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Evolution in nature occurs in the proverbial tangled bank. The species interactions characterizing this tangled bank
can be strongly affected by global change and can also influence the fitness and selective effects of a global change
on a focal population. As a result, species interactions can influence which traits will promote adaptation and the
magnitude or direction of evolutionary responses to the global change. First, we provide a framework describing
how species interactions may influence evolutionary responses to global change. Then, we highlight case studies
that have explicitly manipulated both a global change and the presence or abundance of interacting species and
used either experimental evolution or quantitative genetics approaches to test for the effects of species interactions
on evolutionary responses to global change. Although still not frequently considered, we argue that species inter-
actions commonly modulate the effects of global change on the evolution of plant and animal populations. As a
result, predicting the evolutionary effects of the multitude of global changes facing natural populations requires
both community ecology and evolutionary perspectives.
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Introduction Any evolutionary response may result from
either the direct effects of the global change or
through indirect pathways that develop when the
global change alters interactions between species
(Fig. 1). Although accumulating evidence convinc-
ingly shows that some populations have adapted or
can adapt to a wide range of global changes, includ-
ing nutrient enrichment,'>" rising atmospheric
CO, concentrations,'*!> changes in precipitation,®
global warming,'”"* and biological invasions®®?!
(reviewed in Ref. 22), most studies have not iden-
tified the selective agents or ecological mechanisms

Although ecologists now have a reasonable
understanding of how global change will affect
natural communities (population declines and
extinctions,' changes in community composit-
ion,Y and range shifts’), how populations will
evolve in response to anthropogenic environmental
change is less certain.® One challenge to investigate
and predict evolutionary effects of global change
is that evolutionary responses to global change
occur in a community context of multiple inter-

acting species. Because global changes frequentl . o e
in ﬂufncz the outcome %) £ species %nteracctlionszz (direct versus indirect effects) driving these evolu-

. . . .. tionary shifts.”> The few studies that have explic-
and because interacting species from mutualistic . . .. . o
. . 910 - 11 itly manipulated species interactions in simulated
microorganisms™'® to antagonistic megafauna

frequently mitigate or exacerbate the fitness effects global change scenarios (Table 1), however, reveal

. . that the strongest evolutionary effects of global
of global change, evolutionary outcomes are likely . .
. . change sometimes result not from the direct effects
to vary across space and time depending on the

presence and abundance of interacting species. of global change but because global changes alter
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Figure 1. Global changes can cause evolutionary responses through both direct and indirect pathways. Direct evolutionary effects
result in selection on stress tolerance traits (traits that minimize the negative fitness consequences or maximize the positive fit-
ness consequences of global change). In contrast, indirect evolutionary effects result when either: (1) the global change alters the
outcome of a species interaction that is a selective agent or (2) the species interaction affects the fitness effects of the global change.
Increasingly, studies have tested how global changes affect natural selection; even more studies have shown how global changes
affect species interactions, and decades of evolutionary ecology studies have illustrated the potential for interacting species to
exert selection. In other words, each individual arrow in the diagram below is fairly well understood, but the cumulative outcome
of these forces is less well documented. In particular, several big questions remain that can only be addressed when the community
context is explicitly considered in tests of the evolutionary effects of global change: (1) what is the relative importance or frequency
of direct versus indirect evolutionary effects of global change; (2) when are indirect evolutionary effects likely to be particularly
important (e.g., diverse communities, tightly coevolved interactions, etc.); and (3) are the adaptive responses from direct versus
indirect effects likely to be redundant, complementary, or even conflicting? Note that if an interacting species completely mitigates
the fitness effects of the global change, then no selection on stress tolerance traits is likely to occur, even if the global change is a
strong agent of natural selection in the absence of that interacting species.

interactions between species. In other cases, the tions are the dominant driver of climate-induced
presence of interacting species may influence evo-  extinctions.?

