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Summary Statement –191 words 29 
 30 
Disturbances, such as hurricanes, fires, droughts, and pest outbreaks, can cause major changes in 31 
ecosystem conditions that threaten nature’s contributions to people (ecosystem services). 32 
However, approaches to assess these impacts on diverse services under climate change are rare. 33 
To advance such efforts, we build on the accelerating research on disturbance ecology and 34 
ecosystem services to develop a functional trait-based approach to quantify ecological, 35 
ecosystem service, and economic outcomes under risk and climate change. We demonstrate this 36 
general approach by quantifying impacts to ecosystem services—timber and recreational 37 
enjoyment—from extreme windstorms in a mid-latitude forest. We find that expected ecosystem 38 
service losses from these windstorm disturbances are large and likely to increase with climate 39 
change. Yet, we show that common ecological metrics of compositional and biomass stability 40 
are inadequate for predicting these impacts to ecosystem service, necessitating more direct 41 
measures of services with disturbance. We then illustrate our approach for other applications 42 
spanning different ecosystems, services, and disturbances, including crop pollination, flood 43 
hazard mitigation, and cultural values. These examples highlight the pressing need to consider 44 
disturbances in future ecosystem service assessments, given the increase in mega-disturbances 45 
occurring globally with climate change. 46 
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 47 
Main Text  48 

Ecosystems are subject to disturbances – transient, often rapid, changes in conditions. 49 

Disturbances modify ecosystems1,2 and in turn can disrupt the flow of ecosystem services3–6, also 50 

referred to as nature’s contributions to people7. For instance, disease outbreaks reduce pollinator 51 

populations and the services they provide to farmers8, and dry spells can decrease forage quality 52 

and production by impacting plant communities in grasslands 9. Anticipating when, where, and 53 

how disturbances will impact ecosystems and their services is increasingly urgent under climate 54 

change, but climate change also makes this task more difficult. Under climate change, 55 

ecosystems are facing novel, variable, and more extreme disturbance regimes,10 including more 56 

extreme storms and heat waves11, increasing fire severity and extent12, and unprecedented insect 57 

outbreaks13. Even in communities adapted to disturbances, like boreal forests14,15 and arid-land 58 

streams, increased disturbance intensity and frequency under climate change14,16,17 can increase 59 

mortality, change species composition, and alter ecosystem functioning14,18. Given significant 60 

predicted changes to disturbance regimes in the near- and medium-term19,20, and mounting 61 

evidence for disturbance impacts to ecosystem services in particular systems (e.g. 5,6,21–24), a 62 

broadly applicable approach to predicting ecosystem service impacts is needed.  63 

Anticipating the consequences of disturbances for ecosystem services under climate 64 

change is a demanding task that requires integrating models of several processes (Figure 1).  The 65 

impact of disturbances on ecosystem services (Fig. 1) depends on the disturbance regime and its 66 

intensity (Fig. 1i), how disturbances affect ecological communities (Fig. 1ii), how changes in 67 

ecological communities modify ecosystem services (Fig. 1iii), and how people value or benefit 68 

from services (Fig. 1iv). Several complexities challenge our understanding of how these parts 69 

combine to translate disturbance regimes to service impacts. For instance, the timing and 70 
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intensities of disturbances are uncertain, and responses of individuals and species differ based on 71 

their distinct characteristics (e.g., traits like body size and thermal tolerance)25,26. Further, not all 72 

community changes will affect services in the same way, because a species’ contribution to one 73 

or more services depends on its identity (e.g., pollinator of crops or not) and traits (e.g., size for 74 

harvestable biomass)26,27, and the way a service is valued by people can be altered by 75 

disturbances too5,28.  Some recent studies of disturbance impacts to ecosystem services seek to 76 

integrate some, if not all, of these components and complexities21,22, particularly for market-77 

valued services. Yet, the vast majority of studies involve ecosystem assessments that are static, 78 

and do not allow for these nuances in disturbance impacts. For instance, ecological studies 79 

measuring community response to disturbance stop short of tracing impacts to ecosystem 80 

services and human well-being; analogously, assessments quantifying, mapping, or valuing 81 

services do not always consider how climate change will impact disturbance regimes and thus 82 

the communities underpinning ecosystem services. Herein we attempt to bridge ecological and 83 

ecosystem service approaches, building on and extending trail-blazing work6,22. 84 

We study how disturbances can alter ecosystem services through two questions: (1) How 85 

do current and future disturbance regimes affect the levels and stability of ecosystem services, 86 

and how well do static ecosystem service assessments predict these outcomes? And, (2) How 87 

well do metrics of ecological stability, particularly compositional and biomass resistance, predict 88 

the resistance of ecosystem services to disturbances? Because assessing disturbance impacts on 89 

ecosystem services can be both complex and data-intensive to determine, our questions assess 90 

the viability or risk of methods that omit either disturbance or service production. The first 91 

question addresses the risk of ignoring disturbances when assessing ecosystem services under 92 

historical versus future disturbance regimes. The second question assesses the extent to which 93 
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commonly used stability metrics from ecology 29 can be used to predict ecosystem service 94 

resistance as short-cuts for anticipating impacts. If measures describing how ecological 95 

communities respond to disturbances also predict changes in ecosystem services, a large body of 96 

ecological research could be extended for rapid insights into how disturbance regimes impact 97 

ecosystem services. This association, however, remains underexplored, because many ecological 98 

studies measure changes in terms of number, abundance, or biomass of species within an 99 

ecological community1,30–32, rather than of a process or service itself (reviewed in33, but see34). 100 

