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Abstract

Climate change affects ecological communities through its impact on the physiological per-2

formance of individuals. However, the population dynamic of species well inside their thermal

niche is also determined by competitors, prey, and predators, in addition to being influenced4

by temperature changes. We use a trait-based food-web model to examine how the interplay

between the direct physiological effects from temperature and the indirect effects due to chang-6

ing interactions between populations shapes the ecological consequences of climate change for

populations and for entire communities. Our simulations illustrate how isolated communities8

deteriorate as populations go extinct when the environment moves outside the species’ ther-

mal niches. High-trophic level species are most vulnerable, while the ecosystem function of10

lower trophic levels is less impacted. Open and diverse communities can compensate for the

loss of ecosystem function by invasions of new species. Individual populations show complex12

responses largely uncorrelated with the direct impact of temperature change on physiology.

Such complex responses are particularly evident during extinction and invasion events of other14

species, where climatically well-adapted species may be brought to extinctions by the changed

food-web topology. Our results highlight that the impact of climate change on specific popula-16

tions is largely unpredictable, and apparently well-adapted species may be severely impacted.

Keywords: Population dynamics, Arrhenius, Community ecology18
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Introduction

Effects of climate change are increasingly observed in the biosphere [1]. The accelerating change20

prompts the need for assessments of future changes. Ecological communities are particularly vul-

nerable, but their responses to climate change are also notoriously difficult to predict. Attention22

so far has focused on predicting the responses of specific populations through the direct impact of

changed temperature on their physiology (e.g. [2, 3]) or through bio-climatic envelope and species24

distribution models [4, 5, 7, 6]. Such models provide credible predictions of species extinctions

(and possibly invasions) as the temperature in an area moves outside (or inside) a species’ thermal26

niche. However, populations do not occupy all sites within their thermal niches because they are

limited by the interaction with other populations through competition, food availability, and pre-28

dation. This effect is well known in ecological theory as the difference between the fundamental

(thermal) niche and the realised niche [8]. Or, as aptly put by Darwin [9]: “We have reason to be-30

lieve that species in a state of nature are limited in their ranges by the competition of other organic

beings quite as much as, or more than, by adaptation to particular climates”.32

That climate change impacts cannot be understood solely from physiology is well illustrated by

the recent exploration of shifting ranges of fish [10]. While, on average, populations move in the34

direction of local climate change, there is a large variation in the response of different populations,

and some populations even move in the opposite direction of climate change. The large variation36

clearly indicates that a focus on the physiological impact of temperature is insufficient to predict

the direction where a specific population will move under climate change. Consequently, assessing38

how a future climate may alter existing communities of natural populations requires the integration

of at least two effects: the direct impact on the physiology of individuals [2, 11] and the indirect40

impact on species due to changed species interactions [12, 13]. However, despite the recognised

central role of species interactions, they are rarely considered in climate change projections [14].42

Assessing the indirect effects due to changed predator-prey relations requires a description of

the food-web surrounding a given species. Such descriptions have been developed for simple food-44

web motifs, such as between a single predator and prey [15, 16, 17] or a three-species food chain
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[18]. These studies demonstrate how changes in the prey or predator landscapes may lead to extinc-46

tions of specific populations, even for populations that are not themselves directly physiologically

impacted by a changing climate. Such indirect effects of climate change might be as important48

as the direct effects; however, they have not been addressed at the level of entire food-webs in

general [20, 13]. Studies attempting to address the entire food-web are limited to specific sys-50

tems [21, 22], or to using size-based descriptions that do not resolve specific species and extinction

events [23, 24, 25]. While these studies illuminate different aspects of the interplay between direct52

and indirect effects of climate change, a general synthesis has yet to be developed.

What further complicates matters is the invasions of species that are better adapted to the54

changed environment [26]. On the level of ecosystem function, invasions might be able to com-

pensate for the loss of function due to extinctions. Theoretically, however, dealing with invasions56

is even harder than dealing with extinctions because it requires an understanding of where an in-

vading species fits into an existing food-web. Such a description is not possible with the common58

approach to food-web models, where the topology of the food-web is assembled from observed

feeding links [21] or statistical rules [27, 28]. Dealing with invading species requires a trait-based60

approach which describes the food-web relations through a few relevant traits [29]. Only with a

trait-based approach can we include the effects of invasions and obtain a general description of62

changes in ecosystem function.

