passing or discussed these drivers in 293 

depth (without incorporating them). Whilst the impact of all non-climate drivers varied, they 294 

had a predominantly negative impact (62% of analyses were negative, 33% neutral, 22% 295 

mixed, 13% positive), with the exception of technological improvement, which had a largely 296 

positive impact (46% of analyses were positive, 46% mixed, 8% negative) (Fig. 4b). Land use 297 

(or land use management) change was the non-climate driver that was most often included 298 

(28% of analyses that included non-climate drivers), with largely negative impacts (69% of 299 

analyses were negative, 18% positive, 9% mixed, 4% neutral). Of studies that considered 300 

non-climate drivers, 61% assessed the cumulative impact with climate change, 5.8% 301 

assessed other drivers and climate change separately, and 33% considered both cumulative 302 

and individual impacts. 303 

 304 

(c) Methods used to assess impacts 305 

 306 

A variety of methods were employed to determine the impact of climate change on 307 

ecosystem services. Process-based modelling (e.g., hydrological models, deterministic 308 

ecosystem service models) was the most frequently used method (51% of analyses), and 309 

most of these process-based analyses were parameterized with some local field data (85%). 310 
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However, empirical field-based or laboratory studies were less frequently used (10% of 311 

analyses) (Fig. 5a and 5c). Almost half of studies (48%) conducted a dynamic assessment 312 

(i.e., considered more than one future time point), and of these studies, the time interval 313 

between future time points varied between 0.2 days (for some hydrological models) and 314 

100 years. Similarly, of the 19 papers (16%) that included monetary valuation of ecosystem 315 

services, a variety of valuation methods were used (including market methods, production 316 

approaches and avoidance cost), but benefit transfer was relied upon the most often (in 317 

29% of analyses) (Fig. 5e). 318 

 319 

We also found that the method used may impact the outcome of the assessment. 320 

Specifically, relying on expert opinion to determine the impact of climate change (in 21% of 321 

analyses, Fig 5c) gave primarily negative results (94% of these analyses were negative), 322 

which was in contrast to other (empirical, quantitative modeling) methods that showed 323 

more variation in the impacts of climate change (where 47% of analyses were negative) (Fig. 324 

5d).  The more frequently negative impacts of expert elicitation were reflected in a relatively 325 

large regression coefficient (-5.2, relative to process-based models) which was found to be 326 

statistically significant (p = 0.003) (Supplementary Table 2). 327 

 328 

 329 

(d) Uncertainty  330 

 331 

We found that there were gaps in the sources of uncertainties considered in the analyses, 332 

along with the methods used to incorporate them (Fig. 5b and Supplementary Table 4 for 333 

definitions of methods). At least one source of uncertainty was explicitly incorporated in 334 

71% of studies and was mentioned or discussed by another 17%. Uncertainty in the 335 

magnitude of climate change was the main uncertainty addressed (Fig. 5b), and the 336 

dominant method for addressing this, as for most sources of uncertainty, was scenario 337 

analysis, followed by using multiple models (Fig. 5b). This was usually achieved through the 338 

use of multiple IPCC emissions scenarios to inform multiple global circulation models, which 339 

formed the basis of the analyses (e.g., Müller et al. (2014) and Matthews et al. (2013)).  340 

 341 

 342 
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(e) Decision making 343 

 344 

Whilst various types of decision making were often mentioned (83% of papers), decision 345 

making was less frequently included in analyses (29% of papers). A number of different 346 

solutions were proposed, and these were assessed using a variety of methods across the 347 

studies that incorporated decision making (Supplementary Fig. 1). Only five studies included 348 

decision making outcomes (i.e. policies or management strategies) that assessed robustness 349 

to at least one type of uncertainty, and three of these focused on a single ecosystem service 350 

(i.e., a single objective). These decision making strategies included: planting a climate-351 

resilient species mix for silviculture (Seidl et al., 2011; Steenberg et al., 2011), protecting 352 

wetlands (Grossmann & Dietrich, 2012), setting maximum stocking rates for livestock 353 