On one hand, ecosystem services clearly depend on ecological communities and their 101 

functions27,35,36, implying that services could be altered as communities change. On the other 102 

hand, ecosystem services may remain stable even when communities change, if the species or 103 

individuals impacted by disturbances are not the ones contributing most to services26 or if 104 

replacement or remaining species compensate for lost species.  Further, the benefits from 105 

services to people depend on societal values37, so a shift in people’s preferences can alter how a 106 

service is valued without any change to an underlying ecological community.  107 

To address these questions, we provide a flexible, trait-based mathematical framework 108 

that formalizes the ideas in (Fig. 1), considers probabilistic disturbance regimes, and integrates 109 

approaches linking global change to ecosystem functions using species’ functional traits25,26, 110 

with ecosystem service production functions38. We demonstrate our approach with an application 111 

quantifying how extreme windstorms impact forests, and the timber production and recreational 112 

enjoyment that forests provide, in Minnesota, U.S.A (Fig. 1B; see Methods and Fig. S1 for more 113 

detail). The application serves as a vehicle for gaining insights into the consequence of omitting 114 

key components of service production under disturbance rather than a detailed investigation of 115 

the context. We use the application to highlight substantial impacts of disturbances on ecosystem 116 
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services that common ecological stability measures fail to adequately and precisely capture. This 117 

illustration underscores the perils of ignoring socioeconomic components of ecosystem services39 118 

and ecological changes in studies of economic or ecosystem service valuation40. We then outline 119 

how our approach could serve for a broad range of applications spanning different kinds of 120 

disturbances and ecosystems, ranging from agricultural to riparian to marine, and a variety of 121 

relevant services. Overall, our approach (Figure 1 and Fig. S1) provides a quantitative, broadly 122 

applicable way to incorporate scenarios of disturbances which could be used in future 123 

assessments of biodiversity and ecosystem services (e.g., the Intergovernmental Science-Policy 124 

Platform on Biodiversity and Ecosystem Services, IPBES) that explicitly consider climate 125 

change.  126 
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 127 

 
Figure 1. Framework for linking environmental disturbance regimes to ecosystem service outcomes. 
This framework allows evaluation of ecosystem service benefits under changing probabilistic disturbance 
regimes. (A) Illustrates our approach, which integrates and formalizes four concepts mathematically: (i) 
Imperfect knowledge of whether a disturbance will occur and how intense it will be, with disturbance 
regimes becoming more extreme with climate change. (ii) Disturbance alters ecological communities, 
mediated by the composition of species and “response traits” in the community. (iii) Ecological 
communities produce ecosystem services, mediated by traits of organisms and socioeconomic factors (e.g., 
management). (iv) Ecosystem services provide diverse values and contributions to people, mediated by 
management practices and societal values. (B) Example relationships underlying the four key components 
of our framework as applied to forests facing windstorms in Minnesota, USA. We model (i) a disturbance 
regime characteristic of historical conditions (‘lower severity’) and a hypothetical future regime (‘climate 
change’) where high intensity disturbances are more likely under climate change. To parameterize the 
“response function” in Aii, we use known relationships between the size of a tree and its probability of 
mortality which varies by species (see Bii) and the disturbance intensity (not shown here, see Fig. S1). To 
translate community and trait composition to services, we use the ecosystem service production function in 
(Biii) to determine the biophysical amount and then the value based on timber market data and the inverse 
demand curves in Biv. 
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Approach to quantify disturbance impacts on ecosystem services  128 

 We ground our investigation in a mathematical framework that traces the effects of 129 

disturbances through ecological communities to ecosystem services and human well-being (Fig. 130 

1, see Methods for details). Our framework traces a pathway from (i) the probability of 131 

disturbances of different intensities occurring; (ii) how each potential disturbance alters 132 

ecological communities, (iii) how an ecological community produces ecosystem services, 133 

through to (iv) how those services contribute to human well-being based on how people value 134 

them in monetary and non-monetary ways.  Our general approach nests both highly complex, 135 

process-based models parameterized for specific systems (e.g.6,21,22,24) as well as approaches 136 

intended to capture ecosystem responses to disturbance (e.g.41,42; steps i-ii) or static ecosystem 137 

service values (e.g.43,44 ; steps iii-iv). Combining these components shows how a distribution of 138 

potential disturbances could affect the distribution of future ecosystem services and their 139 

contributions to human well-being.  140 

In the context of our framework, our research questions ask whether we can omit any of 141 

these components (i-iv, above) without fundamentally changing the predictions about the 142 

provision of ecosystem services. We evaluate these predictions using three key metrics for 143 

evaluating benefits in the presence of risk (see Methods). First, we measure service levels as the 144 

expected present value. Second, we measure risk as the variance of the present value under the 145 

distribution of future communities, environmental conditions, and socioeconomic responses to 146 

the disturbance regime (see Methods). Finally, we measure ecosystem service stability by 147 

introducing a metric, “ecosystem service resistance,” defined as the ratio of the mean present 148 

value under disturbance to the present value in the absence of disturbance (see Methods, equation 149 

[5]). 150 
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 151 

Application   152 

 We demonstrate this framework by examining the potential impacts of windstorms on 153 

timber production (e.g., sawtimber and pulpwood from red pine Pinus resinosa and white spruce 154 

Picea glauca) and recreational enjoyment in a 13-county region of northern Minnesota (MN), 155 

USA. Our application is based on data from 777 forest inventory plots with tree communities 156 

representative of southern boreal forests (Figure 1B; Methods). Windstorms are a useful 157 

illustration because, like many disturbances, they impact tree species differently depending on 158 

species’ traits and identity45 (Fig. 1B), change forest community composition46,47, cause 159 

significant damages47,48 and 15are highly variable in space and time49. Many analyses suggest that 160 

wind disturbance is predicted to increase in frequency and intensity in many forested regions in 161 

the future, driven largely by cyclones in maritime regions and straight-line winds elsewhere50–54 162 

(see Methods). We focus on the impacts of potentially higher wind disturbance to timber revenue 163 

because of its importance to local economies and because traits influence trees’ contributions to 164 

timber products and value, as well as their responses to wind (Fig. 1B). Then, we show how our 165 

approach can be extended to consider both non-market values and more complex relationships 166 

between forest structural complexity, species diversity, and recreational value (based on 55).  167 