Here we use a general food-web model as a test-bed for exploring the impact of climate change64

on a community: how climate change leads to extinctions and invasions, and ultimately to changes

in ecosystem function. The model belongs to an established class of food-web models built upon66

size-based description of predator-prey interactions [30] that have been shown to replicate the gen-

eral structure of food-webs [31, 32], and have been successfully applied to predict population dy-68

namics and consequences of species extinctions [33, 34, 35, 36]. Our version of the food-web

model is augmented with a trait-based description of species interactions, which makes it able to70

handle invasions [37]. We use the model to explore the relative the importance of direct vs. in-

direct effects of climate change. Specifically, we address three questions: (1) How does climate72
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change affect isolated systems that are closed towards species invasions vs. systems that are open

towards species invasions? We expect that isolated systems lose functions and resilience, while74

invasions might be able to offset losses in functions in open systems. (2) What is the main driver

of extinction: is it the direct physiological effects on the individuals, or is it the indirect effect of76

changes in feeding interactions in the food-web? (3) How important are cascading effects, i.e., do

extinctions or invasions lead to secondary extinctions or invasions? We use simple food-web met-78

rics to measure changes in function and resilience: changes to ecosystem function are measured

by species richness, the maximum trophic level, the size-spectrum exponent (i.e., the exponent b in80

the abundance-mass scaling, that is, abundance ∝ massb), and the primary production transferred

to higher trophic levels. A change in resilience towards future changes is indicated by the Com-82

munity Temperature Index (a measure of the average temperature of the species’ thermal niche;

[38]). Impacts of climate change on specific populations are measured by changes in birth rate and84

population biomass.

Methods86

Our food-web model follows a standard Lotka-Volterra interaction between predators and prey. In

the following we show the main equations and a detailed model description is presented in the SI.88

The rate of change of biomass Bi of population i is given by:

dBi

dt
=

[
αρ(Tenv − Tmid.i)(Eres.i +

∑
j

θj,iBj)−Mi −
∑
j

θi,jBj

]
Bi.

The first term on the right-hand side represents gain of energy (mass per time) from consumption of90

the basal resource (i.e.,Eres.iBi) and from predation on smaller consumer species (i.e.,
∑

j θj,iBjBi).

The second term (i.e., MiBi) is the mass specific loss due to metabolic costs and other mortality92

than predation. The last term (i.e.,
∑

j θi,jBjBi) is losses to predation by larger consumer species. α

is the assimilation efficiency and θj,i is the preference of species i for preying on species j. All rates94

(feeding and metabolism: θi,j and Mi) are scaled with body size of the species [39] and with envi-
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ronmental temperature Tenv according to an Arrhenius relationship [40]. The term ρ(Tenv − Tmid.i)96

represents the thermal niche of the species, where ρ(T ) = 1 − uT−Tscope/2 − u−T−Tscope/2. It is a

non-negative function with the value one in a range of ±5◦C (i.e., Tscope/2) around the midpoint98

of the species’ thermal niche Tmid.i and the value drops down quickly towards zero when environ-

mental temperature goes outside of the thermal niche (Fig. S1). In nature, increased temperature100

also results in reduced body sizes [12, 41]. Since this effect affects all species similarly it is not

expected to impact predator-prey or competitive relationships significantly, and in the interest of102

maintaining a simple model we do not resolve this effect.

Interactions between species are determined by body size wi and habitat trait xi, which in com-104

bination form the interaction coefficient θj,i: large species eat smaller species [42, 30] within the

same habitat. This procedure combines size-based predator-prey interactions with classic competi-106

tion theory [43] to determine interactions between populations by their body size and habitat trait

[44]. The resource biomass grows dynamically and the loss of resource biomass is solely owing to108

the predation of all consumer species.

Food-webs are assembled from pools of species with randomly assigned traits of body size,110

habitat, and midpoint of thermal niche (detailed numerical implementation is presented in SI).

The assembly process allows new species from the pool to invade sequentially until the food-web112

reaches a closed state where no species from the pool can invade (Fig. S2) [45, 46] at a constant

environmental temperature (i.e., 10◦C). Species in the pool have a range of midpoint temperatures114

from 4-20◦C, however, only species with a temperature close to the environmental temperature will

be able to invade the community. From the closed state, the temperature is increased in 0.05◦C116

steps. Invasions from species in the pool are allowed in each step for open communities but not for

isolated communities.118

Five macroecological metrics of ecosystem function are calculated. The species richness is

simply the number of persistent species in the community, and it measures the general resilience of120

the community towards change. The maximum trophic level, the size-spectrum exponent, and the

primary production transferred to higher trophic levels measures the degree to which the energetic122
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potential of the community is realized. A fully realized community is expected to have 6 trophic

levels [37], a size-spectrum exponent of −1.05 for the chosen parameters [37], and high primary124

production. Deviations from these expectations, lower maximum trophic level, or more negative

exponent, indicates a community that is out of equilibrium, i.e., where the diversity is insufficient126

for the community to realize the full energetic potential of the primary production. The trophic

level is fractional and calculated as the average trophic level of the prey of the focal species plus 1128