(Schaldach et al., 2013), and managing a buffer stock of timber (Raulier et al., 2014).  354 

 355 

 356 

 357 

Our review revealed that the majority of studies found a negative impact of climate change 358 

on ecosystem services, yet the effects varied across services, climate change attributes, and 359 

assessment methods, and in some cases were positive. There is strong evidence that climate 360 

change is having a negative (but variable) impact on biodiversity (Bellard et al., 2012; Pacifici 361 

et al., 2015) so it is unsurprising that the services that flow from species and ecosystems are 362 

similarly impacted. Our finding of predominantly negative impacts is also in line with 363 

qualitative syntheses of climate change impacts on ecosystem services (Mooney et al., 2009; 364 

Scholes, 2016), which highlight the need for climate change adaptation strategies to 365 

ameliorate these impacts. The complex temporal and spatial patterns across multiple 366 

climate change attributes (Dobrowski et al., 2013; IPCC, 2013) suggests that the variability 367 

seen in our results is an accurate representation of climate change impacts. 368 

 369 

We found that carbon sequestration had the most variable response to climate change (Fig. 370 

4a), and the context of each study appeared to affect the direction of climate change 371 

impacts. For instance, a freshwater mesocosm experiment showed that temperature 372 

increases reduced carbon sequestration by 13 percent by shifting the metabolic balance of 373 
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the ecosystem (Yvon-Durocher et al., 2010). In contrast, climate change had a positive 374 

impact on carbon sequestration in the Swiss Alps, as increasing temperatures enabled forest 375 

expansion into higher altitudes (Grêt-Regamey et al., 2013). This variability is supported by 376 

other meta-analyses on the response of carbon sequestration to temperature increases or 377 

elevated atmospheric carbon dioxide. Luo et al (2006) found that elevated atmospheric 378 

carbon dioxide increased total carbon accumulation in terrestrial ecosystems, but these 379 

results were highly variable across studies and carbon pools. Similarly, the analyses by Lu et 380 

al (2013) revealed that carbon sequestration response to temperature increase varied by 381 

ecosystem type (i.e., forest, grassland, shrubland, tundra, and wetlands). 382 

 383 

Although the impacts on other ecosystem services were more consistently negative (Fig. 384 

4a), contextual factors (e.g., climatic zone and type of ecosystem) still appeared to influence 385 

the results. For example, the impact of drought on the persistence and production of 386 

perennial grasses used for forage varied between temperate and Mediterranean climate 387 

types in France (Poirier et al., 2012).  This variability in food provision is supported by a 388 

global meta-analysis, which showed that whilst increases in temperature generally 389 

decreased crop yield, there was significant yield variability across crop types and 390 

temperate/tropical regions (Challinor et al., 2014).  Similar variability in food provision in 391 

response to temperature increases can be seen in the marine environment, with maximum 392 

fisheries catch potential increasing in offshore regions but decreasing in the coastal zone 393 

(Cheung et al., 2010). The lack of generalities and statistical significance across services and 394 

climate change attributes indicates the importance of local and regional assessments of 395 

ecosystem services, by service type, rather than relying on averages, aggregates, or trends 396 

seen at broader spatial scales. 397 

 398 

Our systematic review also revealed gaps in the context and characteristics of the 399 

ecosystem services studies. The literature was dominated by studies from the USA and 400 

Europe (Fig. 3g), indicating a need for further studies beyond these regions. This is 401 

particularly important as the impacts of climate change on ecosystem services are likely to 402 

disproportionately affect developing countries, who also have a lower capacity to adapt to 403 

these impacts (Srinivasan, 2011). Another major gap was the study of cultural services (Fig. 404 

3f), which is unsurprising given they are often omitted from assessments of ecosystem 405 
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services due to the difficulties in characterizing these services (Chan et al., 2012). Similarly, 406 

most studies focused on the biophysical supply (or ‘supply side’) of ecosystem services, 407 

which is consistent with the findings of other ecosystem services reviews (e.g., Martinez-408 

