ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/336649795

Eco-evolutionary consequences of habitat warming in communities from
fragmented landscapes

Preprint - October 2019

DOI: 10.13140/RG.2.2.27913.19040

CITATIONS READS
0 174
2 authors:
B Cara Faillace Jose M Montoya
Station d'Ecologie Théorique et Expérimentale ’ French National Centre for Scientific Research
12 PUBLICATIONS 51 CITATIONS 134 PUBLICATIONS 8,040 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

roject  Evolution and Structure of Bipartite Networks View project

ot Sponge Microbiome Project View project

All content following this page was uploaded by Cara Faillace on 18 October 2019.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/336649795_Eco-evolutionary_consequences_of_habitat_warming_in_communities_from_fragmented_landscapes?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/336649795_Eco-evolutionary_consequences_of_habitat_warming_in_communities_from_fragmented_landscapes?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Evolution-and-Structure-of-Bipartite-Networks?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Sponge-Microbiome-Project?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cara_Faillace?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cara_Faillace?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cara_Faillace?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose_Montoya4?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose_Montoya4?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/French_National_Centre_for_Scientific_Research?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jose_Montoya4?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Cara_Faillace?enrichId=rgreq-4fa5552ea43b947706aca87083209f1b-XXX&enrichSource=Y292ZXJQYWdlOzMzNjY0OTc5NTtBUzo4MTUzMzY5MzI3ODIwODNAMTU3MTQwMjg4MTY0OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

O 00 N O U B W N P

L S = T S S N = N
N o A W N B O

Title: Eco-evolutionary consequences of habitat warming in communities from fragmented landscapes

Running Head: Eco-evolutionary consequences of habitat warming and fragmentation

Faillace, Cara A. and José M. Montoya

Theoretical and Experimental Ecology Station

National Center of Scientific Research of France (CNRS)
2 Route du CNRS

09200 Moulis, France

Word Count: 8371

Key words: climate change, consumer-resource dynamics, environmental warming, eco-evolutionary

dynamics, fragmentation, food webs, metacommunities



18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Abstract

Climate change and habitat fragmentation have emerged independently as two of the largest
threats to biodiversity and ecosystems. In many cases, the ecological responses to these threats are
mediated and complicated by eco-evolutionary dynamics. Here we present a new framework for
understanding the simultaneous eco-evolutionary consequences of habitat fragmentation and warming
for the dynamics of ecological communities. This framework is based on trade-offs among traits that
emerge in response to warming and habitat isolation. Thermal environment affects traits related to
metabolism, such as resource acquisition and activity level, which are also likely to have trade-offs with
other energetically costly traits, like antipredator defense. Many such traits can be additionally
influenced by fragmentation through its effects on the spatial environment experienced by individuals.
We illustrate our framework with several example scenarios in which trade-offs among traits of
interacting populations could result in eco-evolutionary dynamics with important consequences for
communities. Theory and experiments that explicitly consider the consequences of eco-evolutionary
dynamics in communities responding to fragmentation and habitat warming are urgently needed to

yield more robust predictions for the long-term effects of multiple global change components.
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Fragmentation modulates ecological and evolutionary responses to warming

Climate change and habitat fragmentation are two of the largest threats to biodiversity and
ecosystems. Warming can have major impacts on species and communities *?, and thus ecosystem
functioning 3, through a variety of plastic and evolutionary responses . Within an organism’s dispersal
range, climate can differ across local scales 7. Under climate change, some areas within the range can
become warmer, while others may maintain their temperature or even cool. Isolation due to
fragmentation may consequently exacerbate this effect by creating habitat patches that differ in
thermal environment #°. Moreover, altered dispersal in fragmented habitats can shift the relative
importance of species interactions versus dispersal as determinants of colonization success, resulting in
differences in composition and structure of local communities 8.

Changes in dispersal can alter gene flow among habitat patches. Fragmentation can thus
additionally modify the opportunities for local adaptation to habitat warming %11, Taken together,
different local communities with limited dispersal can be exposed to disparate selective pressures in
terms of both abiotic (e.g., warming) and/or biotic (e.g., predation pressure) factors 2. Fragmentation
can either reduce or increase opportunities for adaptive evolutionary response. It can reduce
evolutionary responses through a number of processes involving reduced genetic diversity, smaller
population sizes, genetic drift, inbreeding depression, and flow of maladaptive alleles **4, The
alternative, where fragmentation can instead increase opportunities for local adaptation (i.e., sensu the
evolving metacommunity concept '°), remains empirically understudied and its implications poorly
understood 4. We suggest that a comprehensive view on the effects of fragmentation demands greater
attention be placed on its potential to alter adaptive responses to warming through modifications of

ecological interactions.

Eco-evolutionary feedbacks, species interactions, and multiple stressors

Ecological and evolutionary dynamics that occur at contemporary time scales and affect one
another, defined as eco-evolutionary dynamics and feedbacks (Box 1 and Box 2), can have important

consequences across levels of organization. They can alter phenotypic traits **%7, the dynamics of

18-21

populations and communities , and the functioning of ecosystems 2224, The community context of

the evolutionary response can qualitatively alter the direction of the response and consequently the

25,26

implications for community dynamics ~*°, which is likely to prove important for fragmented
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communities responding to warming. Populations experiencing novel selective pressures, such as those
responding to anthropogenic environmental changes, may be especially likely to manifest reciprocal
ecological and evolutionary responses with broad-reaching implications for communities and
ecosystems.

Eco-evolutionary dynamics are especially important when populations experience selection
upon traits for which important correlations among traits exist (Box 3), where selection on one trait is
expected to alter performance in another trait or fitness attribute. Traits under selection in response to
climate change, including those relating to metabolic function, can exhibit trade-offs with other traits
important to life history, including growth 228, CO, assimilation ?°, or interspecific interactions. For
example, body size reductions driven by warming are taxon-specific and can differ across trophic levels.
This then leads to altered consumer-resource dynamics (an ecological effect) 334, This could thus
potentially alter selection for traits that trade off with predator defense (an evolutionary effect),
ultimately resulting in additional ecological changes within the community.

We believe that to gain a more complete understanding of the long-term effects of warming and
fragmentation in communities we should investigate the consequences of eco-evolutionary dynamics on
interspecific interactions in fragmented and warmed landscapes. Our goal is to highlight possible
outcomes resulting from eco-evolutionary responses linked to consumer-resource interactions. We
acknowledge that eco-evolutionary dynamics have the potential to yield multiple outcomes, hence we
do not aim to provide an exhaustive exploration of possible outcomes. Instead, we limit ourselves to
scenarios for which we find theoretical and empirical support for 1) ecological and evolutionary
responses to warming and fragmentation, 2) trade-offs between traits, and 3) eco-evolutionary
mechanisms assumed to be acting in the scenario.