[47]. The size-spectrum exponent measures the power-law exponent fit to the biomass distribution

function, estimated using the generalized cumulative distribution function [48]. The primary pro-130

duction is defined as the averaged utilization of resource biomass relative to the carrying capacity

(see Numerical Implementation in SI). Finally, the Community Temperature Index is calculated132

as the mean midpoint of the thermal niches of the species in the community. The difference be-

tween the Community Temperature Index and the environmental temperature measures the degree134

to which the community is balanced with respect to the environment – a community with a domi-

nance of cold-adapted species relative to the environmental temperature will have a lower resilience136

towards future climate change, than a community with an equal ratio species which are cold- and

warm-adapted relative to the current environment. The impacts of climate change on individual138

populations in the food-web are measured by changes in their birth rates (the first term on the

right-hand-side of Eq. 1), and by changes in their biomass.140

Results

Fig. 1a shows an example of a community assembled by successive invasions. A small change142

in temperature has little effect, but when the temperature changes above a threshold, a species

becomes extinct. This extinction leads to a re-wiring of the food-web (Fig. 1b). The re-wiring144

opens up niches for invasions, which again may induce secondary extinctions (Fig. 1c). Note, that

the two extinctions triggered by the invasion were of warm-adapted species, for which the direct146

effects of climate change are small or even positive. Such extinction and invasion cascades illustrate
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how the impact of climate change on one species radiates through the food-web to profoundly affect148

apparently climatically well-adapted species.

Impact on ecosystem function and resilience150

Extinctions or invasions in a specific food-web are dramatic events that may trigger secondary

extinctions, with concomitant loss of function and deterioration of community metrics (thin lines in152

Fig. 2). However, when many realizations of food-webs are averaged, or over longer time periods,

the average ecosystem function is less variable (thick lines in Fig. 2).154

Changes in community metrics show some deterioration of the community as the temperature

is increased (Fig. 2). In isolated communities, the diversity diminishes as species become extinct156

(Fig. 2a). In open communities, invasions of new species compensate for some of the loss, though

not fully. As a consequence, the community function declines: maximum trophic level declines and158

the size-spectrum exponent becomes steeper (Fig. 2b,c). The decline of the maximum trophic levels

shows that the largest species at the top of the food-web are the first to be lost, as the establishment160

of top predators is conditioned on the trophic levels below them being functionally intact. The

loss of the top predators is the driver behind the steepening of the size-spectrum. Again, for these162

two metrics, invasions in open communities compensate for the losses in function experienced by

the isolated communities, to the degree that overall function is only weakly affected. The amount164

of primary production utilized by the community is not much affected, not even in the isolated

communities (Fig. 2d). The primary production is used by the lowest trophic levels in the food-166

web, and as these species are not conditioned on the presence of other species, they are less affected,

and their function is therefore almost intact. Finally, as the environment warms, the Community168

Temperature Index falls out of step with the environmental temperature (Fig. 2e). Consequently,

the species in the food-web become increasingly cold-adapted relative to the environment, and170

the food-web loses the resilience to further temperature changes. By and large, the functions of

isolated communities begin to deteriorate once the change in temperature exceeds 1 ◦C as species172

goes extinct, while the invasions that occur in the open communities are able to compensate for
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most of the lost function.174

The functional metrics change less for systems with high diversity than for those with low di-

versity (Fig. 3). Thus, species diversity increases the resilience of the community in the face of176

climate change. Communities with more than thirty species experience little change in function

when the temperature changes, while less diverse communities lose more function. The most re-178

silient functions are the maximum trophic level and the size-spectrum exponent, while the primary

production is surprisingly most sensitive to climate change, which might be due to the amplification180

of the short-time absolute changes during averaging.