lutionary responses by reducing or intensifying the In this review, we focus on how the presence
effects of global change on fitness and selection and/or abundance of interacting species (i.e., the
(the relationship between traits and fitness). In community context) influences evolutionary effects
still other cases, interacting species can reduce or of human-caused global changes because (1) the
increase evolutionary constraints.”* Although it is global change alters the strength of species inter-
unknown whether species interactions commonly actions and the strength of selection imposed by
alter evolutionary responses to global change or species interactions, or reciprocally (2) species
reflect the unique conditions of this handful of stud-  interactions alter the strength of selection imposed
ies explicitly testing for evolutionary effects in a  directly by global change (see Fig. 1 and Box 1).
community context, we suspect that such effects First, many types of global change, from nutrient
may be pervasive. For example, extinctions can be enrichment to climate change, alter the likelihood
viewed as the ultimate evolutionary failure, and a  or outcome of species interactions.”®**~%° If species
meta-analysis found that altered species interac- interactions are themselves strong agents of natural
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Table 1. Example studies where both a global change and species interaction have been experimentally manipulated
in the factorial design necessary for partitioning direct” and indirect effects of global change and where species
interactions influence the magnitude or likelihood of evolutionary responses to global change

Global change

Species interaction

Effect on evolution

Direct effect??

Elevated CO,

Plant competition

Elevated CO; effects on natural selection were greater in

No

the presence of competition, because elevated CO,

reduces the fitness (and selective) effects of

competition.

Elevated CO, Plant competition?

33-35

Adaptation to elevated CO; only observed when the ?

plant species richness of the test environment

matched that of the selection environment

Biological invasion Plant-herbivore

t.lS

Herbivores increase selective effects of an invasive plant No

on a native plant species’ defenses and competitive

ability, in part because the invasive plant increases

herbivory on the native species and plant defense

traits and competitive ability are genetically

correlated.?%?!

Global warming Plant-pollinator

Only species with suitable pollinators available earlier in

Unlikely

the season have evolved advanced flowering

phenologies over the past 70 years.

Global warming Predator—prey

102

Adaptation to warming only observed in the presence of No

culling or predators, likely because culling and

predation reduced intraspecific competition allowing

for strong selection on rapid growth rates.

36,37

“Note that direct effects also include unmeasured indirect effects, such as effects mediated through other unstudied species occurring

in the community.

selection,”® then any change to the species interac-
tion may alter evolution (Fig. 1). Indeed, recent the-
ory illustrates how both mutualistic and antagonis-
tic interactions may influence global change effects
on evolutionary outcomes and extinction,?”*!:3
and empirical examples illustrate these effects in
nature (Table 1). For example, in one of the case
studies highlighted below (Box 2), elevated atmo-
spheric carbon dioxide concentrations reduced the
strength of interspecific competition, which would
otherwise have imposed stronger selection on plant
growth.”>> As a result, an effect of elevated CO,
on evolutionary processes could only be detected in
the presence of competitors. Similarly, Daphnia only
evolved faster life histories (earlier ages at reproduc-
tion and larger clutch sizes) in response to elevated
temperatures when predators were present.>” This
effect resulted because predators reduced Daphnia
densities and high intraspecific competition selects
for slower life histories, which otherwise directly
cancels out the selective effects of warming (Box 3).

Second, interacting species can either exacer-
bate or minimize the selective effects of the global

change through a variety of mechanisms. For exam-
ple, theory illustrates how predators can accelerate
prey evolutionary responses to global change by
either preferentially consuming maladapted indi-
viduals, thereby increasing the strength of selection
imposed by the global change, or by effectively
reducing generation times by reducing prey density
resulting in increased prey birthrates (the evolu-
tionary hydra effect).® Conversely, other theoretical
work suggests that increased competitor diversity
reduces evolutionary responses to global change by
increasing the likelihood that exapted species are
already present in the species pool thereby limiting
ecological opportunity.?* In still other cases, species
interactions may alter the strength of selection
imposed by a global change by either increasing or
decreasing the fitness effects, and potentially the
selective effects, of the global change. In a simulated
drought experiment, changes to the belowground
microbial community protected plants from the
negative consequences of drought stress.’” As a
result, these changes to the microbial community
could potentially minimize selection imposed by
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Box 1