We present this application to demonstrate how these processes can be integrated in a 168 

disturbance-to-services framework that could be applied in diverse contexts, including those in 169 

which data constraints preclude the use of precise and sophisticated—but data-hungry—process-170 

based models (e.g., iLand and LANDIS-II56–58). As models become more detailed with complex 171 

processes and dynamics, more data is needed to parameterize them confidently; therefore, we opt 172 
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for a compromise here, acknowledging that this application misses dynamics available in some 173 

mechanistic, process-oriented models. 174 

 175 

Comparison to current approaches  176 

We compare output from a model implementing all parts of the framework to that from 177 

status quo approaches in two sub-fields: (1) widely-used ecosystem service models based on 178 

land cover classes and average conditions that omit disturbances (e.g. InVEST 43 but see 21) and 179 

(2) ecological studies that measure the stability of the responses to disturbances in terms of the 180 

ecological community33 or biomass32 -- but not services. First, we first quantify the importance 181 

of considering disturbances for services by comparing the expected value, variance, and 182 

resistance of the ecosystem services under the status quo of assuming no disturbance versus 183 

under scenarios with probabilistic disturbance regimes. Second, we quantify how well several 184 

common measures of ecological community resistance33 – the dimension of stability most often 185 

used to compare community changes before and after disturbances 29 -- predict changes in 186 

ecosystem services. In particular, we measure ecological community resistance using three 187 
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measures of compositional stability (aggregate similarity between the abundances of species 188 

before and after disturbance, see Methods) and with a metric proposed before in ecology17: 189 

resistance calculated using biomass that is expected to serve as a proxy for productivity-based 190 

services 32 (see Methods).  191 

 192 

Results and Discussion 193 

Importance of disturbances in ecosystem service assessments 194 

Our application illustrates that the impacts of disturbance on ecosystems can alter the amount, 195 

variance, and expected value of ecosystem services in profound ways. Simulated estimates for 196 

Minnesota, USA, include losses in expected total economic timber value of 23.0% under a less 197 

severe disturbance regime and 50.7% under a stylized, more severe disturbance regime (Figure 198 

S4), representative of what could occur under climate change (Figure 2, left panel). The 199 

magnitude of these losses varies substantially across the region (Figure S4). Moreover, even if 200 

 
Figure 2: Ecosystem service resistance (y-axis) per forest plot (x-axis) for two ecosystem services (timber, 
recreation) under a simulated lower severity disturbance regime (red) and a climate change disturbance 
regime (dark red), with forest plots ordered from least (left) to most (right) impacted by the simulated 
disturbance regime. Resistance is, by definition, 1 in the absence of disturbance (black line) representing status 
quo ecosystem services approaches that ignore disturbance. Relative losses under the lower severity disturbance 
regime are represented by the red shaded region.   
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timber prices rise when trees are lost to disturbance (if downed trees cannot be salvaged)59, 201 

expected loss in service value remains high (39.5%; Figure S4). Recreational enjoyment, valued 202 

non-monetarily, shows a similar pattern of impacts, but with substantially more variability in 203 

service resistance between disturbance regimes (Figure 2, right panel). Together, these results 204 

suggest that ecosystem service analyses that ignore disturbance could thus miss economically 205 

and societally important losses, particularly as disturbances intensify under climate change. 206 

Whether disturbance impacts would routinely cause large losses in ecosystem services, and even 207 

larger ones under climate change, remains an open question. These large potential losses under 208 

our two stylized disturbance regimes also point to the importance of improving our 209 

understanding of both current and future disturbance probabilities, which are often poorly 210 

resolved.  211 

For our illustrative application, losses in ecosystem services caused by disturbance are 212 

not only predicted to be large on average, but also variable across space. Places where an 213 

ecosystem service is most resistant, on average, may still see large losses under some possible 214 

futures (Figures S3 & S6). In fact, we observe a strong, positive relationship between expected 215 

ecosystem service value and the standard deviation in that value across locations (Fig. S6 shows 216 

r = 0.932), which suggests a risk-return tradeoff resulting from the disturbance (see 217 

Supplemental Discussion). Such trade-offs prompt important questions for managers, including 218 

whether to manage or select sites for high returns or for consistent returns. While most 219 

ecosystem service assessments either ignore disturbance, treat responses to disturbance as 220 

deterministic, or evaluate services under average conditions, recent work from ecological 221 

economics has assessed risk-return tradeoffs, primarily for forest ecosystem services60. These 222 
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studies provide a path forward to balance these potential trade-offs for the broader field. Moving 223 

forward, our approach can be integrated with these and other tools (e.g., from Modern Portfolio 224 

Theory61) for selecting management strategies under quantifiable risk-return tradeoffs which 225 

could reveal different management priorities for ecosystem services.   226 

 227 

Value of direct measures of service stability  228 

Our results also suggest that stability metrics commonly used in ecology to assess 229 

resistance to disturbance can be inadequate proxies for understanding ecosystem service 230 

production under disturbance (Figure 3). In our application, three measures of compositional 231 

stability based on abundance vectors and a biomass-based resistance measure consistently 232 

overestimate plot-level service resistance for the lower severity disturbance regime. All 233 

compositional measures fall short, likely by missing the details of how species produce services 234 