We explore the importance of direct vs. indirect effects of climate change by looking at why182

species go extinct (Fig. 4). Extinctions of species close to their thermal niche limit are due to the

direct effect of a change in temperature, while extinctions of species that are well-adapted, i.e.,184

far from their thermal limits, must be due to the re-organisation of the food-web, i.e., an indirect

effect. By far the largest fraction of extinctions happens when the environmental temperature is well186

within species thermal niche. This result indicates that the indirect effects of climate change due to

food-web re-organisation are much more important than the direct physiological effects of climate188

change on specific species. These indirect effects happen due to the cascading effects of those

extinctions that occur due to the direct effects of climate change. Again, whether a community190

is isolated or open is important, with isolated communities being driven to a higher degree by

extinctions that are directly triggered by the physiological effects of climate change.192

Impact on populations

The relative importance of direct and indirect effects of climate change is evident in the change194

of birth rates and biomass of individual populations (Fig. 5). The birth rate (Fig. 5a) is generally

increasing in response to increased temperature, until the point where the environmental tempera-196

ture goes beyond the species’ thermal niche. That pattern is to be expected as a direct response to

how individual physiology responds to warming. However, many populations show strong devia-198

tions from this pattern of slowly increasing birth rates with temperature. The deviation from the
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average is amplified in the population biomass, where no distinct pattern between species emerges200

– biomass may increase or decrease as temperature changes, largely independent of whether the

species are warm- or cold-adapted relative to the environmental temperature (Fig. 5b). Cold-202

adapted species are more likely to have negative changes than warm-adapted species as they are

prone to go extinct, but overall warm- and cold-adapted species have similar responses (Fig. 5c).204

Consequently, the effects of climate change on any specific population cannot be predicted with-

out accounting for species interactions. The only exception is species close to their thermal limits206

which are forced to extinction.

Discussion208

Taken together, our model simulations demonstrate how an understanding of physiology is insuf-

ficient to predict population responses to climate change. Changes in population biomasses are210

determined by the changes in the food-web to a much higher degree than by the species’ physi-

ology (Fig. 5). The implications go beyond changes in population biomasses as even extinctions212

are predominantly driven by other reasons than physiology (Fig. 4). Thus, complex interactions

between species play a major role in predicting climatic response of individual species. The domi-214

nance of indirect effects does not make direct effects of climate change on physiology unimportant,

including species range shift towards higher latitude and altitude [49], phenology shift [50], and216

reduced body size [12, 41]. However, it does imply that while climate envelope models [4, 5, 6]

correctly predict extinctions of species at the end of their climate range, they fail to predict the218

effects of climate change on species well inside their thermal niche.

The impact of climate change on community function and resilience depends on whether inva-220

sions of new species are able to compensate for the loss of function that occur through extinctions.

In isolated communities, species richness declines and the communities become unable to support222

higher trophic level species, in accordance with mesocosm experiments [51]. In contrast, commu-

nities that are open to invasions are able to adapt to climate change. Marine pelagic ecosystems224
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are good examples of very open systems, where planktonic species are transported far via ocean

currents or ship ballast water [52], and fish can swim long distances. Indeed, marine communities226

have shown a correspondence between the change in sea temperature and the Community Tem-

perature Index [38, 53], which indicates that invasions of new species and a high species diversity228

buffer against the effects of climate change [51]. An exception is tropical oceans where there are

no warm-adapted species to invade [38, 53] (Fig. S6). In such places, and isolated ecosystems,230

maintaining ecosystem structure and function requires evolutionary adaptation [54, 55]. Terrestrial

systems are expected to be more isolated than marine systems, with oceanic island as the extreme232

example. However, even on the continents, dispersal is limited by geographical barriers, or by

lower connectivity [56] of increasingly fragmented agricultural landscapes [57].234

The model is deliberately kept simple in order to obtain general insights into how species inter-

actions affect community responses to climate change. Importantly, the model allows invasion of236

new species into a community. While our model captures the salient features of how predator-prey

interactions and exploitative competition interact to shape community structure and set the stage238

for dynamics of individual populations, the simplicity of the model means that other aspects are not

resolved. For instance, we assumed that the rate of warming is slow relative to the life-span of the240

species. With the present pace of warming this may be incorrect for the largest and longest-lived

species. As these species are the ones most sensitive to the indirect effects of warming, a faster242

pace of climate change will make them even more vulnerable. We further assumed that modelled

species all have the same width of thermal niche, symmetric around the midpoint, which is a simpli-244

fication. Experimental studies show that the width of thermal niche varies between species [2, 41]

and is asymmetric around the midpoint temperature. The asymmetry will shift the optimum of the246

temperature niche towards a higher temperature than the midpoint temperature used here. This shift

will, on average, mean that species are closer to their upper temperature limit, and they are there-248

fore more likely to go locally extinct due to the direct effect of climate change than represented in