To demonstrate our approach, we focus on the interactive effects of dispersal limitation and
selection on traits and responses linked to metabolism (see Box 4 for effects on single species). We
develop examples of predictions for the eco-evolutionary consequences of habitat fragmentation and
warming for single consumer-resource interactions and linear food chains. Although we concentrate
here on responses relating to metabolic functions (e.g., thermal performance, attack rate, body size
etc.), we stress that there are other possible effects of warming that will introduce opportunities for
selection, such as changes to phenology. Specifically, we ask: in fragmented landscapes, what are the
potential eco-evolutionary consequences of (1) evolution in thermal performance of a species involved
in a consumer-resource interaction, (2) ecological or evolutionary changes to encounter and attack rates

of consumers, and (3) changes to top consumer body size in tri-trophic food chains.
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Effects of warming and fragmentation on consumer-resource dynamics

When selection occurs within an ecological community, the presence of multiple interacting
species can result in additional direct and indirect effects 3, which is likely to qualitatively change
predictions about thermal adaptation from single populations ®. The opportunities for trade-offs and
epistatic and/or antagonistic pleiotropic interactions increase. This can have a number of consequences.
It can slow the rate of evolution®®’. It can prevent evolution from selection where it had previously been
observed in single-species populations by overwhelming the directional selection. Or, as we highlight
below, it can drive evolutionary response in otherwise unexpected ways %%,

A vast literature documents a number of changes in trophic interactions that occur separately in
response to warming or to fragmentation. For instance, although increased encounter rates are possible
in warmer conditions °, some predators decrease their attack rates above a temperature threshold
resulting from physiological constraints 7%, As feeding rates often scale with predator: prey body mass
ratios **°, the pervasive body size reductions associated with environmental warming, which are most
prevalent at higher trophic levels 332 (but see also %), can also alter consumer-resource dynamics.

Animal consumers frequently have smaller population sizes and longer generation times than
their resources and warming may exacerbate differences in population sizes across trophic levels.
Consumer metabolic rates are frequently more sensitive to increased temperatures than are their
ingestion rates, which leads to decreased overall energetic efficiencies “¢#’, It may therefore be harder
for animals at higher trophic levels to meet energetic demands than organisms at lower trophic levels.
Declines in energetic efficiency are linked to increased risk of starvation for consumers at higher trophic
levels and weaker top-down effects in communities #°°,

Fragmentation can result in variability among local populations of attack rates by consumers on
resources. Theory shows that habitat isolation, without temperature change, can result in increases in
encounter rates affecting consumer and resource temporal population dynamics .. If habitat patches
experience different temperatures, attack rates could vary plastically across the metacommunity, while
at even larger scales (e.g., latitudinal) local populations can differ in their genetically determined attack

rates °2, which can interact complexly with environmental temperature 4435354,

Effects of trophic interactions and fragmentation on dispersal and habitat selection
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The relationship between body size (and often trophic level) and dispersal capability remains
unclear *°. Actively dispersed consumers frequently exhibit superior dispersal relative to their prey *%*/,
while in other cases, such as with passively dispersed organisms, resources can display greater dispersal
capability than consumers %2,

Consumer-resource interactions can affect dispersal of both interacting species. Theory about
density-dependent dispersal °° and habitat matching/dispersal experiments indicate that, for instance,
predators frequently disperse only below a critical threshold of prey abundance, while prey disperse
when intraspecific competition is high or as a result of perceived predation risk ¢>®1, Fragmentation can
increase predation risk during dispersal, potentially leading to selection for prey phenotypes that
increase survival (e.g., dispersal syndromes as in ®2), for example by increasing antipredator traits or
locomotor speed ®. Conditions in the matrix surrounding patches can influence evolution similarly.
Despite the increased risk associated with dispersal in the presence of predators, predators can
nonetheless increase movement and dispersal of prey through the surrounding matrix, and can
preferentially favor movement of some phenotypes over others (e.g., larger individuals as in ). In
addition, different phenotypes could be favored in predator-free and predator-occupied patches. Some
individuals, for example, may preferentially choose habitats without predators %%, Taken together,
because fragmentation can modify both dispersal rates and a range of prey phenotypic traits, including
those related to activity, speed, endurance, and thermal behaviors, fragmentation should change the
flow of phenotypes that differ in metabolism and consumption. These same phenotypes could then also
potentially differ in their responses to warming, as regulated through metabolic function.

Metacommunity dynamics can increase the time available for evolution to occur by improving
the persistence of otherwise extinction-prone food webs ¢7:%8, Mismatches in the potential for
evolutionary response across trophic levels may arise out of smaller population sizes and longer
generation times at higher trophic levels. This can affect the standing genetic variability and the rapidity
with which mutations arise relative to other species and environmental change. In fact, in consumer-
resource interactions experiencing Red Queen dynamics (i.e., a coevolutionary arms race between the
interacting species), theory suggests that the most rapidly evolving partner is locally adapted while the
other is not . Predators can theoretically improve prey adaptation and persistence despite reductions
in prey abundance. This could occur when the presence of predators reinforces directional selection
and/or effectively reduces generation time by reducing prey population size to levels that maximize prey

growth rate (thereby increasing the mutational rate) °. An evolutionary mismatch across trophic levels,
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combined with the documented changes to trophic interactions, suggests that eco-evolutionary

dynamics may be particularly important for consumer-resource interactions during habitat warming.

Scenarios for eco-evolutionary dynamics in single predator-prey interactions

A number of eco-evolutionary dynamics can arise in this context. We present three. Firstly, if
consumer-free habitat patches enable the resource species to evolve increased thermal tolerance (e.g.,
if the predator was physiologically excluded from warm patches), its abundance could increase. This will
result in increased dispersal among patches as density increases, and thus higher abundance in cool
patches due to the influx of immigrants (Fig. 1A). This could happen with or without trade-offs between
thermal performance and defense traits. In either case, a potential result of the increased availability of
the resource in cool patches could be increased attack by the consumer. Increased attack by the
consumer could result as either a density-dependent (i.e., of the resource) ecological response or due to
evolution to increase resource acquisition (Fig. 1B). Increased consumer pressure could then decrease
the number of successfully dispersing individuals of the resource, increasing the degree of isolation
among patches for the resource. In doing so, it could then increase opportunities for additional local
adaptation of the resource, for instance, to increase defense against the consumer (Fig. 1C).

Secondly, an eco-evolutionary dynamic might occur if consumers are present in warm patches,
but have reduced attack rates due to, e.g., physiological constraints, a change in period of activity, or
prey switching, (i.e., a purely ecological response with no evolution in the consumer for changes in
attack rate). In this scenario, warm patches would again function as prey refugia, leading to larger
population sizes of prey and increasing opportunities for local adaptation to the thermal environment
without trade-offs (Supplemental Fig. 2). In fact, if trade-offs between thermal performance traits and
defense traits occur, evolution of increased thermal performance may prove to be more likely with
spatial segregation than in a closed community.