Global changes, like global warming and drought, have the potential to affect the outcome of every interaction
within a community. These altered species interactions can be potent agents of natural selection (dark blue
boxes) and/or modifiers of the direct effects of global change on evolution (light blue boxes). Through the first
mechanism (dark blue), global change alters the species interaction changing selection on the traits mediating
the species interaction. Through the second mechanism (light blue), the global change may be a strong agent
of selection on plant stress tolerance traits and the species interaction increases or decreases that selective
force. Selection on traits underlying the species interaction also may be affected through this second
mechanism because selection will favor traits promoting (or inhibiting) the species interaction depending on
whether the species interaction ameliorates (or exacerbates) the negative effects of global chance. The
hypothetical interactions depicted here illustrate the following. (1) Global warming affects pollinator
communities. Reduced pollinator abundances may select for floral traits that increase selfing or enhance floral
display. (2a) Global warming may increase herbivore population growth rates, resulting in increased selection
for plant defense. (2b) Herbivores also can exacerbate the negative fitness effects of drought stress, resulting in
increased selection on both plant drought tolerance and plant defense traits. (3) Increased drought may
influence the outcome of plant-microbe mutualisms, like the legume-rhizobium mutualism, altering selection
on traits underlying the mutualism (3a) and potentially plant stress tolerance traits when the mutualism
reduces the negative consequences of drought (3b). (4) Increased drought may have similar effects on more
generalized plant-microbe interactions like those occurring between plants and the diverse microbial
communities belowground or endophytic communities aboveground. (5a) When competitors are less harmed
by drought than a focal species, light competition may be increased, increasing selection on competitive traits
(e.g., plant height). (5b) By decreasing water availability, competition may also increase selection on drought
tolerance traits and/or belowground traits that increase belowground competitive ability.

4 selection for stress ‘ // 2b. Herbivory increases
tolerance or defense traits | ¥, the fitness cost of

drought.

P

Sb. Competition for

o | selection on stress tolerance
. Wwater makes water |or competitive traits
N more limiting. :

J selection on stress tolerance;:
4 selectionon mutualismtraits

% 3b. Mutualists reduce the
Gj fitness cost of drought.

4b. Microbes protect J selection for stress tolerance;
plants from drought. / selection on plant-microbetraits
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Box 2

Evolutionary responses to global change

Case study A: elevated CO, and competition. By manipulating the presence/absence of competitors along with
atmospheric CO, concentrations in a factorial design, Lau and coauthors**=** showed that elevated CO, had
minimal direct effects on natural selection (A) because all genotypes in the study population similarly benefit
from elevated CO,. However, elevated CO, also minimized the fitness consequences of competition (B),
reducing selection on aboveground biomass production when plants were grown in the presence of
competitors (solid lines) (C). In this case, direct effects of elevated CO, were virtually nonexistent (panel A and
dashed lines in panel C), while indirect effects of elevated CO, mediated by competition reduced selection
intensities by up to 48%. Because the interactive effects of elevated CO, and competition on the strength of
selection were opposed by effects on the expression of genetic variation and genetic covariances, minimal
evolutionary response to CO, was predicted even in the presence of competitors.
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drought on classic plant drought avoidance and tol-
erance traits like flowering time, leaf morphologies,
and physiological responses, and instead strengthen
selection on traits promoting interactions with
belowground microorganisms® (see also Fig. 1
and Box 1). In this case, because the belowground
microorganisms greatly reduce the fitness effects of
drought, an evolutionary effect on traditional plant
drought tolerance traits might only be observed in
the absence of the microbial community.

These two broad mechanisms (global changes
influencing  selection imposed by species
interactions versus species interactions mitigat-
ing or exacerbating the selective effects of global
change) can be difficult, if not impossible, to dif-
ferentiate empirically. In both cases, the global
change interacts with the presence or abundance of
an interacting species to influence an evolutionary
process and so can only be detected when both
factors naturally vary independently of each other
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Box 3
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Case study B: global warming and predator—prey interactions. Global warming has the potential to alter the
evolution of life history traits, but this depends on the presence of predators in the community. Temperature
increases Daphnia metabolic rates and selection favors individuals with faster life histories (early age of
reproduction; more eggs per clutch). However, high Daphnia population densities impose selection in the
opposite direction and prevent the evolution of faster life histories (A). Midge larvae are predators on Daphnia
and reduce population sizes. At warmer temperatures, predator activity increases (B), significantly decreasing
Daphnia population density, allowing for evolution of faster life histories in response to increased temperature

(C). Adapted from Tseng and O’Connor (Ref. 37).
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or are experimentally manipulated. However, the
different mechanisms sometimes may shift the
traits that are the target of selection (Box 1). For
example, global warming may indirectly influence
plant evolution by increasing herbivore population
growth rates, resulting in increased herbivory and