the model. Nevertheless, this effect is relatively small and not likely to overrule the strong effect250

of most extinctions being driven by indirect effects. Incorporating asymmetric temperature niches
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might increase realism, but as long as species go extinct once environmental temperature exceeds252

the species’ thermal limits, the general conclusion remains valid: understanding changes in species

interaction is indispensable for predicting the responses of ecological communities to global warm-254

ing. A sensitivity analysis with asymmetric thermal niche (Fig. S3) displayed only limited differ-

ence between the simulations with symmetric thermal niche (Fig. S4). Besides this model variant,256

our results are also robust for other variants including different approaches of invader selection

such as selecting an invader with a midpoint temperature closest to the environmental temperature258

or with the highest fitness (Fig. S5), and smaller variance in temperature trait without skewedness

towards either cold- or warm-adapted species. Finally, sensitivity tests also show that the model260

is not sensitive to changes in the value of the preferred predator-prey mass ratio (Fig. S7). Taken

together, the model results appear to be fairly robust.262

We explored maybe the most common way in which species interactions could affect the cli-

matic responses of population and communities, namely by gain and loss of feeding links due to264

extinctions or invasions. Obviously, to fully assess food-web responses to climate change, future

studies may have to simultaneously consider other biotic factors such as behaviour change, varia-266

tion within populations, and evolutionary adaptation in a food-web context. Integrating all these

processes convincingly in a general model framework remains a future challenge. A potential268

helpful approach is the stochastic individual based food-web models that can simultaneously incor-

porate a variety of individual traits and where community properties emerge from decision-making270

individuals [58, 59]. In conclusion, climate-induced indirect effects such as secondary extinction

are stronger than the direct physiological effects on individual species. Diversity buffers against272

the effects of climate change, in particular if warm-adapted species are able to invade. Improving

predictions of the effects of climate change on biodiversity requires increased knowledge of species274

interactions [14].
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[2] Pörtner HO, Farrell AP. 2008 Physiology and climate change. Science 322, 690 – 692. (doi:

10.1126/science.1163156)298

[3] Sinclair BJ, et al. 2016 Can we predict ectotherm responses to climate change us-

ing thermal performance curves and body temperatures? Ecol. Lett. 19, 1372–1385.300

(doi:10.1111/ele.12686)

[4] Peterson AT, et al. 2002 Future projections for Mexican faunas under global climate change302

scenarios. Nature 416, 626–629. (doi:10.1038/416626a)

[5] Cheung WWL, Lam VWY, Sarmiento JL, Kearney K, Watson R, Pauly D. 2009 Projecting304

global marine biodiversity impacts under climate change scenarios. Fish Fish. 10, 235–251.

(doi:10.1111/j.1467-2979.2008.00315.x)306

[6] Fernandes JA, et al. 2013 Modelling the effects of climate change on the distribution and pro-

duction of marine fishes: accounting for trophic interactions in a dynamic bioclimate envelope308

model. Glob. Change Biol. 19, 2596–2607. (doi:10.1111/gcb.12231)

[7] Elith J, Leathwick JR. 2009 Species distribution models: ecological explanation310

and prediction across space and time. Annu. Rev. Ecol. Evol. Syst. 40, 677–697.

(doi.org/10.1146/annurev.ecolsys.110308.120159)312

[8] Begon M, Harper JL, Townsend CR. 1986 Ecology: individuals, population and communities.

Blackwell Scientific Publications (Oxford).314

[9] Darwin CR. 1859 On the Origin of Species by Means of Natural Selection (London).

[10] Pinsky ML, Worm B, Fogarty MJ, Sarmiento JL, Levin SA. 2013 Marine taxa track local316

climate velocities. Science 341, 1239–1242. (doi:10.1126/science.1239352)



15

[11] Lefevre S, McKenzie DJ, Nilsson GE. 2017 Models projecting the fate of fish populations318

under climate change need to be based on valid physiological mechanisms. Glob. Change

Bio. 23, 3449–3459. (doi:10.1111/gcb.13652)320

[12] Daufresne M, Lengfellner K, Sommer U. 2009 Global warming benefits the small in aquatic

ecosystems. Proc. Natl Acad. Soc. USA 106, 12788–12793. (doi: 10.1073/pnas.0902080106)322

[13] Lord JP, Barry JP, Graves D. 2017 Dale Impact of climate change on direct and indirect species

interactions. Mar. Ecol. Prog. Ser. 571, 1–11. (doi.org/10.3354/meps12148)324

[14] Urban MC, et al. 2016 Improving the forecast for biodiversity under climate change. Science