Harms et al. (2015)). However, this focus on supply misses an opportunity to provide a 409 

complete assessment of ecosystem services by demonstrating benefit to people (‘demand 410 

side’) (Tallis et al., 2012). This link is particularly important, as there is often a spatial 411 

mismatch between the supply and demand of ecosystem services (Bagstad et al., 2012). It 412 

may be the case that only part of the area supplying the service may be necessary to meet 413 

demand, or, conversely, a greater area of supply may be required (Bagstad et al., 2012). In 414 

addition, clearly demonstrating the benefits to humans is essential for meaningful 415 

integration with planning and policy decisions (Daily et al., 2009).  416 

 417 

Assessing both the relative and cumulative impacts of multiple attributes of climate change 418 

was often overlooked. We found that most studies considered the cumulative impacts of 419 

climate change, which is promising as this has previously been highlighted as an important 420 

area for future research (Tylianakis et al., 2008; Staudt et al., 2013).  On the other hand, 421 

studies that isolate the impacts of individual attributes of climate change are still vital for 422 

determining the relative impact of each attribute. We found that the relatively few studies 423 

that considered both the cumulative and individual impacts of climate change allowed for 424 

further insights that would not have been possible with other study designs. This was 425 

illustrated by Lindeskog et al. (2013), who revealed that CO2

 433 

 fertilization would only partially 426 

offset the negative impacts of other climate change attributes (including temperature 427 

increase, precipitation change, and solar radiation) on carbon sequestration. Although these 428 

types of studies are often time and resource intensive, they are vital for determining the 429 

relative importance of each driver. Knowing which drivers are the most important may be 430 

valuable for future assessments where the inclusion of all climate change attributes (and 431 

other key drivers) is not possible due to resource constraints. 432 

Integrating other global or local drivers with climate change is critical for understanding the 434 

complexities of the impacts on ecosystem services (Carpenter et al., 2009; Bryan, 2013). We 435 

found that land use change was the driver that was most often included, which is likely due 436 

to the well-established importance of this driver, the existence of land use change models, 437 
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and the largely negative impacts of land use change (Foley et al., 2005). For example, the 438 

conversion of forest to agriculture in the Brazilian Amazon not only reduces carbon stocks 439 

but could also reduce agricultural output in the long run, as deforestation exacerbates the 440 

negative impacts of climate change through regional land-climate feedbacks (Oliveira et al., 441 

2013). Where both cumulative and individual impacts of climate change and other drivers 442 

were considered, the interactions between these drivers was often ambiguous (i.e., it was 443 

unclear whether their interaction was antagonistic, synergistic or additive), which was 444 

largely because the nature of the interactions were not the focus of these studies. 445 

Additionally, the dominance of scenario analyses meant that in many cases, it would be 446 

problematic to completely isolate all the scenario components without violating the 447 

assumption of internal consistency (Amer et al., 2013). Consequently, the impact on 448 

ecosystem services that results from interactions between climate change and other drivers 449 

remains an important area for future research. 450 

 451 

Whilst some studies employed sophisticated dynamic models or conducted well-designed 452 

empirical research to determine the impact of climate change on ecosystem services, other 453 

studies utilized simpler methods, which may be prone to errors and biases. For example, 454 

when assessing the monetary value of ecosystem services, there was a reliance on benefit 455 

transfer (i.e., applying values quantified in other studies, conducted elsewhere) for many 456 

value estimates (Fig. 5e). This method is considered to be unreliable as it is prone to errors 457 

resulting from a lack of transferability between locations (although these errors can be 458 

reduced if the two sites are very similar) (Plummer, 2009; Eigenbrod et al., 2010a). A variety 459 

of other methods for monetary valuation exist (e.g., market price, avoidance cost, damage 460 

reduction (Christie et al., 2012)), which should ideally be utilized instead of a value transfer 461 

where possible.  462 

 463 

We also found that relying solely on expert elicitation to determine the impact of climate 464 

change on ecosystem services may overestimate the negative impacts of climate change. 465 