 
Figure 3: Differences between measures of stability and Ecosystem Service Resistance. The distribution of plot 
level differences (horizontal axis) between a measure of ecosystem stability (rows; one minus angular distance, 
inverse Euclidean distance, Bray-Curtis similarity, and biomass resistance) and ecosystem service resistance for two 
ecosystem services (timber and recreation) under the simulated, lower severity disturbance regime. Distributions 
indicate that, for the simulated, lower severity disturbance regime and services, ecosystem measures of stability tend 
to overestimate service resistance, with greater spread for the recreation service. Supplemental Figure S6 shows 
these comparisons under the simulated climate change disturbance regime. 
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and how people value these contributions (e.g., timber prices differ by species, recreators value 235 

diversity in tree structure). Of the compositional stability measures, one minus angular distance 236 

between pre- and post-disturbance abundance vectors is least informative for service resistance; 237 

after all, it is also insensitive to absolute abundance changes as well as species’ specific 238 

contributions to services. Biomass-based resistance comes closest to capturing service-based 239 

resistance for both services, yet differential contributions of species to services (for timber) or a 240 

preference for variety (for recreation) lead to biomass-based resistance still exhibiting systematic 241 

biases in our application (Figure 3, bottom panel). Given that timber production depends on 242 

biomass, we would expect that this setting is one where ecological metrics would be better 243 

predictors of service responses than may be typical. For recreation, which is less tightly linked to 244 

biomass, plot-level bias of ecological metrics for recreation are larger and more variable than for 245 

timber (Figure 3), which unfortunately may be more typical for other services that do not depend 246 

 
Figure 4: Influence of service valuation on the relevance of ecosystem stability measures for predicting 
service resistance under disturbance. The distribution of plot level differences (horizontal axis) between 
biomass-based resistance and ecosystem service resistance (red line) for timber services under the assumptions of 
no price response (left) and an endogenous price response to a disturbance-induced timber shortfall (right), 
simulated for the climate change disturbance regime.  
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linearly or as directly on aboveground biomass (e.g., water quality, soil carbon sequestration, 247 

inspiration and other cultural values).  248 

The utility of ecological stability metrics for predicting service resistance is challenged 249 

further by socioeconomic responses to disturbance. To illustrate this point, we focused on the 250 

market-valued timber service and calculated the bias in the best-performing ecological stability 251 

metric (biomass-based resistance) under our climate change disturbance regime with and without 252 

allowing prices to adjust after a disturbance occurs (Figure 4). If prices do not adjust after a 253 

disturbance, biomass-based resistance overstates service resistance in our application because the 254 

lost biomass tends to come from higher value species (Figure 4, left panel). By contrast, if the 255 

disturbance creates a timber shortfall and prices rise, biomass-based resistance underestimates 256 

service resistance in our application because loss of the service makes remaining trees more 257 

valuable (Figure 4, right panel). Under different assumptions about how timber prices respond to 258 

the downing of trees (e.g., if salvage is possible, the flood of downed trees could drive prices 259 

down, exacerbating overprediction of resistance; alternatively, foresters in other areas could 260 

adapt to changing prices, dampening price responses) the bias of biomass-based metrics could be 261 

quite different, but still present. No matter the direction of price changes, metrics focused on 262 

ecological impacts diverge from the predictions from our service-focused framework in 263 

important ways, even in an application focus on timber where the ecosystem service closely 264 

depends on biomass.  265 

The reasons why metrics of community stability may poorly predict responses of 266 

ecosystem services to disturbances include uneven contributions to services across species 267 

(Figure 1Biii) and the varying values people attach to those services (Figure 1Biv). Our example 268 

illustrates these issues: for our recreation service, value partly derives from a community-level 269 
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property (diversity), such that individuals’ contributions to services are uneven and community-270 

dependent. For timber, not all species considered are harvested, smaller trees have biomass but 271 

may not yet be large enough for use, and timber products differ in value by species and location. 272 

These same considerations are likely to apply in other settings; for example, subsets of the 273 

species within a community provide the bulk of services for pollination62 and carbon 274 

sequestration63. In sum, when species have unequal contributions to the amount and value of 275 

services, there is a wedge between community responses to disturbances and ecosystem services. 276 

As such, the predictions from our approach provide quantitative evidence in support of recent 277 

calls to better integrate ecological models and socioeconomic components of ecosystem 278 

services39.   279 

 280 

Understanding disturbance impacts across contexts  281 

While our application focuses on two services and one type of disturbance, the limitations 282 

of ignoring disturbances in ecosystem service assessments or ignoring ecosystem service 283 

production and valuation in ecological studies apply in many more contexts. Potential 284 

applications include dry spells and forage production; storm surges, coastal vegetation, and flood 285 

mitigation; fire and/or pest outbreaks and carbon storage in forests; marine heat waves and fish 286 

production; drought, urban trees and human heat stress; and water filtration and water quality 287 

from filter feeders. Future work could quantify the nuanced impacts of disturbance on services in 288 

a diverse array of systems and push beyond the simplifying assumptions made in our application. 289 

To illustrate potential extensions raised by broader applications, we highlight three disturbances 290 

and corresponding ecosystem services in Figure 5 that are very different than the forest 291 

application. The first outlines how extreme heat waves could influence pollinator communities 292 
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and thus crop production (Figure 5, top panel), a second involves the way drought could affect 293 

riparian tree communities and their capacity to mitigate flood impacts (Figure 5, middle panel), 294 

and the third reflects how biotic invasion can adversely affect ecosystem services provided by 295 

coral reefs, including cultural ones (Figure 5, bottom panel).  296 

First, the impacts of a heat wave on pollination services illustrate how effects of a 297 

disturbance on services depend on whether a species’ susceptibility to a disturbance and that 298 

species’ contribution to service provision are directly or inversely related. For example (Figure 299 

5), in some crop systems and climate zones, larger-bodied bees tend to better tolerate higher 300 

temperatures during heat waves and more efficiently pollinate crops (e.g., bumble bees, Bombus 301 

spp., that pollinate oilseed rape64 and pumpkins65). In this case, impacts of disturbances on 302 

services may hypothetically be smaller than their impact on ecological communities, although 303 

 
Figure 5. Applying our framework to quantifying the consequences of other disturbances for ecosystem 
services using response and effect functions.  Our framework is broadly applicable to any ecosystem providing 
a service which is subject to disturbances. Conceptually, we show applications to (a) crop pollination, (b) hazard 
mitigation, and (c) cultural values, in response to abiotic (extreme heat, drought) and biotic disturbances 
(invasion).  
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this would require larger-bodied bees compensating for losses of smaller pollinators (Fig. 3). 304 