353, aad8466. (doi:10.1126/science.aad8466)326

[15] O’Connor MI, Gilbert B, Brown CJ. 2011 Theoretical predations for how tempera-

ture affects the dynamics of interacting herbivores and plants. Am. Nat. 178, 626–638.328

(doi:10.1086/662171)

[16] Dell A, Pawar S, Savage SM. 2014 Temperature dependence of trophic interactions are driven330

by asymmetry of species responses and foraging strategy. J. Anim. Ecol. 83, 70–84. (doi:

10.1111/1365-2656.12081)332

[17] Amarasekare P. 2015 Effects of temperature on consumer-resource interactions. J. Anim. Ecol.

84, 665–679. (doi:10.1111/1365-2656.12320)334

[18] Binzer A, Guill C, Brose U, Rall BC. 2012 The dynamics of food chains under cli-

mate change and nutrient enrichment. Phil. Trans. R. Soc. Lon. B 367, 2935–2944.336

(doi:10.1098/rstb.2012.0230)

[19] Lemoine NP. 2017. Predation risk reverses the potential effects of warming on plant-herbivore338

interactions by altering the relative strengths of trait- and density-mediated interactions. Am.

Nat. 190, 337–349. (doi:10.1086/692605)340



16

[20] Ockendon N. et al. 2014 Mechanisms underspinning climatic impacts on natural populations:

altered species interactions are more important than direct effects. Glob. Change Biol. 20,342

2221–2229. (doi:10.1111/gcb.12559)

[21] Ainsworth CH, Samhouri JF, Busch DS, Cheung WWL, Dunne J, Okey TA. 2011 Potential344

impacts of climate change on Northeast Pacific marine foodwebs and fisheries. ICES J. Mar.

Sci. 68, 1217–1229. (doi:10.1093/icesjms/fsr043)346

[22] Nye JA, Gamble RJ, Link JS. 2013 The relative impact of warming and removing top

predators on the Northeast US large marine biotic community. Ecol. Model. 264, 157–168.348

(doi.org/10.1016/j.ecolmodel.2012.08.019)

[23] Blanchard JL, et al. 2016 Potential consequences of cliamte change for primary production350

and fish production in large marine ecosystems. Phil. Trans. R. Soc. Lon. B 367, 2979–2989.

(doi:10.1098/rstb.2012.0231)352

[24] Guiet J, Aumont O, Poggiale J-C, Maury O. 2016 Effects of lower trophic level biomass and

water temperature on fish communities: A modelling study. Prog. Oceanogr. 146, 22–37.354

(doi.org/10.1016/j.pocean.2016.04.003)

[25] O’Gorman EJ, et al. 2017 Unexpected changes in community size structure in a natural warm-356

ing experiment. Nat. Clim. Change 7, 659–663. (doi:10.1038/NCLIMATE3368)

[26] Kortsch S, Primicerio R, Fossheim M, Dolgov AV, Aschan M. 2015 Climate change alters the358

structure of arctic marine food webs due to poleward shifts of boreal generalists. Proc. R. Soc.

Lond. B 282, 20151546. (doi:10.1098/rspb.2015.1546)360

[27] Cohen JE, Briand F, Newman CM. 1990 Community Food Webs. Biomathematics, vol. 20.

Springer (Berlin).362

[28] Williams RJ, Martinez ND. 2000 Simple rules yield complex food webs. Nature 404, 180–

183. (doi:10.1038/35004572)364



17

[29] McGill BJ, Enquist BJ, Weiher E, Estoby M. 2016 Rebuilding community ecology from func-

tional traits. Trends Ecol. Evol. 21, 179–185. (doi.org/10.1016/j.tree.2006.02.002)366

[30] Brose U, Williams RJ, Martinez ND. 2006 Allometric scaling enhances stability in complex

food webs. Ecol. Lett. 9, 1228–1236. (doi:10.1111/j.1461-0248.2006.00978.x)368

[31] Brose U, et al. 2006 Consumer-resource body-size relationships in natural food webs. Ecology

87, 2411–2417. (doi:10.1890/0012-9658(2006)87[2411:CBRINF]2.0.CO;2)370

[32] Petchey OL, Eklof A, Borrvall C, Ebenman B. 2009 Trophically unique species are vulnerable

to cascading extinction. Am. Nat. 171, 568–579. (doi:10.1086/587068)372

[33] Schneider FD, Scheu S, Brose U. 2012 Body mass constraints on feeding rates deter-

mine the consequences of predator loss. Ecol. Lett. 15, 436–443. (doi: 10.1111/j.1461-374