And thirdly, because the evidence with regard to the effects on attack rate remain inconclusive
especially at evolutionary time scales, we consider the possibility that attack rates also increase due to
warming. For example, over time consumers may evolve in response to their thermal environment. If a
consumer evolves increased attack rates in warm habitats and its abundance increases, the increased
attack rates may decrease absolute number of dispersers of the resource among habitat patches
(although dispersal rate itself could increase), resulting in increased opportunities for local adaptation of

the resource (Supplemental Fig. 3). Even if the consumer reduces the abundance of the resource, it may
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facilitate local adaptation in the resource by maximizing its growth rate, thereby increasing the number

of selective events per unit time, and by consuming maladapted individuals ° (Supplemental Fig. 3).

Scenarios for eco-evolutionary dynamics in food chains

When expanding consumer-resource interactions to a tri-trophic food chain, the potential
consequences of eco-evolutionary dynamics become more variable and difficult to predict **.
Evolutionary cascades become possible, with the potential for a shift in the trade-offs for one species to
propagate through the food web. We focus on two scenarios with two different starting points.

In the first one, a resource species evolves increased thermal tolerance. This could involve a
trade-off with a trait important to defense against consumption or simply make it a more abundant, and
thus readily available, resource. In either case, the intermediate consumer has an opportunity to evolve
to increase investment in its own defense against a top consumer. This is most likely to occur in
fragmented habitats, where the top consumers have smaller population sizes than in continuous
habitats. In warm patches especially, top consumers that are physiologically sensitive to warming may
be less abundant or absent entirely 7%72, providing partial refuge to the intermediate consumer.
Specifically, as it becomes less costly to acquire the now more abundant resource, the intermediate
consumer can be free to evolve decreased investment in expensive traits favorable to attack rate. Once
this occurs, the top consumer, where present, would encounter less edible prey. For top predators,
warming occurring in a fragmented landscape could thus lead to an increased likelihood of extinction
(Supplemental Fig. 4).

The second scenario requires that the top and intermediate consumers experience the
landscape at different scales. A top consumer for which individuals move regularly among patches may
have a plastic reduction in body size due to metabolic constraints with increasing mean temperature
across the landscape. This can trigger prey-switching 73, such that smaller predators are likely to target
younger, smaller size classes of the intermediate consumer, e.g., due to increasing gape limitation 7
(Fig. 2A). This, in turn, increases selection on the intermediate consumer to evolve faster growth rates
and escape vulnerable size classes sooner. This agrees with early findings of faster growth rates of
intermediate consumers in the presence of a top predator, although the possibility of evolutionary
mechanisms acting in the system was not evaluated 7. Faster growth rates can then result in increased
attack rates by the intermediate consumer on the resource. Similarly, if the intermediate consumer

escapes some degree of predation by the top consumer, it can evolve to increase investment in traits
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related to its attack on the resource at the expense of its own predator defense (Fig. 2B). With increased
attack by the intermediate consumer, the resource might then evolve an increase in defense traits at the
expense of its own resource acquisition (Fig. 2C). This, however, may vary among patches when
individuals of the intermediate consumer only disperse infrequently among patches and when its
physiological constraints depend on thermal environments within patches. For instance, attack rates
may be especially high in cool patches if the intermediate consumer has physiological constraints in
warm patches. In this situation, the evolution of the resource species’ traits for defense or its own
resource acquisition could occur unevenly across the landscape.

The two scenarios presented above can act simultaneously. If resource abundance increases as a
result of increased thermal performance while the top consumer body size decreases, this results in
predation escape by the intermediate consumer. The intermediate consumer would be able to invest in
traits related to resource acquisition while its population abundance increases. With habitat
fragmentation, changes in the resource population and in the top consumer would remain coupled since
both occur in warm habitat patches, such that the changes at the two trophic levels could reinforce one
another, possibly resulting in markedly increased abundance of the intermediate consumer not

predicted without both habitat warming and fragmentation.

Conclusions and future directions

To date, a prevailing underlying assumption of many studies of climate change and
fragmentation has been that observed differences in interspecific interactions can be attributed to
purely ecological effects. Eco-evolutionary dynamics, however, can be cryptic and mostly visible as
resultant changes in species abundances 7¢; until we begin to study them directly in the context of
warming and fragmentation, their importance is likely to remain mostly unknown. We argue that
acknowledging the potential importance of eco-evolutionary dynamics occurring during climate change
in fragmented landscapes opens up a new area of research.

To conclude, we present some experimental avenues and provide a roadmap to show how eco-
evolutionary dynamics can be integrated into experiments to determine their role in governing
responses to habitat warming and fragmentation across levels of biological organization. We suggest
four ways forward.

1) Identification of evolutionary responses to warming in natural populations and

experimental systems. Efforts to demonstrate the effects of eco-evolutionary dynamics should initially
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focus on the evo = eco direction. We believe that an initial evolutionary change that triggers ecological
change is more tractable for manipulation. Nonetheless, eco-evolutionary dynamics that originate in the
eco > evo direction will likely prove to be extremely important for two reasons. First, species change
their abundances and behavior (e.g., attack rates, phenology, activity periods, etc.) to cope with climate
change. Second, climate change alters the community context through compositional and functional
shifts. In this context, there is a growing body of work in the range expansion and invasion literature
regarding the evolutionary impacts of species movements that might help to understand the effects of
shifting community assemblages 202377.78,

2) Disentangling the effects of purely ecological responses vs. cryptic eco-evolutionary
dynamics in natural and experimental populations. This will require further acknowledgment among
ecologists of the importance of intraspecific diversity within and among populations 7%, Genomic and
transcriptomic analyses increasingly offer us opportunities to understand the targets of selection within
genomes, providing novel information about how populations can evolve in response to local
environmental conditions 8784 For example, by comparing genetic diversity before, during and after
environmental stress, we can observe the outcomes of natural selection in response to novel
environmental change, even within a single generation through shifts in allelic frequencies within a
population &8¢,

3) Using controlled experiments to isolate the role of warming and fragmentation in driving
evolutionary change and understanding the effects for interspecific interactions and community
dynamics. Manipulative experiments using microcosms and mesocosms provide the necessary level of
control to unambiguously attribute any observed evolutionary change to each factor and to initially
evaluate the potential consequences of eco-evolutionary dynamics 8792, Careful experimental design will
also ensure that we can test specific hypotheses regarding the circumstances most likely to result in eco-
evolutionary dynamics, as well under which conditions such dynamics have significant effects.

4) Using field-based experiments with local populations that differ in connectivity and
temperature to validate results from experimental populations. In this way we can begin to detect
heritable differences in thermal performance ® and outcomes of interspecific interactions with

implications for functioning in natural populations at longer time scales .
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Box 1. Glossary.