This contrasts with our timber application, in which individuals contributing more to services 305 

were also more susceptible to disturbance.   306 

Second, a riparian-drought-flood context shows how community responses to one 307 

disturbance could also make a system differentially susceptible to another disturbance. For 308 

instance, riparian trees with relatively shallow roots protect nearby property by stabilizing 309 

riverbanks but are more susceptible to drought66 (Figure 4). Drought shifts these communities to 310 

deep-rooted shrubby trees that provide less bank stabilization due to an ecological trade-off 311 

between deep versus wide roots67 – making these places more susceptible to future flooding 312 

events. Such impacts of one disturbance on susceptibility to another are likely common19. 313 

 Third, coral reefs under biotic invasion and climate change illuminate how multiple types 314 

of disturbance may be present, and services could depend on a suite of traits or even community-315 

level properties and aspects of diversity. For example, the Great Barrier Reef is threatened by 316 

both bleaching and invasions, and beyond its value for seafood production, provides value 317 

through both tourism and cultural value, which may depend on community-level properties (e.g., 318 

morphological diversity). An analogous approach to the recreational enjoyment of disturbed 319 

forests could be changes in appreciation of impacted coral reefs, which similarly depends on 320 

coral structural complexity, as determined by coral morphological traits and species diversity28.  321 

 322 

Implementing an integrated approach 323 

 Given the importance of considering disturbances and ecosystem service production 324 

jointly, we suggest that researchers and managers adopt an integrated, interdisciplinary modeling 325 

approach. The mathematical framework we outlined and illustrated in Fig. 1 requires context-326 
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specific choices about disturbance regimes, community responses (“response functions”), 327 

ecosystem service production (“effect functions”), and how people value those services (“utility 328 

functions”). To implement this end-to-end approach, one option is to use detailed process-329 

oriented models, such as those recently developed for forests in the ecological economics 330 

literature22. However, in many ecosystems, researchers do not have the resources so support for 331 

such data-hungry modeling approaches. Alternately, Diaz et al.68 ranked service vulnerability of 332 

communities based on linear correlations between species’ responses to environmental drivers 333 

and their contributions to services. In our application, we opted for a middle ground using 334 

empirically-derived functions that describe disturbance response, service production, and service 335 

value relationships rather than the more detailed process models available for forests, in order to 336 

demonstrate the framework and address our research questions.  337 

 There are benefits and drawbacks to each approach. Diaz et al.’s correlation-based 338 

approach 68 in requires the least data, but it yields very different rankings of vulnerabilities across 339 

communities in our example application (see Supplemental Note). These differences are partly 340 

driven by the within-species trait variation captured in our framework, which allows us to 341 

account for both abundance and intraspecific variation in contributions to services and non-linear 342 

responses to disturbance. In contrast, when detailed process-oriented models are available for 343 

certain systems, disturbances, and services, we acknowledge they may be preferable for their 344 

ability to capture transient dynamics and trends in time, to generate more specific and precise 345 

predictions (e.g., 56–58). However, they require additional assumptions and often far more data 346 

and parameterization that may not be possible in many contexts. Along with data availability, the 347 

relevant scales in space and time for the research question, the extent of ecosystem service 348 
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delivery69, or management context could help determine which technique to use to implement 349 

this general end-to-end approach.   350 

The function-based but phenomenological approach we employed in our example 351 

application seeks to balance complexity with accessibility and generalizability, so it can be 352 

applied in a diverse set of cases, including those with additional complexity like coral reefs as 353 

described above and with different levels of data availability. Uncertainty will increase with 354 

complexity and data limitations under a changing climate; quantifiable components of that 355 

uncertainty could be incorporated in each step in Figure 1. For instance, even in a data limited 356 

context, a range of response and effect functions as shown in Figure 5 could be elicited from 357 

experts. Embedding different plausible functions in the framework can then provide a range of 358 

potential consequences of disturbance for service provision. Other limitations are more difficult 359 

to overcome; quantitative frameworks like ours are not suitable for handling qualitative service 360 

values without more fundamental modifications. 361 

Using an integrated, quantitative approach to study the effects of disturbance on 362 

ecosystem services enables several promising avenues for future research. First, it provides an 363 

explicit and quantitative way to account for multiple disturbances and potential interactions 364 

among risks. For example, simultaneous threats of fire and windstorms in forests pose tradeoffs 365 

for managers. Increases in tree diameter may reduce flammability70 but raise susceptibility to 366 

wind damage in non-linear ways45 (Figure 1B), while changes in crown fire, groundfire, and 367 

windstorm occurrence could change the spatial arrangement of ladder fuels, either decreasing or 368 

increasing potential fire contagion, depending on specifics of disturbances and the system in 369 

question. Second, this approach allows for compensatory responses. We demonstrate a 370 

socioeconomic version of a compensatory response, i.e. a price response, but ecological 371 
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compensatory responses (e.g., competitive release) are also plausible and potentially important.68 372 

Third, this approach also facilitates exploration of socioeconomic “disturbances” (Fig. 1), such 373 

as new policies or sudden changes in demand (e.g., due to COVID-19), and could be used to 374 

investigate whether the impacts to services from disturbances are distributed inequitably across 375 

diverse demographic and stakeholder and rights-holder groups. Finally, this approach can be 376 

embedded within frameworks for decision-making under risk and easily modified to suit other 377 

management objectives (e.g., maxi-min) or settings in which uncertainties are not quantifiable 378 