Studies that used expert elicitation gave more frequent negative results than studies 466 

employing empirical or quantitative modeling methods, and this effect was statistically 467 

significant. This difference could be due to motivational or accessibility bias among experts 468 

(Martin et al., 2012). Specifically, the knowledge that the impacts of climate change are 469 
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generally negative may exert a disproportionate influence on the experts’ judgement, even 470 

in cases where the actual impact of climate change may be positive or mixed. A variety of 471 

methods exist to minimize bias and verify the accuracy of elicited information (such as 472 

eliciting information from a high number and wide variety of experts, eliciting uncertainties 473 

alongside best estimates, and providing feedback to experts (Martin et al., 2012)), but it was 474 

not clear if these methods were followed in the studies included in this review. Whilst 475 

involving stakeholders is important to facilitate implementation (Reed, 2008), when 476 

assessing the impact of climate change, expert elicitation should follow formal procedures 477 

and ideally be accompanied by other methods where available.  478 

 479 

In some assessments, a biological indicator (such as the presence, abundance, biomass, or 480 

percentage cover of a particular species or ecosystem) was used as a proxy to measure 481 

provision of an ecosystem service, and in some cases the same indicator was used for 482 

multiple services. This can be seen in Saulnier-Talbot et al. (2014), where the same set of 483 

indicators of lake health were used to measure tourism, freshwater, and food provision. This 484 

is particularly concerning, as the way an ecosystem service is measured has been shown to 485 

have a substantial bearing on the outcome of the assessment (Eigenbrod et al., 2010b; Liss 486 

et al., 2013). The importance of this is highlighted by Doherty et al. (2014) who found that 487 

biomass (a commonly used indicator) was negatively correlated with four regulating services 488 

(flow attenuation, stormwater retention, erosion resistance, and water quality) in some 489 

contexts. Consequently, future studies should avoid the use of proxies and measure or 490 

model service provision directly where possible. 491 

 492 

Incorporating the uncertainty associated with climate change is vital given the current range 493 

of climate projections (IPCC, 2014), and we found that the magnitude of climate change was 494 

the main source of uncertainty addressed. However, other potential uncertainties within 495 

the analyses received relatively little attention. For example, uncertainties relating to how 496 

climate change impacts ecosystem services were rarely incorporated (Fig. 5b), as this can 497 

involve varying which model is used, or the model structure, which requires further time 498 

and expertise. Despite these challenges, Jung et al. (2013) included multiple uncertainties in 499 

their modeling of freshwater yield in South Korea by using two emissions scenarios, 13 500 

global circulation models, and three different hydrological models. Other methods exist for 501 
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incorporating multiple sources of uncertainty throughout the modelling process, such as 502 

Monte Carlo simulation or uncertainty matrices (Hamel and Bryant In Review; Refsgaard et 503 

al. 2007), but these were usually overlooked. Therefore, building on climate change 504 

scenarios to incorporate multiple sources of uncertainty into ecosystem service assessments 505 

remains an important area for future research. 506 

 507 

Making decisions in the context of climate change and other drivers is difficult due to the 508 

long time frames and uncertainties involved. The main objective of most of the reviewed 509 

studies was to investigate the impact of climate change, rather than determine the 510 

outcomes of decisions (i.e., policy and management). As assessing the impact of climate 511 

change on ecosystem services is a substantial undertaking in itself, it is understandable that 512 

these papers also did not address decision making in any great detail. Studies that included 513 

decision making usually employed a limited assessment (i.e., only one ecosystem service or 514 

attribute of climate change), or had methods and results spanning multiple papers. This is 515 

illustrated by Bateman et al. (2013), who explored policy options for multiple ecosystem 516 

services in the context of multiple drivers, had a team of 15 authors, and some aspects of 517 

the study were published  in separate papers (specifically Abson et al. (2014) and Fezzi et al. 518 

(2014)). Similarly, Bryan et al. (2015) explored policy options to preserve carbon and 519 

biodiversity services under a range of global change drivers using a complex, integrated 520 

environmental-economic model, which was developed over several papers (specifically 521 