Eco-evolutionary dynamics- Ecological and evolutionary processes operating at contemporary time
scales, in which one affects the other

Evolutionary cascade- When multiple interacting species have trade-offs relating to their interactions, a
shift in the trade-off for one species has the potential to propagate or ripple through the food web
through an eco-evolutionary feedback mechanism, resulting in altered community and ecosystem
properties

Fragmentation- The division of previously contiguous habitat into discrete patches surrounded by an
inhospitable environmental matrix or divided by other barriers to movement of individuals

Local scales- The scale at which sets of individuals interact directly, such that population and community
dynamics result directly from these interactions

Metacommunity- A set of communities interacting at the local scale that are linked by dispersal of
individuals from populations of the interacting species

Phenotypic plasticity- Environmentally-induced changes to an individual organism’s morphology,
physiology, or behavior; while individual plastic responses are not themselves generally inherited, the
degree of plasticity for a trait is itself is heritable

Thermal performance- The effect of temperature on a variety of biological rate processes across
multiple biological levels of organization, e.g., from biochemical reactions to whole organism responses

like fecundity and metabolic rate



321

322
323

324
325

326
327
328
329
330
331
332
333
334
335
336
337
338

Box 2. Eco-evolutionary feedbacks.

Environmental

A, Envir_orymental Cha nge B, Envirfm_n:lental
change initiates change initiates
dynamicin eco dynamicin evo
- evo direction - eco direction

Ecological responses, e.g.,
changes in individual
performance, changes in
population abundance,
community composition, etc.

Evolutionaryresponses, e.g.,
heritable changes to physiology,
morphology, behavior, etc.

Eco-evolutionary dynamics and feedbacks can originate as a result of ecological or evolutionary changes. In our conceptual

diagram above, we assume that the dynamics are initiated in response to a change in the environment of a population.

Eco-evolutionary dynamics, where changes in the ecology of populations or communities result
in evolutionary changes (A, above), or vice versa (B, above), can occur when ecology and evolution occur
at contemporary timescales. Such dynamics are considered eco-evolutionary feedbacks when the
secondary evolutionary (as in A) or ecological (as in B) response then results in an additional reciprocal
ecological (A) or evolution (B) response. For example, we can imagine a scenario in which a novel
species invades a community as it tracks habitat warming to remain within its thermal niche.
Fragmentation might then simultaneously cause the species to become “trapped” in a non-analogue
community (eco). The presence of novel species interactions could then result in evolutionary changes
to interacting species (evo), which then causes additional changes to abundances of species and
community composition (eco) (akin to the eco-evolutionary feedbacks resulting from experimental

invasions observed in 2°).



339

340
341
342
343
344
345

346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362

Box 3. The importance of fitness trade-offs in eco-evolutionary dynamics.

A

TR

B R —

Fitness component 2
Fitness component 2

Fitness component 1 Fitness component 1

A, Conceptual diagram of an ecological trade-off with two fitness components. B, When fitness trade-offs occur, evolution that
improves performance in one fitness component results in a concomitant reduction in performance in a second fitness
component. Here a starting population (purple fish) evolves increased performance in Fitness component 1 (blue fish), at the

expense of performance in Fitness component 2, resulting in an overall shift along the trade-off curve (red arrow).

Ecological trade-offs occur when higher performance in one fitness attribute comes at the
expense of performance in a second fitness attribute (A, above, conceptualized for simplicity as a linear
relationship, although other relationships are possible). Some examples of fitness trade-offs studied in
ecology include competition-colonization trade-offs 9 and resource acquisition-defense trade-offs *°.

Trade-offs imply that evolution to improve performance in one fitness attribute will affect
performance in the second attribute (B, above). For performance attributes that affect the outcomes of
interspecific interactions, evolution that results in movement along the trade-off curve will affect how
species interact. When interacting species have trade-offs relating to their interactions, a shift in the
trade-off for one species has the potential to thus propagate through the food web as an evolutionary
cascade, or to ripple through the system through shifts in species abundances, resulting in altered
community and ecosystem properties 77,

Trade-offs are most likely to have eco-evolutionary consequences for habitat warming in
fragmented landscapes when at least one of the fitness attributes in the trade-off have documented
effects from warming and/or fragmentation (and especially if different selective pressures on the two
fithess components result). For instance, warming can influence competitive outcomes % and resource
acquisition and defense #?, while fragmentation can influence dispersal and colonization ®3. Another

documented trade-off is survival vs. growth-rate in relation to thermal performance, including variable
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survival at different temperatures after laboratory selection for increased performance at high
temperatures %’), growth rate vs. heat-shock tolerance ¥/, and survival at extreme temperatures vs.

competitive ability %.
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Box 4. Single species responses to warming and fragmentation.

Evolution of thermal performance traits, including fecundity, growth, metabolic rates, and
enzyme activities, has already been documented in response to warming 2>87939-102 | general, we can
expect that when evolution results in improved thermal performance at warmer temperatures, the
population or species will be more successful in the warmer environmental conditions. This evolution
may, however, result in trade-offs in performance in different abiotic conditions or with regard to other
life history components (see examples in Box 3).

Fragmentation alters the opportunities for evolution in response to local conditions . Different
genotypes can vary significantly in frequency and fitness among patches as a result of stochastic
processes (e.g., genetic drift), dispersal, and survival of individuals. Fragmentation can promote the
evolution of dispersal itself 1%, Dispersal can be non-random with regard to environmental conditions.
For example, dispersal decisions can be related to preferred thermal conditions and at least partially
matched to phenotype-dependent survival 1%, Overall, intermediate levels of dispersal are expected to
be the most likely to promote local adaptation * (Supplemental Fig. 1), however in some cases local
adaptation can be enhanced even under higher gene flow 1%,

By creating habitat patches that differ significantly in local conditions, fragmentation could
maintain higher intraspecific beta-diversity across the metapopulation compared to in a continuous
landscape. Coupled with its influence on dispersal (and gene flow) among patches, fragmentation may
affect opportunities for adaptive evolution within patches. When the degree of gene flow and the
population sizes within patches is sufficient to favor selection, fragmentation should increase the trait-
environmental correlation such that it can increase local adaptation. If, however, gene flow is too small
and population sizes within patches are small, fragmentation should favor drift. Fragmentation may
therefore result in local populations within the metapopulation that differ in their phenotypic

frequencies of thermal performance traits due to both stochastic and selective mechanisms.