(“deep uncertainty”) (e.g. 71).  379 

 380 

Conclusions 381 

Disturbances can be important determinants of ecosystem services, with long-lasting 382 

effects, and are likely to become more important in the future as climate change increases 383 

disturbance frequency and intensity23,49,72. Our results suggest that accounting for how ecosystem 384 

services respond to disturbances (as proposed in Fig. 1) is crucial. We find that ecological 385 

predictions alone are insufficient to predict disturbance impacts if ecosystem service outcomes 386 

are of interest37 while socioeconomic valuation studies could similarly miss important climate-387 

driven impacts that occur through changes in ecological communities based on how people value 388 

them.  To that end, we provide a general framework for understanding impacts of changing 389 

probabilistic disturbance regimes on ecosystem services using functional traits. As shown here, 390 

incorporating disturbances can alter predictions about the amount and variance of nature’s 391 

contributions to people, with important implications for management of ecosystems in the face of 392 

global change. We show that incorporating ecological community structure into production 393 

functions can help understand the consequences of disturbances for ecosystem services in ways 394 
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missed by current assessments, but – on their own – measures of changes in ecological 395 

communities do not necessarily predict changes in ecosystem services. Together, our results 396 

highlight the pressing need to consider disturbances in future ecosystem service assessments, 397 

given the increase in mega-disturbances occurring around the world with climate change, and for 398 

greater integration across research communities.  This research is an important step towards 399 

anticipating impacts to ecosystem services, adapting management strategies accordingly, and 400 

informing future science-policy efforts that simultaneously assess biodiversity and climate 401 

change.  402 

 403 

Methods 404 

Mathematical framework  405 

Our framework combines components (i)-(iv) as in Figure 1 to yield the present value (V) 406 

of ecosystem services produced by a community 𝐶! subjected to random disturbances 𝐷!:  407 

𝑉 =%𝛽(𝑡)𝑈(𝐹(𝐶! , 𝐸! , 𝐻!), 𝐻!)
!

, 

where 

[1] 

𝐶! = 𝐺(𝐶!"#, , 𝐻!"#, 𝐷!"#). [2] 

The present value V is the sum across time t of utility 𝑈, discounted (by 𝛽(𝑡)), which is 408 

derived from service levels 𝐹 produced by community 𝐶! under environmental conditions 𝐸!  409 

and socioeconomic factors 𝐻!. The community changes through time according to a function G 410 

that depends on the previous community 𝐶!"#, socioeconomic factors (e.g., management actions) 411 

𝐻!"#, and a stochastic disturbance 𝐷!"# drawn each period from a distribution of disturbance 412 

types and intensities that may be altered by climate change.  We assume that the set of possible 413 
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disturbances 𝔻 contains at least one individual disturbance, with each disturbance 𝑑 ∈ 𝔻 defined 414 

by attributes: type (e.g., fires, floods, pest outbreaks, windstorms, and drought), intensity, and 415 

duration. The possibility of no disturbance can be included through 𝑑$ ∈ 𝔻 that has no effect 416 

(see How each potential disturbance alters ecological communities below). With this notation in 417 

place, we next describe each component at the core of the framework. 418 

 419 

Ecological communities and traits 420 

We begin by describing how we represent ecological communities. Communities are 421 

composed of groups of individuals, with groups defined such that all individuals in a group are 422 

assumed to have the same values across all disturbance- and service-relevant traits. For example, 423 

a group may represent an entire species and use trait averages, or may be further divided beyond 424 

species, including intraspecific variation in traits.  We represent a community 𝐶! = {𝐴! , 𝑻𝒕} at 425 

time 𝑡 by a vector of group abundances (𝐴!) and a matrix of trait values (𝑻𝒕). Elements of 𝐴! and 426 

rows of 𝑻𝒕 correspond to groups, while columns of 𝑻! correspond to different traits. For 427 

example, in our application, columns of 𝑻𝒕 include species, diameter at breast height, and bole 428 

height; groups are defined by unique combinations of values of those traits. In that case, for each 429 

site, 𝐶! represents size-distributions of individuals from each species.   430 

Because functional traits can mediate how disturbances alter communities25, as well as 431 

how ecological communities produce services35,73, our approach incorporates traits in 𝐹 and G. 432 

Traits may include, for example, physiological traits that determine the response to disturbance 433 

(e.g., thermal optimum) or morphological traits that determine a species’ contribution to a 434 

function or service (e.g., body size, leaf structure)74. Unlike in most ecological frameworks25,26,73, 435 

both the level of services and value derived from them may also be influenced by socioeconomic 436 
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factors 𝐻!. Including socioeconomic factors is important, for instance, because demand 437 

determines which species or traits provide a service (e.g., appreciated for its aesthetics, harvested 438 

for food or products), and management rules can determine which range of trait values 439 

contributes to the production of a service (e.g., rules about size limits for harvesting fish or 440 

timber). Further, socioeconomic factors may make the service contributions of individuals or 441 

species interdependent (e.g., when the timber value of one tree may increase because other trees 442 

are lost to a disturbance). 443 

 444 

 How each potential disturbance alters ecological communities 445 

We define a ‘disturbance-response function’ 𝐺(∙), representing how disturbance drives a 446 

community change from its current state 𝐶! to a future state 𝐶!&# = 𝐺(𝐶! , 𝐷!). Disturbances can 447 

have group-specific impacts that also depend on traits (e.g., as in Figure 2B) or on abundances. 448 

Exactly how G(⋅) affects each group in the community depends on the traits and abundances 449 

within that group (e.g., following group-specific functional forms). G(⋅) can be determined based 450 

on mathematical models or existing empirical studies quantifying the impacts of a particular 451 

disturbance on species survival or mortality (e.g., drought impacts on survival). G(⋅) can also 452 

capture feedbacks between how the groups respond (e.g., competitive release when one species 453 

is more impacted than another75). Species loss or invasion can be accounted for by changes to 454 

relevant entries in the abundance vector because we assume that corresponding elements of 𝐶! 455 

and 𝐶!&# are the same dimension. The possibility of no disturbance can be included as 𝐶 =456 

𝐺(𝐶, 𝑑$).  457 

 458 

How likely different disturbances are 459 
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A disturbance regime consists of a set of disturbances 𝔻 and a conditional probability 460 

distribution 𝑃(𝐷! = 𝑑|𝐸!) detailing the likelihood of a particular disturbance 𝑑 ∈ 𝔻 occurring. 461 