0248.2012.01750.x)

[34] Heckmann L. et al. 2012 Interactive effects of body-size structure and adaptive foraging on376

food-web stability. Ecol. Lett. 15, 243–250. (doi:10.1111/j.1461-0248.2011.01733.x)

[35] Fussmann KE, Schwarzmuller F, Brose U, Jousset A, Rall BC. 2014 Ecological stability in378

response to warming. Nat. Clim. Change 4, 206–210. (doi:10.1038/nclimate2134)

[36] Schneider FD, Brose U, Rall BC, Guill C. 2016 Animal diversity and ecosystem functioning380

in dynamic food webs. Nat. Commun. 12718. (doi:10.3410/f.726814428.793527890)

[37] Zhang L, Hartvig M, Knudsen K, Andersen KH. 2014 Size-based predictions of food web382

patterns. Theor. Ecol. 7, 23–33. (doi:10.1007/s12080-013-0193-5)

[38] Stuart-Smith RD, Edgar GJ, Barrett NS, Kininmonth SJ, Bates AE. 2015 Thermal bi-384

ases and vulnerability to warming in the world’s marine fauna. Nature 528, 88–92.

(doi:10.1038/nature16144)386

[39] Yodzis P, Innes S. 1992 Body size and consumer-resource dynamics. Am. Nat. 6, 1151–1175.

(doi.org/10.1086/285380)388



18

[40] Gillooly JF, Brown JH, West GB, Savage VM, Charnov EL. 2001 Effects of size and temper-

ature on metabolic rate. Science 293, 2248–2251. (doi:10.1126/science.1061967)390

[41] Forster J, Hirst AG, Atkinson D. 2012 Warming-induced reductions in body size are

greater in aquatic than terrestrial species. Proc. Natl Acad. Soc. USA 109, 19310–19314.392

(doi:10.1073/pnas.1210460109)

[42] Cohen JE, Pimm SL, Yodzis P, Saldana J. 1993. Body sizes of animal predators and animal394

prey in food webs. Am. Nat. 62, 67–78. (doi:10.2307/5483)

[43] MacArthur R, Levins R. 1967 The limiting similarity, convergence, and divergence of coex-396

isting species. Am. Nat. 101, 377–385. (doi.org/10.1086/282505)

[44] Chesson P, Kuang JJ. 2008 The interaction between predation and competition. Nature 456,398

235–238. (doi:10.1038/nature07248)

[45] Post WM, Pimm SL. 1983 Community assembly and food web stability. Math. Biosci. 64,400

169–182. (doi.org/10.1016/0025-5564(83)90002-0)

[46] Drake JA. 1990 The mechanics of community assembly and succession. J. Theor. Biol. 147,402

213–233. (doi.org/10.1016/S0022-5193(05)80053-0)

[47] Levine S. 1980 Several measures of trophic structure applicable to complex food webs. J.404

Theor. Biol. 83, 195–207. (doi.org/10.1016/0022-5193(80)90288-X)

[48] Reuman DC, Mulder C, Raffaelli D, Cohen JE. 2008 Three allometric relations of population406

density to body mass: theoretical integration and empirical tests in 149 food webs. Ecol. Lett.

11, 1216–1228. (doi: 10.1111/j.1461-0248.2008.01236.x)408

[49] Durant JM, Hjermann DO, Ottersen G, Stenseth NC. 2007 Climate and the match or mis-

match between predator requirements and resource availability. Clim. Res. 33, 271–283.410

(doi:10.3354/cr033271)



19

[50] Visser ME, Both C. 2005 Shifts in phenology due to global climate change: the need for a412

yardstick. Proc. R. Soc. Lond. B 272, 2561–2569. (doi:10.1098/rspb.2005.3356)

[51] Petchey OL, McPhearson PT, Casey TM, Morin PJ. 1999 Environmental warming alters food-414

web structure and ecosystem function. Nature 402, 69–72. (doi:10.1038/47023)

[52] Seebens H, Schwartz N, Schupp PJ, Blasius B. 2016. Predicting the spread of ma-416

rine species introduced by global shipping. Proc. Natl Acad. Soc. USA 113, 5646–5651.