Figure 1. Conceptual diagram (top panels) illustrating a hypothetical scenario for an eco-evolutionary feedback (evo>eco—>evo) between a
consumer species and its resource with evolutionary trade-offs visualized below each conceptual panel. Fragmentation in a habitat experiencing
a thermal gradient results in patches that differ in thermal environment (color of background, with blue as cold, red as warm). In the conceptual
panels, for each species the color of the illustration represents different genotypes (or phenotypes) within each population, while the size of the
illustration represents the relative contribution of each phenotype to the population make-up. In the trade-off diagrams, the curve for the trade-
off relationship is indicated with a grey dashed line, while evolutionary movement along the trade-off curve is indicated with a solid red arrow.
Dashed black arrows show the positive (+) or negative (-) direction of the movement for each fitness attribute. A, The presence of habitat
patches differing in their thermal environment results in evolution of the resource (algae) for increased thermal performance, and an increase in
its abundance in warm patches. B, Increased abundance of the resource results in increased attack by the consumer (copepod) as an ecological
(dashed red line off of the trade-off curve) or evolutionary response, a trait whose performance is not necessarily tied to thermal environment.
C, Decreased dispersal of the resource occurs as a result of higher predation pressure, increasing the opportunity for local adaptation to increase

defense against the predator.
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Figure 2. Conceptual diagram (top panels) illustrating a hypothetical scenario for an eco-evolutionary feedback (eco>evo—~>eco) it a tri-trophic
food chain with evolutionary trade-offs visualized below each conceptual panel. See the caption for Fig. 1 for a description of the figure legend.
A, The presence of habitat patches differing in their thermal environment results in a plastic reduction of top consumer (fish) body size (dashed
red line off of the trade-off curve). B, Decreased predation pressure linked to reduced fish body mass then allows the intermediate consumer

(copepod) to evolve increased resource acquisition. C, The resource (algae) evolves increased defense in response to higher predation pressure

from the intermediate consumer.

A B C
— /N\\
o .
£ Fragmentation
o resulting in
= heterogeneous
patches
c c c c c
0 <IN AN O™y Of*™ o
) 2l 2. 2l 2 k=
> |3 @ a 2 2
*5 S o = 8 =] > S
2 |g =2 g . 9 \ 9] 5
“— IS ~ @ S © N © ©
Y= () N () 0] L) ] (]
o |g N o o 4 o g
% 8 N 8 S 8 ‘Bf?\ 8 3
\ \, = 2
© o AN ] N 4 S g ¢
|: o -4 -4 23 o
Survival Predator defense Survival Predator defense Predator defense




REFERENCES

10.

11.

12.

13.

14.

Urban, M. C. et al. Improving the forecast for biodiversity under climate change. Science 353,
aad8466 (2016).

Ward, C. S. et al. Annual community patterns are driven by seasonal switching between closely
related marine bacteria. ISME J. 11, 1412-1422 (2017).

Yvon-Durocher, G. et al. Five years of experimental warming increases the biodiversity and
productivity of phytoplankton. PLoS Biol. 13, 1002324 (2015).

Parmesan, C. Ecological and Evolutionary Responses to Recent Climate Change. Annu. Rev. Ecol.
Evol. Syst. 37, 637—669 (2006).

Gienapp, P., Teplitsky, C., Alho, J. S., Mills, J. A. & Merila, J. Climate change and evolution:
Disentangling environmental and genetic responses. Mol. Ecol. 17, 167-178 (2008).

Hoffmann, A. A. & Sgré, C. M. Climate change and evolutionary adaptation. Nature 470, 479-485
(2011).

Orizaola, G. & Laurila, A. Microgeographic variation in temperature-induced plasticity in an
isolated amphibian metapopulation. Evol. Ecol. 23, 979 (2008).

Thompson, P. L. & Gonzalez, A. Dispersal governs the reorganization of ecological networks
under environmental change. Nat. Ecol. Evol. 1, 0162 (2017).

Tuff, K. T., Tuff, T. & Davies, K. F. A framework for integrating thermal biology into fragmentation
research. Ecol. Lett. 19, 361-374 (2016).

Urban, M. C., De Meester, L., Vellend, M., Stoks, R. & Vanoverbeke, J. A crucial step toward
realism: Responses to climate change from an evolving metacommunity perspective. Evol. Appl.
5, 154-167 (2012).

Cheptou, P.-0., Hargreaves, A. L., Bonte, D. & Jacquemyn, H. Adaptation to fragmentation:
evolutionary dynamics driven by human influences. Phil. Trans. R. Soc. B 372, 20160037 (2017).
Richardson, J. L., Urban, M. C., Bolnick, D. I. & Skelly, D. K. Microgeographic adaptation and the
spatial scale of evolution. Trends Ecol. Evol. 29, 165-176 (2014).

Joubert, D. & Bijlsma, R. Interplay between habitat fragmentation and climate change:
Inbreeding affects the response to thermal stress in Drosophila melanogaster. Clim. Res. 43, 57—
70 (2010).

Legrand, D. et al. Eco-evolutionary dynamics in fragmented landscapes. Ecography 40, 9-25



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

(2017).

Urban, M. C. & Skelly, D. K. Evolving metacommunities: Toward an evolutionary perspective on
metacommunities. Ecology 87, 1616-1626 (2006).

Becks, L., Ellner, S. P., Jones, L. E. & Hairston, N. G. The functional genomics of an eco-
evolutionary feedback loop: linking gene expression, trait evolution, and community dynamics.
Ecol. Lett. 15, 492-501 (2012).

Stuart, Y. E. et al. Rapid evolution of a native species following invasion by a congener. Science
346, 463-466 (2014).

Yoshida, T. et al. Cryptic population dynamics: rapid evolution masks trophic interactions. PLoS
Biol 5, €235 (2007).

Becks, L., Ellner, S. P., Jones, L. E. & Hairston Jr, N. G. Reduction of adaptive genetic diversity
radically alters eco-evolutionary community dynamics. Ecol. Lett. 13, 989-997 (2010).

Faillace, C. A. & Morin, P. J. Evolution alters the consequences of invasions in experimental
communities. Nat. Ecol. Evol. 1, 13 (2016).

Frickel, J., Theodosiou, L. & Becks, L. Rapid evolution of hosts begets species diversity at the cost
of intraspecific diversity. Proc. Natl. Acad. Sci. 114, 201701845 (2017).

Palkovacs, E. P. et al. Experimental evaluation of evolution and coevolution as agents of
ecosystem change in Trinidadian streams. Philos. Trans. R. Soc. London B Biol. Sci. 364, 1617—
1628 (2009).

Bassar, R. D. et al. Direct and indirect ecosystem effects of evolutionary adaptation in the
Trinidadian guppy (Poecilia reticulata). Am. Nat. 180, 167—185 (2012).

Walsh, M. R., DelLong, J. P., Hanley, T. C., Post, D. M. & John, P. A cascade of evolutionary change
alters consumer-resource dynamics and ecosystem function. Proc. R. Soc. London B Biol. Sci. 279,
3184-3192 (2012).