Ambient Elevated
Selection Temperature

causing increased selection favoring well-defended
plants. However, herbivory may also increase the
negative effects of global warming (or reduce the
positive effects) on plant growth. If herbivory
further increases plant water stress in warmer envi-
ronments, warming may either select for increased
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stress tolerance traits particularly when herbi-
vores are present or increase selection favoring
increased anti-herbivore defenses because the costs
of herbivory are increased under global warming.
In addition to the two mechanisms leading to
effects on natural selection described above, species
interactions also may influence the magnitude of
evolutionary effects of global change through sev-
eral other mechanisms. Briefly, species interactions
may limit adaptive responses to novel environments
by reducing population sizes, or the likelihood of
beneficial mutations,*"*" or fitness differences and
the opportunity for selection.*! Global changes, and
particularly those that introduce novel stressors or
result in range shifts, may also influence the expres-
sion of genetic variation*>~** and potentially genetic
covariances** that can either accelerate or hin-
der short-term evolutionary responses (see, e.g.,
Ref. 47). Moreover, the strong selection that may
accompany global change is also likely to alter G-
matrices, sometimes in ways that reduce evolu-
tionary responses, as revealed by artificial selec-
tion experiments.48 Here, we focus on effects on
natural selection because even fewer case studies
have investigated how the community context influ-
ences the effects of global change on these other
evolutionary processes; however, the lack of stud-
ies in this area highlights our incomplete knowledge
about the net effects of global changes and species
interactions on evolution. Our limited understand-
ing of how global changes influence natural selec-
tion and these other evolutionary forces in complex
communities may be the biggest challenge to pre-
dict evolutionary responses to global change and as
a result, the effects of global change on biodiversity.

Species interactions as selective agents and

their susceptibility to global change

Species interactions can drive the evolution of phe-
nological, morphological, biochemical, physiolog-
ical, and life history traits. For example, pollina-
tors are believed to be the selective force behind
the extreme floral phenotypes found in nature, from
12-inch nectar spurs to the ornate orchid flow-
ers that attract pollinators through deceit (reviewed
in Ref. 49). Herbivores are the likely drivers of
the arsenal of plant chemical and morphologi-
cal defenses.’*>?> Competitors drive the evolution
of size, gape widths, and foraging preferences in
plants and animals (e.g., character displacement,*

Evolutionary responses to global change

reviewed in Ref. 54), and predators and pathogens
are key selective agents on life history traits in many
taxa (see, e.g., Refs. 55 and 56). Antagonists may
even promote the evolution of sex.””*

These same species interactions that are such
potent evolutionary forces are also extremely
susceptible to environmental conditions. Recent
reviews highlight how global changes may destabi-
lize mutualisms® and how global changes ranging
from rising CO, concentrations to global warming
alter the outcomes of many other types of species
interactions® and the phenological synchrony of
coevolved taxa.’’ At the very least, the strength
of a particular species interaction as a selective
agent may be reduced if the abundance of one of
the partners declines in response to environmental
change, or reciprocally, may increase if one of the
partners increases in abundance.®"*? For example,
crossbills that are pine seed dispersers and squir-
rels that are pine seed predators can both impose
selection on pine tree traits, but selection inten-
sity is a function of interaction strength, which
is partially determined by the abundance of the
interacting species.®’ Notably, the effects of inter-
action strength on selection intensity differed for
mutualistic and antagonistic interactions. Selection
on pine tree traits lessened with increasing abun-
dances of mutualistic seed dispersers but increased
with increasing abundances of seed predators.®!
More general changes in community composition
in more diffusely interacting species can elicit
similar evolutionary responses. Eutrophication
shifted the phytoplankton community in a Euro-
pean lake toward less nutritious and even toxic
cyanobacteria. A resurrection approach revealed
that this shift in prey community composition
caused Daphnia populations to adapt to low-quality
food resources.'?

Even if both partners continue to persist at sta-
ble abundances, however, the selective effects of
the species interaction may change when the out-
come of the species interaction depends on environ-
mental context (reviewed in Ref. 63). For example,
increased nutrient availability reduces the benefits
plants derive from plant-mycorrhizae and plant-
rhizobium mutualisms®*® and some plant-plant
and animal-animal interactions can shift along
the spectrum from competitive to facilitative with
increasing environmental stress.®®%® These shifts
in the outcome of species interactions are likely to
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drive evolutionary change in one or more interact-
ing taxa. Altered resource availability, for example,
may cause evolutionary reductions in host invest-
ment in the mutualism® or the evolution of reduced
cooperation in microbial symbionts,'? and can alter
the costs of resistance and host—parasite population
densities that can accelerate the evolution of host
resistance and parasite infectivity.”’