(doi:10.1073/pnas.1524427113)418

[53] Cheung WWL, Watson R, Pauly D. 2013 Signature of ocean warming in global fisheries

catch. Nature 497, 365–368. (doi:10.1038/nature12156)420

[54] Hoffmann AA, Sgro CM. 2011 Climate change and evolutionary adaptation. Nature 470,

479–485. (doi:10.1038/nature09670)422

[55] Norberg J, Urban MC, Christopher MV, Klausmeier CA, Loeuille N. 2012 Eco-

evolutionary responses of biodiversity to climate change. Nat. Clim. Change 2, 747–751.424

(doi:10.1038/nclimate1588)

[56] Pearson RG, Dawson TP. 2005 Long-distance plant dispersal and habitat fragmentation: iden-426

tifying conservation targets for spatial landscape planning under climate change. Biol Cons

123, 389–401. (doi.org/10.1016/j.biocon.2004.12.006)428

[57] Hendrickx F, et al. 2007 How landscape structure, land-use intensity and habitat diversity

affect components of total arthropod diversity in agricultural landscapes. J. Appl. Ecol. 44,430

340–351. (doi:10.1111/j.1365-2664.2006.01270.x)

[58] Takahashi D, Brannstrom A, Mazzucco R, Yamauchi A, Dieckmann U. 2013. Abrupt com-432

munity transitions and cyclic evolutionary dynamics in complex food webs. J. Theor. Biol.

337, 181–189. (doi.org/10.1016/j.jtbi.2013.08.003)434



20

−20 −10 0 10

10
2

10
4

10
6

10
8

10
10

−20 −10 0 10 −20 −10 0 10
 

 

 4

 6

 8

10

12

14

16

18

20

Habitat trait

B
od

y 
si

ze
Tenv = 10 oC

Habitat trait

Tenv = 11.5 oC before invasion

Habitat trait

Tenv = 11.5 oC after invasion

M
id

po
in

t o
f t

he
rm

al
 n

ih
ce

 (o C
)

a) b) c)

E
xt

in
ct

io
n

S
el

ec
te

d 
in

va
de

r

Figure 1: Example of how increased temperature impacts a simulated food-web. Small open circles
indicate the species in the species pool of size 200. The position of each population is determined
by body size (y-axis), habitat trait (x-axis), and the colour denotes the midpoint of the thermal
niche. Solid symbols connected by lines indicate the species in the food-web with the area of the
symbol being proportional to population biomass and line width to interaction strength. a) Food-
web assembled under constant temperature (Tenv = 10◦C). This food-web community has achieved
a structure where none of the species from the pool can invade. b) After increasing the temperature
to 11.5◦C, one species goes extinct (square) and the food-web is changed in both topology and
population biomass. The change re-opens the community to invasion and three species (stars) are
able to invade. c) After introducing one of them (middle star), the invader establishes itself and
rewires the food-web topology by inducing one extinction through predation (bottom triangle) and
two secondary extinctions (top two triangles).
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Figure 2: Change in community-level metrics under climate change (from top to bottom; see Meth-
ods for description): species richness, maximum trophic level, size-spectrum exponent, primary
production transferred to higher trophic levels, and the Community Temperature Index compared
to the environmental temperature (dashed lines). a) Isolated communities where only extinctions
occur. b) Open communities where invasions from the species pool are allowed. Thin lines repre-
sent two randomly sampled communities and the thick lines represent the community average over
100 replicates (for pool size of 400) with the shaded areas representing the standard deviation.
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species richness following a 0.05◦C change in temperature across all replicates regardless of pool
size (i.e., 100, 200, 400, 800). For each replicate, community metrics at different environmental
temperature are scaled with their respective community metrics at previous temperature step.
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Figure 4: Extinctions of cold-adapted (blue) vs. warm-adapted species (red) in isolated (thin lines)
and open communities (thick lines). a) The development of extinction as the temperature is in-
creased from 10◦C. b) Probability density function of temperature difference between environmen-
tal temperature (Tenv) at which species go extinct and the middle point of species? midpoint of
thermal niche (Tmid). Extinction events are interpreted as being triggered by the direct physiologi-
cal impact if the temperature difference is greater than ≈ 3.5◦C; all other extinction events are due
to changes in species interactions, i.e., secondary extinctions. Averages are across all replicates
associated with pool size of 400.
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Figure 5: Change in population birth rate (a) and biomass (b) under a climate change scenario for
a given community of initially 25 species at Tenv = 10◦C, and (c) the probability density function
of the change in biomass of a species following a 0.05 degree change in temperature (across all
replicates for pool size of 400). Line thickness increases in proportion to log body-size. Line colour
indicates whether the species are relatively warm- or cold-adapted (red vs. blue). No invasions are
allowed.