Van Doorslaer, W. et al. Local adaptation to higher temperatures reduces immigration success of
genotypes from a warmer region in the water flea Daphnia. Glob. Chang. Biol. 15, 30463055
(2009).

Van Doorslaer, W. et al. Experimental thermal microevolution in community-embedded Daphnia
populations. Clim. Res. 43, 81-89 (2010).

Cooper, V. S., Bennett, A. F. & Lenski, R. E. Evolution of thermal dependence of growth rate of
Escherichia coli populations during 20,000 generations in a constant environment. Evolution 55,

889-896 (2001).



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Collins, S. & Bell, G. Phenotypic consequences of 1,000 generations of selection at elevated CO;
in a green alga. Nature 431, 566—569 (2004).

Collins, S. & Bell, G. Evolution of natural algal populations at elevated CO,. Ecol. Lett. 9, 129-135
(2006).

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L. & Heinsohn, R. Declining body size: A third
universal response to warming? Trends Ecol. Evol. 26, 285-291 (2011).

Sheridan, J. A. & Bickford, D. Shrinking body size as an ecological response to climate change.
Nat. Clim. Chang. 1, 401-406 (2011).

Ohlberger, J. Climate warming and ectotherm body size - from individual physiology to
community ecology. Funct. Ecol. 27, 991-1001 (2013).

Sentis, A., Binzer, A. & Boukal, D. S. Temperature-size responses alter food chain persistence
across environmental gradients. Ecol. Lett. 20, 852—-862 (2017).

Yvon-Durocher, G., Montoya, J. M., Trimmer, M. & Woodward, G. Warming alters the size
spectrum and shifts the distribution of biomass in freshwater ecosystems. Glob. Chang. Biol. 17,
1681-1694 (2011).

terHorst, C. P. et al. Evolution in a community context: Trait responses to multiple species
interactions. Am. Nat. 191, 368-380 (2018).

Angilletta Jr., M. J. et al. Coadaptation: A unifying principle in evolutionary thermal biology.
Physiol. Biochem. Zool. 79, 282—294 (2006).

Etterson, J. R. & Shaw, R. G. Constraint to adaptive evolution in response to global warming.
Science 294, 151-154 (2001).

Barraclough, T. G. How do species interactions affect evolutionary dynamics across whole
communities? Annu. Rev. Ecol. Evol. Syst. 46, 25—48 (2015).

De Meester, L., Van Doorslaer, W., Geerts, A., Orsini, L. & Stoks, R. Thermal genetic adaptation in
the water flea Daphnia and its impact: An evolving metacommunity approach. Integr. Comp. Biol.
51, 703-718 (2011).

Moya-Larafo, J. et al. Climate change and eco-evolutionary dynamics in food webs. Adv. Ecol.
Res. 47, 1-80 (2012).

Lang, B., Rall, B. C. & Brose, U. Warming effects on consumption and intraspecific interference
competition depend on predator metabolism. J. Anim. Ecol. 81, 516-523 (2012).

De Block, M., Pauwels, K., Van Den Broeck, M., De Meester, L. & Stoks, R. Local genetic

adaptation generates latitude-specific effects of warming on predator-prey interactions. Glob.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chang. Biol. 19, 689-696 (2013).

Tran, T. T., Janssens, L., Dinh, K. V., Op de Beeck, L. & Stoks, R. Evolution determines how global
warming and pesticide exposure will shape predator—prey interactions with vector mosquitoes.
Evol. Appl. 9, 818-830 (2016).

Montoya, J. M., Woodward, G., Emmerson, M. C. & Solé, R. V. Press perturbations and indirect
effects in real food webs. Ecology 90, 2426—-33 (2009).

Vucic-Pestic, O., Rall, B. C., Kalinkat, G. & Brose, U. Allometric functional response model: Body
masses constrain interaction strengths. J. Anim. Ecol. 79, 249-256 (2010).

Rall, B. C., Vucic-Pestic, O., Ehnes, R. B., Emmerson, M. & Brose, U. Temperature, predator-prey
interaction strength and population stability. Glob. Chang. Biol. 16, 2145-2157 (2010).
Vucic-Pestic, O., Ehnes, R. B., Rall, B. C. & Brose, U. Warming up the system: higher predator
feeding rates but lower energetic efficiencies. Glob. Chang. Biol. 17, 1301-1310 (2011).

lles, A. C. Toward predicting community-level effects of climate: Relative temperature scaling of
metabolic and ingestion rates. Ecology 95, 2657-2668 (2014).

Kratina, P., Greig, H. S., Thompson, P. L., Carvalho-Pereira, T. S. A. & Shurin, J. B. Warming
modifies trophic cascades and eutrophication in experimental freshwater communities. Ecology
93, 1421-1430 (2012).

Fussmann, K. E., Schwarzmidiller, F., Brose, U., Jousset, A. & Rall, B. C. Ecological stability in
response to warming. Nat. Clim. Chang. 4, 206-210 (2014).

McWilliams, C., Lurgi, M., Montoya, J. M., Sauve, A. & Montoya, D. The stability of multitrophic
communities under habitat loss. Nat. Commun. 10, 2322 (2019).

Sanford, E., Roth, M. S., Johns, G. C., Wares, J. P. & Somero, G. N. Local selection and latitudinal
variation in a marine predator- prey interaction. Science 300, 1135-1137 (2003).

Bolte, A. & Villanueva, I. Interspecific competition impacts on the morphology and distribution of
fine roots in European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.) Karst.). Eur.
J. For. Res. 125, 15-26 (2006).

Ens, E. J., Bremner, J. B., French, K. & Korth, J. Identification of volatile compounds released by
roots of an invasive plant, bitou bush (Chrsanthemoides monilifera spp. rotundata), and their
inhibition of native seedling growth. Biol. Invasions 11, 275-287 (2009).

Stevens, V. M. et al. A comparative analysis of dispersal syndromes in terrestrial and semi-
terrestrial animals. Ecol. Lett. 17, 1039-1052 (2014).

Van Nouhuys, S. & Hanski, |. Colonization rates and distances of a host butterfly and two specific



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

parasitoids in a fragmented landscape. J. Anim. Ecol. 71, 639650 (2002).

Jenkins, D. G. et al. Does size matter for dispersal distance? Glob. Ecol. Biogeogr. 16, 415-425
(2007).

De Bie, T. et al. Body size and dispersal mode as key traits determining metacommunity structure
of aquatic organisms. Ecol. Lett. 15, 740-747 (2012).

Hauzy, C., Tully, T., Spataro, T., Paul, G. & Arditi, R. Spatial heterogeneity and functional
response: An experiment in microcosms with varying obstacle densities. Oecologia 163, 625-636
(2010).