Species interactions influencing the strength
of the global change as a selective agent
Many types of global change may themselves
be strong selective agents (e.g., drought select-
ing for plant physiological traits that increase
drought tolerance’’ and global warming selecting
for increased thermal performance or altered phe-
nology in reptiles and insects'””>7%), but the pres-
ence of interacting species may influence an organ-
isms’ fitness response to environmental change. For
example, both aboveground fungal endophytes and
diverse belowground microbial communities can
reduce the negative consequences of drought for
plants,”!%7* while herbivores sometimes intensify
the negative effects of drought.”” In these cases, the
interacting species may reduce (e.g., microbes) or
increase (e.g., herbivores) the evolutionary effects
of the global change by minimizing or exacerbat-
ing the fitness impacts and, therefore, also affecting
the fitness benefit of stress tolerance traits (Fig. 1
and Box 1). Similar effects are likely in animal
systems, as the ability to horizontally acquire new
microbial symbionts is correlated with the ability of
sponge taxa to maintain high fitness under ocean
acidification,’® and transplantation of mice micro-
biomes that develop under cold conditions to sterile
mice increases cold tolerance.”’

Despite the potential for community members
to influence fitness effects of global change, how-
ever, it is also possible that selection will remain
unchanged in such scenarios, as fitness effects may
not necessarily equate to selective effects. It is often
assumed (and generally observed’®) that strong eco-
logical effects will result in strong effects on natu-
ral selection, because the opportunity for selection
is inversely related to mean fitness resulting in an
upper limit to the strength of selection.”” Such
effects do not always occur in the context of global
changes, however, in part because a number of
global changes increase fitness®® and because envi-
ronmental variables can change fitness trait rela-

Lau & terHorst

tionships even in the absence of effects on mean
fitness. In other words, some species interactions
decrease mean fitness, but also reduce variance in
relative fitness among individuals and the oppor-
tunity for selection in response to global change,*!
while in other cases a reduction in population fit-
ness may increase the variance in relative fitness,
leading to increased opportunity for selection.®!

In addition to modifying the strength of the
global change as an agent of selection on stress tol-
erance traits (i.e., traits that influence an organism’s
ability to maintain fitness in response to the direct
effects of the global change), the interacting species
may simply change which traits are the target of
selection, as the importance of the species interac-
tion to the focal organism’s fitness may increase or
decrease under the global change scenario (Box 1).
For example, if endophytes reduce the fitness effects
of drought stress on plants, they could potentially
reduce the strength of drought as a selective agent
on plant physiological traits promoting drought
tolerance. Perhaps equally likely, microbial mutu-
alists may cause increased selection for plant traits
that help cultivate interactions with the endophytic
microbes that protect them from drought (e.g.,
plant leaf or root traits that enhance endophyte
colonization and growth).* The prevalence of such
outcomes is unknown, largely because we still have
surprisingly limited knowledge of the causes of
natural selection?® (but see Ref. 81) and often even
the traits underlying adaptation, primarily because
definitively identifying selective agents is extremely
labor-intensive, requiring measures of selection
or experimental evolution across environmental
gradients or experimental manipulation of putative
selective agents.>

Cases where species interactions are likely
important mediators of evolutionary
responses to global change

Many studies illustrate the role species interactions
play in evolution, and other studies show how global
changes influence the outcome of species interac-
tions or how species interactions influence the fit-
ness effects of global change (Fig. 1). Few examples,
however, have illustrated how species interactions
or global changes alter selection imposed by the
other (but see Boxes 2 and 3, and Table 1). Below
we highlight these examples and also piece together
data from several systems to illustrate the potential
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for a diversity of species interactions to mediate evo-
lutionary responses of bacteria, algae, plants, and
animals to two commonly studied and pervasive
anthropogenic environmental changes: nutrient
enrichment and climate change. Species interac-
tions also may be likely to influence evolutionary
responses to other types of global change, such as
habitat fragmentation, pollution, and urbaniza-
tion, in part because these global changes often
involve dramatic shifts in community composition.
Although interest in the evolutionary consequences
of both habitat fragmentation and urbanization
has increased over the past several years (see, e.g.,
Refs. 83 and 84), studies considering effects of these
types of global changes on natural selection remain
rare and predominantly limited to plant-insect
interactions (see, e.g., Ref. 85).