Bryan et al. (2014) and Connor et al. (2015)). Therefore, it is unlikely to be feasible to include 522 

multiple drivers and decisions in every analysis, especially for empirical studies that seek to 523 

isolate climate impacts. However, the results of these ecosystem services assessments could 524 

be useful for future studies that aim to develop or apply decision making methods under 525 

climate change, provided that the data underpinning the results of these ecosystem service 526 

assessments are shared by the authors. 527 

 528 

A major gap exists in developing and applying decision making methods for ecosystem 529 

services under climate change that are robust to uncertainty. In our review, only one study 530 

(Raulier et al., 2014) explicitly incorporated robustness to uncertainty into their decision 531 

making objectives. Many methods exist for making good decisions under uncertainty 532 

(Polasky et al., 2011) and have been applied in other fields.  For example, Lempert et al. 533 
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(2012) combined a stochastic cost-benefit analysis with robust optimization to advise the 534 

Port of Los Angeles on which facilities (if any) it should upgrade to protect against extreme, 535 

but unlikely, sea level rise.  Similarly, Bertsimas and Pachamanova (2008) applied robust 536 

optimization approaches to multi-period portfolio selection to develop an optimal, time-537 

dynamic financial investment strategy under uncertainty in future returns. Alternatively, 538 

Regan et al. (2005) used information-gap theory to determine the optimal management 539 

strategies to minimize the extinction risk of the Sumatran rhino (Dicerorhinus sumatrensis) 540 

under severe uncertainty relating to population models, causes of decline, and the 541 

effectiveness of management strategies. Applying methods such as these to managing 542 

ecosystem services under global change will bring unique challenges that may require 543 

substantial methodological innovation, which should be the focus of further research. 544 

 545 

We recommend incorporating complexity into ecosystem service assessments and decisions 546 

under climate change, which can involve using sophisticated methods and including multiple 547 

services, drivers of change, and sources of uncertainty. Yet acquiring the data (and 548 

expertise) to accurately assess and incorporate these complexities is likely to be costly 549 

and/or time consuming. However, this investment could lead to substantial improvement in 550 

outcomes (or cost savings) in cases where the inclusion of this additional information 551 

substantially changes the management strategy or policy (e.g., Runting et al. (2013)). 552 

Alternatively, unnecessary time and resources may be spent on incorporating multiple 553 

drivers, quantifying uncertainty and improving data quality for outputs that ultimately do 554 

not change the decision (e.g., Grantham et al. (2008) and Pannell (2006)). Consequently, an 555 

important area for future research is quantifying the value of including multiple drivers and 556 

sources of uncertainty into complex models for ecosystem service assessments and 557 

decisions. Similarly, assessing the individual and cumulative impacts of multiple uncertain 558 

drivers of change could be useful in revealing which drivers (or combination of drivers) have 559 

the greatest bearing on results and should therefore be prioritized for inclusion in future 560 

ecosystem service assessments. 561 

 562 

  563 

Conclusions 564 

 565 
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Our systematic review revealed multiple gaps in the body of literature assessing the impacts 566 

of climate change on ecosystem services. Cultural services were under-represented, and 567 

studies on the USA and Europe dominated the literature. Overall, climate change and other 568 

drivers negatively impacted ecosystem services, but this varied across drivers, the services 569 

assessed, the context of the study and the method used. This highlights the importance of 570 

conducting local and regional ecosystem service assessments, rather than relying on 571 

averages or aggregates from other contexts. Although uncertainty was usually incorporated, 572 

there were substantial gaps in the sources of uncertainty included, along with the methods 573 

used to incorporate them. We found that relatively few studies integrated decision making, 574 

and even fewer studies aimed to identify solutions that were robust to uncertainty. 575 