Hauzy, C., Hulot, F. D., Gins, A. & Loreau, M. Intra- and interspecific density-dependent dispersal
in an aquatic prey-predator system. J. Anim. Ecol. 76, 552-558 (2007).

Fronhofer, E. A. et al. Bottom-up and top-down control of dispersal across major organismal
groups. Nat. Ecol. Evol. 2, 1859-1863 (2018).

Bestion, E., Teyssier, A., Aubret, F., Clobert, J. & Cote, J. Maternal exposure to predator scents:
offspring phenotypic adjustment and dispersal. Proc. R. Soc. B Biol. Sci. 281, 20140701 (2014).
Cote, J. et al. Evolution of dispersal strategies and dispersal syndromes in fragmented landscapes.
Ecography 40, 56—73 (2017).

Gilliam, J. F. & Fraser, D. F. Movement in corridors: enhancement by predation threat,
disturbance, and habitat structure. Ecology 82, 258-273 (2001).

Wesner, J. S., Billman, E. J. & Belk, M. C. Multiple predators indirectly alter community assembly
across ecological boundaries. Ecology 93, 1674-1682 (2012).

Resetarits, W. J. Giving predators a wide berth: quantifying behavioral predator shadows in
colonizing aquatic beetles. Oecologia 186, 415—-424 (2018).

Bonsall, M. B., French, D. R. & Hassell, M. P. Metapopulation structures affect persistence of
predator-prey interactions. J. Anim. Ecol. 71, 1075-1084 (2002).

Cooper, J. K., Li, J. & Montagnes, D. J. S. Intermediate fragmentation per se provides stable
predator-prey metapopulation dynamics. Ecol. Lett. 15, 856—863 (2012).

Blanquart, F., Kaltz, O., Nuismer, S. L. & Gandon, S. A practical guide to measuring local
adaptation. Ecol. Lett. 16, 1195-1205 (2013).

Osmond, M. M., Otto, S. P. & Klausmeier, C. A. When predators help prey adapt and persistin a
changing environment. Am. Nat. 190, 83—98 (2017).

Petchey, O. L., McPhearson, P. T., Casey, T. M. & Morin, P. J. Environmental warming alters food-

web structure and ecosystem function. Nature 402, 69—-72 (1999).



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Binzer, A., Guill, C., Brose, U. & Rall, B. C. The dynamics of food chains under climate change and
nutrient enrichment. Philos. Trans. R. Soc. B Biol. Sci. 367, 2935 LP — 2944 (2012).

Truemper, H. A. & Lauer, T. E. Gape limitation and piscine prey size-selection by yellow perch in
the extreme southern area of Lake Michigan, with emphasis on two exotic prey items. J. Fish Biol.
66, 135—-149 (2005).

Arim, M., Abades, S. R., Laufer, G., Loureiro, M. & Marquet, P. A. Food web structure and body
size: Trophic position and resource acquisition. Oikos 119, 147-153 (2010).

Persson, L., Andersson, J., Wahlstréom, E. & EklOv, P. Size-specific interactions in lake systems:
Predator gape limitation and prey growth rate and mortality. Ecology 77, 900-911 (1996).
Kinnison, M. T., Hairston, N. G. & Hendry, A. P. Cryptic eco-evolutionary dynamics. Ann. N. Y.
Acad. Sci. 1360, 120-144 (2015).

Palkovacs, E. P., Wasserman, B. A. & Kinnison, M. T. Eco-evolutionary trophic dynamics: loss of
top predators drives trophic evolution and ecology of prey. PLoS One 6, €18879 (2011).
Fronhofer, E. A. & Altermatt, F. Eco-evolutionary feedbacks during experimental range
expansions. Nat. Commun. 6, 6844 (2015).

Raffard, A., Santoul, F., Cucherousset, J. & Blanchet, S. The community and ecosystem
consequences of intraspecific diversity: a meta-analysis. Biol. Rev. 94, 648—661 (2018).

Therry, L. et al. Genetic, plastic and environmental contributions to the impact of a range-
expanding predator on aquatic ecosystems. J. Anim. Ecol. 88, 35-46 (2018).

Li, A, Li, L., Wang, W., Song, K. & Zhang, G. Transcriptomics and Fitness Data Reveal Adaptive
Plasticity of Thermal Tolerance in Oysters Inhabiting Different Tidal Zones. Front. Physiol. 9, 825
(2018).

Kenkel, C. D. & Matz, M. V. Gene expression plasticity as a mechanism of coral adaptation to a
variable environment. Nat. Ecol. Evol. 1, 0014 (2017).

Li, L. et al. Divergence and plasticity shape adaptive potential of the Pacific oyster. Nat. Ecol. Evol.
2,1751-1760 (2018).

Bay, R. A. et al. Genomic signals of selection predict climate-driven population declines in a
migratory bird. Science 359, 83—86 (2018).

Pespeni, M. H. et al. Evolutionary change during experimental ocean acidification. Proc. Natl.
Acad. Sci. 110, 6937 LP — 6942 (2013).

Pespeni, M. H., Garfield, D. A., Manier, M. K. & Palumbi, S. R. Genome-wide polymorphisms show
unexpected targets of natural selection. Proc. R. Soc. B Biol. Sci. 279, 1412 LP — 1420 (2012).



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Schaum, C.-E. et al. Adaptation of phytoplankton to a decade of experimental warming linked to
increased photosynthesis. Nat. Ecol. Evol. 1,94 (2017).

Harmon, L. J. et al. Evolutionary diversification in stickleback affects ecosystem functioning.
Nature 458, 1167-1170 (2009).

Pantel, J. H., Duvivier, C. & Meester, L. De. Rapid local adaptation mediates zooplankton
community assembly in experimental mesocosms. Ecol. Lett. 18, 992—1000 (2015).

Scheinin, M., Riebesell, U., Rynearson, T. A., Lohbeck, K. T. & Collins, S. Experimental evolution
gone wild. J. R. Soc. Interface 12, 20150056 (2015).

Yoshida, T., Jones, L. E., Ellner, S. P., Fussmann, G. F. & Hairston, N. G. Rapid evolution drives
ecological dynamics in a predator — prey system. Nature 424, 303-306 (2003).

Frickel, J., Sieber, M. & Becks, L. Eco-evolutionary dynamics in a coevolving host-virus system.
Ecol. Lett. 19, 450-459 (2016).

Schaum, C.-E. et al. Temperature-driven selection on metabolic traits increases the strength of an
algal-grazer interaction in naturally warmed streams. Glob. Chang. Biol. 24, 1793-1803 (2018).
Cadotte, M. W. et al. On testing the competition-colonization trade-off in a multispecies
assemblage. Am. Nat. 168, 704—709 (2006).

Branco, P., Egas, M., Elser, J. J. & Huisman, J. Eco-Evolutionary Dynamics of Ecological
Stoichiometry in Plankton Communities. Am. Nat. 192, E1-E20 (2018).