Nutrient enrichment

Atmospheric CO, concentrations are increasing,
as are nitrogen and phosphorus inputs to both
terrestrial and aquatic systems. Thus, we are
simultaneously increasing many of the most his-
torically limiting resources required for plant and
animal growth. Numerous studies have shown
how CO,, N, and P alter competitive interac-
tions between primary producers (reviewed in Refs.
26 and 86). Because these resources benefit most
plant taxa, but benefit some more than others,
changing nutrient availability creates “winners and
losers.”®*#” Increasing nitrogen concentrations tend
to favor C3 grasses over legumes, nonvascular
plants, and perennials,”*® and rising atmospheric
CO, concentrations benefit fast-growing C3 herba-
ceous species over slower growing C3 species or
C4 grasses.* We know from studies on many other
plant and animal taxa that competition can alter
patterns of natural selection®~*! and the expres-
sion of genetic variation and the genetic covariances
among traits (see, e.g., Ref. 35). Because changing
nutrient availabilities can alter competition, both by
changing the strength of competitive interactions
and by shifting competition from one resource to
a different resource, and because competition can
be a potent evolutionary force, increasing nutrient
concentrations are likely to alter the evolution of
traits involved in competitive interactions (Box 1).
In one example, differences in the strength of selec-
tion between ambient and elevated CO, environ-
ments were only observed in the presence of inter-

Evolutionary responses to global change

specific competition because elevated CO, reduced
the strength of competition, which is a strong selec-
tive agent on plant growth traits. In contrast, the
presence of competitors appeared to limit adap-
tation to elevated CO, in Chlamydomas popula-
tions. Populations that evolved in single strain com-
munities exhibited higher fitness than populations
evolved in multistrain communities when grown in
elevated CO, conditions.”” The author suggests that
this finding may be common because adapting to
multiple novel selective agents (both competition
and elevated CO,) may be more challenging than
adapting only to the abiotic environment.”® This
idea is consistent with the idea that coevolution-
ary constraints might limit adaptation (sensu Ref.
93). However, as indicated by these two contrasting
examples, general predictions may be elusive; recent
theory illustrates how shifts in resource availabil-
ity and competition interact to influence evolution,
sometimes in complex and surprising ways where
traits change in a direction counter to the shift in
resource availability.*!*2

Nutrient availability also influences trophic
interactions. For example, elevated atmospheric
CO; conditions alters plant-herbivore interactions
because plant tissues typically have higher C:N
ratios that frequently makes them less palatable to
insect herbivores, although increased damage has
also been observed in response to elevated CO,, as
insect herbivores must consume more plant tissue to
meet nutritional needs.”* Similarly, N-fertilization
typically decreases C:N ratios, increasing palata-
bility to herbivores.”® Because herbivores can be
strong selective agents on plant defense traits like
leaf toughness, trichomes, and phytochemicals,’!>?
changes in the amount of herbivory resulting from
altered nutrient availability are likely to affect the
evolution of these (and correlated) traits. Altered
nutrient availability may also affect the inherent
costs and benefits of plant defense. The classic
resource availability hypothesis posits that low
nutrient environments should favor slow-growing
phenotypes that invest heavily in defense, while
nutrient rich environments should favor fast growth
and lower defense.”>” Interestingly, the effects of
nutrient availability on plant defense evolution
have been addressed primarily using comparative
approaches among species (e.g., studies in Ref. 96)
or populations inhabiting different resource envi-
ronments, with few studies employing quantitative
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genetic approaches to investigate resource effects
on natural selection on plant defenses.

Resource availability can also alter herbivore
and predator evolution and predator—prey or host-
parasite coevolution. As described earlier, nutrient
enrichment caused shifts in phytoplankton commu-
nities, reducing food quality for zooplankton. As a
result, Daphnia evolved to perform better to low-
quality resources.'® Productivity also increased the
rate of coevolution in a Pseudomonas fluorescens—
phage system, likely because: (1) increased pop-
ulation sizes of both host and a parasite lead to
increased genetic variation in host resistance and
parasite infectivity and increased encounter rates
and (2) increased productivity reduces the costs of
resistance in the host by reducing competition.”’