 576 

Climate change can have a significant impact on the effectiveness of management decisions 577 

targeted at sustaining ecosystem service provision (Poiani et al., 2010). For management 578 

and policy to ensure the delivery of ecosystem services, an integrated approach that 579 

incorporates multiple drivers of change and accounts for multiple sources of uncertainty is 580 

needed. Explicitly incorporating the range of uncertainties into assessment methods is vital 581 

for meaningful integration with decision making (Gregr & Chan, 2014). It is concerning that 582 

the relatively few studies that incorporated decision making did not assess how well their 583 

proposed solutions performed under the range of uncertainties. Making good decisions with 584 

limited information and substantial uncertainty will require innovative methods, such as the 585 

use of robust optimization (Hallegatte, 2009). Whilst this is undoubtedly a challenging task, 586 

ignoring this uncertainty could result in misleading assessments of the impacts of climate 587 

change, sub-optimal management outcomes, and the inefficient allocation of resources. 588 
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 813 

 814 

 816 

Figure Legends: 815 

 817 

Figure 1 | A simplified conceptual framework illustrating how drivers of change impact 818 

ecosystem services. Ecosystem service provision is affected by climate change and other 819 

drivers (from global to local), along with decisions relating to their management. These 820 

decisions address the ecosystem service directly (e.g., through site-based management) or 821 

indirectly (by influencing local drivers). Uncertainty is inherent in all components of the 822 

framework and their interactions. This framework was used to structure our systematic 823 

literature review, with roman numerals indicating how each component relates to specific 824 

sections of the data extraction process (Table 1). 825 
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Figure 2 | Flow chart demonstrating the methods used in the systematic quantitative 827 

review. Articles published in 2014 only include those that appeared on Web of Science 828 

before November 2014. 829 

 830 

Figure 3 | Key attributes of the 117 ecosystem service assessments: (a) the number of 831 

ecosystem services included in each paper with a unique indicator (i.e. if the same indicator 832 

was used for multiple services, it was only counted once), (b) the number of attributes of 833 

climate change included in each paper, (c) the frequency of each year of publication (2014 834 

only includes papers that appeared on Web of Science before November 2014), (d) the 835 

frequency of each spatial scale, (e) the frequency of each type of ecosystem, (f) the 836 

frequency of each ecosystem service and whether supply and/or demand was considered, 837 

and (g) the number of studies by nation. In panel (f), the ecosystem services are ordered in 838 

accordance with the TEEB (2010) framework, so that they are grouped by provisioning (i.e., 839 

food, raw materials, freshwater, and medicinal resources), regulating (from local climate to 840 

biological control) and cultural (i.e., recreation, tourism, aesthetic appreciation, and spiritual 841 

benefits) services. Panels (e), (f), and (g) sum to more than the total number of papers, as 842 

each paper could span more than one nation, and could cover more than one ecosystem 843 

and service. 844 

 845 

Figure 4 | The impact of climate change and other drivers on ecosystem services. Panel (a) 846 

shows the impact of individual attributes of climate change on individual ecosystem 847 

services. The bottom row of this panel shows the impact of each climate change attribute 848 

across all services, and the far right column shows the total climate change impact for each 849 

service. The bottom right bar of this panel gives the total impact for all services and 850 

attributes of climate change.  Panel (b) shows the individual and total impact of other 851 

drivers on all ecosystem services. For both panels, the bar indicates the proportion of 852 

analyses giving a negative, mixed, neutral or positive response for each ecosystem service 853 

and driver combination (i.e., this does not take into account effect sizes). The strength of 854 

the color represents the total number of analyses for that driver and ecosystem service (i.e. 855 

solid colors indicate many analyses, whereas faded colors indicate few analyses, and blank 856 

space indicates zero studies). The number of analyses for each level of color strength is 857 

shown in the legend. 858 
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 859 

Figure 5| Methods used to assess the impact of climate change on ecosystem services.  860 