The probability of a particular disturbance can shift through time because of climate change or 462 

other gradual shifts in conditions 𝐸! (Figure 1). Therefore, gradual or press disturbances, such as 463 

warming from climate change, can enter in the framework by modifying the distribution of 𝐷!, 464 

and by altering the probability and intensity of punctuated disturbances. A null regime in which 465 

no disturbance occurs, as is often implicitly assumed in studies mapping current distributions of 466 

ecosystem services, can be represented by the regime with 𝑃(𝐷! = 𝑑$|𝐸!) = 1. 467 

 468 

How an ecological community produces ecosystem services 469 

We calculate the services an ecosystem provides by defining an ecological production 470 

function, 𝐹(𝐶! , 𝐸! , 𝐻!), depending on the community composition (and thus trait composition) 471 

𝐶!, environmental conditions 𝐸!, and socioeconomic factors 𝐻! 38,76,77). The exact form of 𝐹(⋅) 472 

will depend on the services of interest and should be based on knowledge of the system. For 473 

instance, 𝐹(⋅) could include non-linear effects of having multiple species (i.e., biodiversity 474 

effects, e.g., ref. 5656). Further, inclusion of 𝐻! incorporates socioeconomic factors (e.g., 475 

management rules, labor for provisioning services such as timber) to influence how ecosystem 476 

functions translate to services. For instance, demand determines which species or traits provide a 477 

service (e.g., appreciated for its aesthetics, harvested for food or products), and management 478 

rules can determine which range of trait values contributes to the production of a service (e.g., 479 

rules about size limits for harvesting fish or timber).  480 

 481 

How ecosystem services provide benefits 482 
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People benefit from ecosystem services according to the function 𝑈(𝐹(𝐶! , 𝐸! , 𝐻!), 𝐻!). 483 

This benefit function 𝑈(⋅) represents how people or society values different combinations of 484 

services provided at different levels (e.g., F(⋅)	), and inputs needed to obtain those services 485 

defined by 𝐻! (e.g., land maintenance or opportunity costs). For example, in our timber 486 

application, the benefit function, 𝑈(⋅), considers information from timber markets, particularly 487 

stumpage prices, which differ across products, species, and counties. 488 

 489 

How to evaluate those benefits under risk  490 

To analyze the outputs of our modeling framework, we define several candidate statistics 491 

that summarize the provision of ecosystem services across a range of potential futures. First, the 492 

expected present value of benefits of ecosystem services over time given the disturbance regime 493 

is as follows: 494 

 𝐸𝑉' ≡ 𝐸'[𝑉]. [3] 

Here 𝐸[⋅] is the expectation operator and V is the present value of ecosystem services as defined 495 

in [1] in the main text. Expectations are taken with respect to probabilities (or current beliefs) 496 

over disturbance occurrence, broader environmental conditions, and socioeconomic factors. 497 

These current beliefs embed our subjective predictions about how future beliefs may shift 498 

through time due to climate change or our understanding of it, or other social or environmental 499 

factors. The subscript P indicates the probability distribution with respect to which expectations 500 

are taken. 501 

Second, we consider the variance in ecosystem service benefits, defined as follows:  502 

 𝑉𝑉 ≡ 𝐸[(𝑃𝑉 − 𝐸𝑉)(]. [4] 
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Measures of variability such as VV may prove important for managers or communities interested 503 

in the risk associated with ecosystem services. 504 

Finally, we define a new metric “Ecosystem Service Resistance (ESR)” as the ratio of 505 

expected ecosystem services value under a disturbance regime defined by P to the service value 506 

if no disturbance occurs: 507 

𝐸𝑆𝑅 ≡ )*!
)*"
. [5] 508 

Here 𝐸𝑉$ denotes the expected value under the null disturbance regime described earlier, with 509 

𝑃(𝐷! = 𝑑$|𝐸!) = 1. Thus, ESR is the average fraction of service value retained under 510 

disturbance and accounts for pre-disturbance differences in service provision across communities 511 

to help isolate the effects of disturbance. 512 

 513 

Application to windstorm events in forests 514 

We analyze the impact of windstorms on both the provision of timber and recreation in 515 

Minnesota (MN), USA using Monte Carlo simulations. Initial tree communities are based on 516 

plot-level survey data for 777 plots from the USDA Forest Inventory database 517 

(http://apps.fs.fed.us/fiadb-downloads/datamart.html) from 2014. We focus on 11 focal boreal 518 

forest tree species (Table S1), because they have known response and effect functions and 519 

comprise the vast majority of trees in these communities (77%). Moreover, those same species 520 

make up 91.5% of the total timber revenue in these 13 counties.  Below we detail how we 521 

parameterize our general framework for this application. The SI provides additional details and 522 

parameter values and code for this analysis. To simplify our comparison with existing 523 

approaches, the application focuses on a single time period in which one disturbance can occur 524 

and no discounting occurs (𝛽(𝑡) = 1). 525 
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 526 

Likelihood of different disturbances  527 

We simulate three potential windstorm disturbance regimes: 1) no disturbance (“Status 528 

quo approach for ecosystem services”), 2) a disturbance regime representative of current 529 

conditions and the recent past (“Lower severity regime”), and 3) a stylized, representative future 530 

regime in which high intensity windstorms are more probable (the “Climate change regime”), 531 

detailed in Table S2. In Northern Minnesota, extreme windstorms are anticipated to increase in 532 

frequency in the future as conditions become wetter, yet the actual intensity and frequency of 533 

future windstorms, and where they will occur in the landscape, remain highly uncertain.15 534 

Records for St. Louis County (the largest of the 13 Minnesota counties in our application) show 535 

a significant increase (P<0.001) in reported thunderstorm wind events from 1974 to 2023 (see SI, 536 