Bestion, E., Garcia-Carreras, B., Schaum, C. E., Pawar, S. & Yvon-Durocher, G. Metabolic traits
predict the effects of warming on phytoplankton competition. Ecol. Lett. 21, 655—-664 (2018).
Harmon, J. P., Moran, N. A. & Ives, A. R. Species response to environmental change: Impacts of
food web interactions and evolution. Science 323, 1347 LP — 1350 (2009).

Willett, C. S. Potential fitness trade-offs for thermal tolerance in the intertidal copepod Tigriopus
californicus. Evolution 64, 2521-2534 (2010).

Schulte, P. M., Healy, T. M. & Fangue, N. A. Thermal performance curves, phenotypic plasticity,
and the time scales of temperature exposure. Integr. Comp. Biol. 51, 691-702 (2011).

Merild, J. & Hendry, A. P. Climate change, adaptation, and phenotypic plasticity: The problem and
the evidence. Evol. Appl. 7, 1-14 (2014).

Geerts, A. N. et al. Rapid evolution of thermal tolerance in the water flea Daphnia. Nat. Clim.
Chang. 5, 665 (2015).

Padfield, D., Yvon-Durocher, G., Buckling, A., Jennings, S. & Yvon-Durocher, G. Rapid evolution of

metabolic traits explains thermal adaptation in phytoplankton. Ecol. Lett. 19, 133-142 (2016).



103. Williams, J. L., Kendall, B. E. & Levine, J. M. Rapid evolution accelerates plant population spread
in fragmented experimental landscapes. Science 353, 482-485 (2016).

104. Bestion, E., Clobert, J. & Cote, J. Dispersal response to climate change: scaling down to
intraspecific variation. Ecol. Lett. 18, 1226—1233 (2015).

105. Jacob, S. et al. Gene flow favours local adaptation under habitat choice in ciliate microcosms.

Nat. Ecol. Evol. 1, 1407-1409 (2017).



SUPPLEMENTAL FIGURES

Index of supplemental figures.

Supplemental Figure 1. Conceptual diagram illustrating how local adaptation to heterogeneous
conditions among habitat patches after fragmentation depends on the degree and type of dispersal

among habitat patches.

Supplemental Figure 2. Conceptual diagram illustrating a hypothetical scenario for an eco-evolutionary
feedback (eco>evo—>eco) between a consumer species and its resource initiated by a plastic reduction

in attack rate by the consumer, with evolutionary trade-offs visualized below each conceptual panel.

Supplemental Figure 3. Conceptual diagram illustrating a hypothetical scenario for an eco-evolutionary
feedback (evo=>eco—>evo) between a consumer species and its resource initiated by evolution of
increased attack rate by the consumer, with evolutionary trade-offs visualized below each conceptual

panel.

Supplemental Figure 4. Conceptual diagram illustrating a hypothetical scenario for an eco-evolutionary
feedback (evo—>eco—>evo) in tri-trophic food chain initiated by evolution of increased thermal

performance in the resource, with evolutionary trade-offs visualized below each conceptual panel.



Supplemental Figure 1A-C. Conceptual diagram illustrating how local adaptation to heterogeneous conditions among habitat patches after
fragmentation depends on the degree and type of dispersal among habitat patches. Fragmentation in a habitat experiencing a thermal gradient
results in patches that different in thermal environment (color of background). The color of the illustration represents different genotypes (or
phenotypes) within each population, while the size of the illustration represents the relative contribution of each phenotype to the population
make-up. A, With high random dispersal, populations are not expected to exhibit adaptation to local conditions within patches. B, With
intermediate random dispersal or with habitat matching, populations are expected to evolve to increase adaptation to the local environmental
conditions within patches. C, With very low dispersal, populations are expected to exhibit loss of genetic diversity as a result of stochastic drift

and the loss of maladapted genotypes.
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Supplemental Figure 2A-C. Conceptual diagram (top panels) illustrating a hypothetical scenario for an eco-evolutionary feedback
(eco>evo—~>eco) between a consumer species and its resource with evolutionary trade-offs visualized below each conceptual panel.
Fragmentation in a habitat experiencing a thermal gradient results in patches that different in thermal environment (color of background). The
color of the illustration represents different genotypes (or phenotypes) within each population, while its size represents its relative contribution
to the population make-up. In the trade-off diagrams, the curve for the trade-off relationship is indicated with a gray dashed line, while
evolutionary movement along the curve is indicated with a solid red arrow. Dashed black arrows show the direction of the movement for each
fitness attribute. A, In warm patches the consumer (copepod) experiences a plastic reduction in attack rate (dashed line off of the trade-off
curve) such that warm patches become partial refugia of reduced predation pressure for the prey (algae). B, Reduced predation pressure
enables prey in warm patches to increase local adaptation (increased resource acquisition) and achieve higher abundance. C, The predator

eventually evolves increased attack rates in warm patches.
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Supplemental Figure 3A-C. Conceptual diagram (top panels) illustrating a hypothetical scenario for an eco-evolutionary feedback
(evo~>eco—~>evo) between a consumer species and its resource with evolutionary trade-offs visualized below each conceptual panel. See the
caption for Supplemental Fig. 2 for a description of the figure legend. A, The presence of habitat patches differing in their thermal environment
results in evolution of the consumer (copepod) for increased attack rate, and an increase in its abundance in warm patches. B, Increased
predation pressure results in decreased dispersal and/or increased population growth rate of the resource (algae) as an ecological response
(dashed red line on the trade-off curve). C, Decreased dispersal then increases the opportunity for local adaptation of the resource to increase

defense against the predator.

Q
Q g \ Fragmentation Q ,\%\\ Q,\l " Q @

resulting in
heterogeneous

patches Q r@\ Q [@x Q *

i ) a » Q 3 TR

Warmer

=

Tradeoff curves
Dispersal
4
4
//
4
4
Resource acquisition
4
/I
,/
Cd i 3
Resource acquisition
o/_:
Dispersal
4
» d
Resource acquisition

Growth rate Survival Survival Growth rate Predator defense




Supplemental Figure 4A-D. Conceptual diagram (top panels) illustrating a hypothetical scenario for an eco-evolutionary feedback
(evo>eco—~>evo) in tri-trophic food chain with evolutionary trade-offs visualized below each conceptual panel. See the caption for Supplemental
Fig. 2 for a description of the figure legend. A, In warm patches the prey (algae) evolves increased thermal performance resulting in an increase
in its abundance. B, The intermediate consumer (copepod) evolves decreased investment in resource acquisition and increased investment in
predator defense. C, The abundance of the top consumer (fish) declines in warm patches and it might even be driven to extinction in warm

patches. D, Once released from predation pressure, the intermediate consumer evolves increased investment in resource reacquisition.
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