Panel (a) shows the frequency each method was used to assess the impact of climate 861 

change on each ecosystem service. Panel (b) shows the frequency of methods used to 862 

incorporate uncertainty into the ecosystem service (ES) assessments by the frequency of the 863 

type of uncertainty that was addressed. Panel (c) shows the percent of analyses that used 864 

each method to assess the impact of climate change across all services, and panel (d) shows 865 

the proportion of analyses that had a negative, mixed, neutral or positive impact of climate 866 

change on ecosystem services by each of these methods. Panel (e) illustrates the frequency 867 

of different methods used when monetary valuation was included in the assessment. Each 868 

paper potentially assessed more than one ecosystem service and potentially used more 869 

than one method, so the number of analyses can sum to more than the total number of 870 

papers, and differ from those in Fig. 3. 871 

 872 

Table 1 | The structured questions used to extract data from the journal articles. The roman 874 

numerals indicate which component of the conceptual framework (Fig. 1) the section relates 875 

to. Each question helps to address one of the aims: (a) identify gaps in the literature relating 876 

to the context of the assessments, (b) quantify the impacts of climate change and other 877 

drivers on ecosystem services, (c) determine how these impacts were measured or 878 

modeled, (d) determine how uncertainty was incorporated in these assessments, and (e) 879 

determine the extent to which decision making (actions, policies, or other interventions) 880 

was considered. The categories used to answer these questions are given in Supplementary 881 

Table 4. 882 

Tables 873 

 883 

Category No. Aim Question 

Filter 1 - Is the paper an assessment of ecosystem services? 

 2 - Does the paper incorporate the impacts of climate change? 

(i) Study area 3 (a) Spatial scale of assessment 

 4 (a) Location of assessment 

 5 (a) Type of ecosystem(s)? 

(ii) Ecosystem  6 (a) Which ecosystem service(s) were considered? State the indicator used.  
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services 7 (a) What aspect of each ecosystem service is considered?  

 8 (c) If monetary value was considered, what valuation method was used? 

(iii) Drivers:  9 (b) What aspect(s) of climate change are considered? 

Climate 10 (b) Were these attributes of climate change assessed cumulatively, in isolation from 

each other, or both? 

 11 (b) What was the impact of climate change on the ecosystem services studied? 

 12 (b) Are interactions between services considered (i.e., trade-offs)? 

 13 (c) What method was used to incorporate climate change and ecosystem services? 

 14 (c) Was the method static, or did it consider changes over time? 

(iv) Drivers:  15 (b) Are other drivers considered? 

other 16 (b) If other (non-climate) drivers were incorporated, list the drivers. 

 17 (b) What was the impact of the non-climate driver on the ecosystem service studied? 

 18 (c) How was the impact of the driver(s) assessed? 

 19 (b) How did each driver interact with climate change?  

(v) Decision  20 (e) Is decision making considered (i.e., actions, policies, or other interventions)? 

making 21 (e) How many objectives are considered (list all)? 

 22 (e) What method is used to model or assess the action, policy, or interventions? 

 23 (e) What category do these actions, policies or other interventions fall into? 

(vi)  24 (d) Was uncertainty considered? 

Uncertainty 25 (d) What was the source of the uncertainty, and what methods were used to 

incorporate it in the assessment?  

    

 884 
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Study area (i) 

Socio-economic 
e.g., demand /  

population growth, 
commodity prices.      (iv) 

Climate/Biophysical 
e.g., sea level rise, 

temperature change, 

precipitation change. (iii) 

External drivers 

Decision making  
e.g., regulation,  
management actions, 

financial incentives.   (v) 

Ecosystem services 
provisioning,  

regulating,  
cultural.                      (ii) 

  

Local drivers  
e.g., land use change, 

landholder behavior, 

pollution.                   (iv) 

  

Uncertainty (vi) 
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Literature search: Articles published between  

1990 - 2014 using specific key-words. 

n = 1567 

Filter: Title and abstract examined for 

relevant studies. 

n = 150 

Irrelevant Studies 

excluded:  

n = 1417 

Data extraction: Full article is reviewed by two readers 

who independently answer the data extraction questions. 

Irrelevant Studies 

excluded:  
n = 33 

Crosscheck: The independent responses 

were compared then resolved through 

discussion. Further papers were excluded 

if it was agreed that they did not meet the 

requirements of the first filter. 

n = 117 

  

Analysis: Extracted data is summarized and analyzed. 
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