Figure S2). More broadly, thunderstorm energy levels conducive to strong downdrafts and 537 

straight-line winds have grown consistently since 198052,79 and when such systems develop in a 538 

future warmer climate, they may affect much larger areas80. As a result, the distribution of 539 

windspeeds across a landscape should shift to higher values in a warmer future, consistent with 540 

our simulation. While little data is currently available for projecting future windstorms for this 541 

specific region, forecasts (e.g., of projected droughts) can be incorporated into the framework to 542 

determine the probability and intensity of potential disturbances in the future when available.  543 

 544 

Disturbance response function  545 

We parameterize how each potential disturbance alters ecological communities based on 546 

ref. 45. For these species, individual tree size (measured as diameter at breast height [dbh]), 547 

species identity, and disturbance intensity predict the probability of mortality45.  For each tree in 548 
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a plot, we compute its probability of mortality, given a windstorm of a particular intensity, using 549 

parameters from ref. 45 (see Extended Data: Table S2). For each disturbance intensity, we 550 

repeatedly sample a community after disturbance using Monte Carlo simulations and the 551 

probability of mortality for each tree for a particular disturbance intensity. Thus, the community 552 

response depends on the range of sizes and the species in the community, as well as the 553 

windstorm intensity. For each disturbed community, we then compute community change 554 

metrics for the disturbed ecological community (Figs. S1 and S2). 555 

 556 

Ecological Production Function  557 

We model how an ecological community produces ecosystem services based on known 558 

empirical relationships and established methods.81 We do this separately for timber production 559 

and recreation. We calculate ecosystem services from timber products as amount in volume for 560 

sawtimber, fuelwood, pulpwood, and pulp & bolts products, considering pulpwood and pulp & 561 

bolts together (as recommended by the MN Department of Natural Resources [MN DNR]). We 562 

compute merchantable volume based on dbh and bole height for each tree, using methods from 563 

USDA Forest Inventory Analysis81(see SI). Thus, we consider not only ecological traits (dbh and 564 

bole height) and species identity but also the type of timber product each species provides, 565 

county, and management rules (e.g., harvest rules about tree size) as inputs to 𝐹(⋅) in equation 566 

[1] (see SI for details). We assume that, if a tree is blown down and dies, it is not harvested due 567 

to damages (e.g., for sawtimber) and extremely high costs for salvage, especially in remote areas 568 

that are hard to access after a large wind blow-down event.  569 

For recreation, we model the production of ecosystem services as a function of both the 570 

fraction of trees that remain alive and the diversity of species in a site after disturbance. 571 
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Specifically, we compute the product of the fraction of trees that remain alive and a power 572 

function of the Simpson diversity of trees at a site. That production function reflects a 573 

recreational preference both for live trees over dead wood82 and for diversity55 .    574 

 575 

Measuring ecosystem services value  576 

For timber, we measure value as the potential revenue in USD$ from a stand of trees in 577 

each plot based on the three-year average stumpage prices per county, timber product, and 578 

species and the merchantable volume in cords and board feet (mbf; see SI). For products, we 579 

consider sawtimber, fuelwood, pulpwood, and pulp & bolts products, considering pulpwood and 580 

pulp & bolts together. Stumpage prices for each product differ by county and species; not all 581 

species in these communities are harvested for timber products, and the species present differ in 582 

their stumpage prices and the timber products for which they are harvested (MN DNR 2015). In 583 

computing timber value, we assume each tree would be put to its highest value use if harvested. 584 

We then define utility from a risk-neutral forest owner’s perspective, with utility equal to 585 

potential revenue. For recreation, a service without direct market value, we equate the value of 586 

the service to the output of the ecological production function just described.  587 

 588 

Evaluating benefits under risk  589 

We use a Monte Carlo approach to simulate a distribution of present values of ecosystem 590 

services at each site under each disturbance regime (Extended Data: Fig. S3). For each regime, a 591 

single Monte Carlo run samples a disturbance intensity and applies that disturbance across the 592 

landscape (Fig. S3). For the resulting post-disturbance community, we compute physical 593 

properties and the ecosystem service value. We repeat this process for 5000 Monte Carlo 594 
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samples —each time sampling a new disturbance intensity—then use the resulting distribution of 595 

service values across simulation runs to calculate ecosystem service resistance, expected value, 596 

and variance in value (Fig. S4). 597 

 598 

Price responses to supply shocks 599 

In our final scenario (“Climate Change x Price Response”), we also allow stumpage 600 

prices to respond to supply shocks caused by the disturbance59. In our illustration, following ref. 601 

59, prices rise in response to supply shortfalls for a given product while retaining spatial 602 

heterogeneity in prices observed in real market data. We use a constant-elasticity inverse demand 603 

function, where price is a function of quantity, and price elasticities from ref. 59 (see SI for 604 

details).  605 

 606 

Comparison to static ecosystem service assessments 607 

To quantify the importance of considering disturbances for services in assessments, we 608 

calculate the expected value, variance, and resistance of the ecosystem services under 609 

disturbances for each disturbance regime. Instead, static assessments of ecosystem services often 610 

assume the probability of disturbances is 0 and thus that disturbance impacts are 0.  611 

 612 

Comparison to ecological measures  613 

We also compute three measures of ecological community similarity33 and a biomass-614 

based measure of resistance32 using the simulation results. Ecological community similarity is 615 

quantified as (1) one minus normalized Euclidean distance, (2) Bray-Curtis similarity, or (3) one 616 

minus angular distance, all based on abundance vectors (number of individuals) in a 617 
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community before and after a disturbance. In all cases, we compute the expected compositional 618 

stability (for different metrics of community similarity) under a disturbance regime (see Figure 619 

S5). The relatively few ecological studies that do consider the resistance of functions (as opposed 620 

to community composition) consider biomass, summed across all species32,33. Thus, we compute 621 

biomass-based resistance as the ratio of expected above-ground biomass after disturbance to 622 

above-ground biomass prior to disturbance, a measure closely related to prior work32, and 623 

compare it our measure of ecosystem service resistance (Figure 3 and 4). 624 
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