Just as altered nutrient availability can affect
antagonistic interactions with competitors, herbi-
vores, and parasites, changes in nutrient availability
also can alter interactions between plants and
their resource mutualists, which can be important
agents of selection on plant traits (see, e.g., Ref. 97).
Both the legume-rhizobium mutualism and the
widespread plant-mycorrhizae mutualism involve
plants trading carbon for nitrogen fixed by their
rhizobium symbionts or nitrogen and/or phospho-
rus foraged for by the extensive hyphae of their
mycorrhizal symbionts. In both cases, when the
availability of the traded resources shifts, the costs
and benefits of the mutualism also likely change
(see Ref. 98). From the plant’s perspective, when
soil nutrient availability increases, the benefits of
associating with rhizobia or mycorrhizae decrease
because the nutrients can be easily obtained
directly from the soil. Similarly, when light avail-
ability decreases (a common side effect of adding
nitrogen or phosphorus, which increases crowding
and shading) and plant carbon stores are reduced,
the carbon costs of supporting rhizobia or mycor-
rhizae are relatively increased (the plant must trade
a resource that is now less abundant). As a result,
nutrient enrichment may cause plants to evolve
reduced dependence on microbial mutualists.®’

Climate change

The effects of different aspects of climate change,
such as global warming or drought, on individual
and population fitness and even evolution in nature
are increasingly well documented.” The effects of
climate change on selection, however, are likely to
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be enhanced or mediated by species interactions.
For example, although the evolution of body and
beak size in Darwins finches in the Galapagos is
well known to evolve in response to drought that
alters seed availability, this response is contingent on
the presence of competitors in the community.!% In
the absence of competitors, Geospiza fortis evolved
larger beaks and body sizes following drought,
allowing them to exploit larger seeds. However, in
the presence of larger competitive ground finches
(Geospiza magnirostris), G. fortis evolved smaller
body sizes following drought,'® suggesting that
even the direction of evolutionary response to
drought was contingent upon competition.

Like drought, global warming can also cause evo-
lutionary shifts that are contingent upon interac-
tions with other species in the community. For
example, the extent to which predators reduce
Daphnia population sizes affects how those pop-
ulations evolve in response to warming. In pop-
ulations with greater predation pressure, Daphnia
magna populations evolved a higher number of
offspring in their first clutch when grown at ele-
vated temperature, relative to populations grown
at ambient temperature.’® However, no evolution-
ary response was detected in populations with
low predation pressure, where population densi-
ties were higher. Similarly, Daphnia pulex popu-
lations evolved increased population growth rates
in response to warming, but only when dipteran
predators were present (Box 3; see also Ref. 37). The
effect of predators on this evolutionary response
is likely mediated through a change in intraspe-
cific competition. Although warming increases
metabolic rates and selects for individuals with
more rapid life history traits, those individuals are
more favored when population density is low and
there is little intraspecific competition. Predators
reduce population sizes and create conditions that
allow for selection on life history traits by global
warming.

Positive species interactions also may affect
the ability of populations to respond to climate
change.”” Theory suggests that the ability of species
to evolve in response to climate change will depend
on whether species are engaged in interactions
with generalist mutualists or more specialized
mutualisms.'?" Species engaged in generalist mutu-
alisms are free to evolve into different trait spaces
(e.g., earlier phenologies) because they will still

52 Ann. N.Y. Acad. Sci. 1476 (2020) 43-58 © 2019 New York Academy of Sciences.



Lau & terHorst

find compatible mutualists. However, for species
engaged in obligate or more specialized mutu-
alisms, strong selection by global warming may be
opposed by reduced fitness in the new trait space
if compatible mutualists are lacking. For exam-
ple, climate change may select for earlier flower-
ing phenologies to decrease the effects of summer
drought and/or capitalize on longer growing sea-
sons, but such selection will be greatly weakened
if a self-incompatible species does not encounter
specialist pollinators that have not yet emerged at
this earlier time. In contrast, plants pollinated by
generalist pollinators with varied phenologies, or
plants that are self-compatible, will be more likely
to evolve earlier phenologies in response to cli-
mate change.!”! Supporting this prediction, a study
of 14 native, perennial plant species suggests that
species that evolved earlier flowering phenologies in
response to warming were typically those that expe-
rienced increased pollination when flowering was
experimentally advanced. Those species that failed
to evolve earlier flowering typically experienced
reduced pollination when flowering was experi-
mentally advanced.'® Both models and empirical
studies suggest similar outcomes in other systems.
Evolutionary responses to a novel stress (antibi-
otics) are slowed when bacteria are engaged in obli-
gate mutualism compared to populations that have
not evolved to be obligate mutualists. Because fit-
ness is limited by the least tolerant partner, selection
for increased antibiotic resistance only acts on one
partner at a time (Harcombe, unpublished data).
Climate change is likely to have substantial effects
on other aspects of the evolutionary process, and the
influence of species interactions on these effects is
often unclear. Range shifts are a common response
to climate change, with myriad taxa shifting their
distributions toward higher latitudes or higher
elevations.> Shifting ranges will inevitably lead to
novel species interactions, resulting in evolution-
ary indirect effects of climate changes,'” but are
also likely to influence genetic diversity and gene
flow. First, during any range shift event, founder
effects are likely as dispersing individuals represent
only a small subset of genotypes from the source
population. Most models show that these processes
cause reduced range-wide genetic diversity.'** This
reduced genetic variation may limit evolutionary
responses to species interactions and other global
changes. Alternatively, because the fitness effects of
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herbivory and disease may be more intense when
genetic diversity is reduced (see, e.g., Ref '°), the
selective force of these antagonists on plant defense
traits may be increased. Whether the increased
strength of selection will overcome the effects of
reduced genetic variation remains to be seen. Sec-
ond, while genotypes expanding from warmer cli-
mates may introduce genes promoting survival and
reproduction under global warming, their lack of
coevolutionary history with antagonists and mutu-
alists may alter their likelihood of successful colo-
nization. Because of the spatial complexity of coevo-
lutionary interactions,'°*!?” it may be challenging
to predict when gene flow and coevolutionary nov-
elty may prove advantageous or disadvantageous to
rapid adaptation.

Conclusions—why considering species
interactions is important

The examples above support the hypothesis that
species interactions may commonly mediate evo-
lutionary responses to anthropogenic environmen-
tal changes. As a result, studying evolutionary
responses in a community context may be nec-
essary for comprehensively predicting the long-
term effects of global change for several rea-
sons. First, rapid adaptation may be necessary for
species to persist in the face of global change.!®
Although examples of evolutionary rescue exist,
they are primarily from simplified laboratory?%1%%-
or glasshouse experiments.'!’ Are populations
occurring in the complex communities found in
nature as likely to rapidly adapt? Or will the
challenges of adapting to multiple selective agents
simultaneously prevent the evolutionary responses
that could enable persistence (see, e.g., Ref. 92)?
Cases documenting rapid evolutionary responses
in natural populations ranging from responses
to global warming!”~'® to invasive species’®?! to
drought'® suggest that at least in some systems, evo-
lutionary changes will occur (reviewed in Ref. 22).
Whether these changes will be substantial enough
to rescue threatened populations remains to be seen
but may be most likely when so-called “coevolution-
ary constraints”®® are minimal. For example, one
hypothesis for why invasive species are so success-
ful in novel environments is that they have escaped
many of the interacting species that otherwise
might constrain adaptation.!!! Regardless, fully pre-
dicting biodiversity responses to global change
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requires incorporating evolutionary responses into
predictions.''> When evolutionary responses are
heavily influenced by species interactions (e.g., see
Table 1), then a perspective combining evolution
and community ecology is essential.

Second, if species interactions commonly medi-
ate both ecological and evolutionary effects of
global change, then global change effects are likely
to vary substantially across communities, making
predicting the long-term effects of global change
exceedingly difficult and only possible by fully
understanding the role species interactions play in
evolutionary outcomes.'”” In an intriguing exam-
ple, adaptation to elevated CO, was observed after
14 years in the perennial plant Poa pratensis, but
these adaptive responses were only manifest when
the plant species diversity of the test environment
matched the diversity of the selection environment.
In other words, CO, adaptation in populations
from high-diversity environments must involve
traits that do not promote CO, adaptation in
low-diversity environments, and reciprocally CO,
adaptation in populations from low-diversity envi-
ronments must involve traits that fail to promote
CO; adaptation in high-diversity situations.'®

Even more challenging is the reality that com-
munities are composed of coevolving populations.
Beyond variation in community composition,
the evolutionary history of interacting species
may further influence evolutionary responses
to global change. Although rarely considered,
new data indicate that warm-adapted algal prey
facilitated Daphnia adaptation to warmer tem-
peratures compared to algal prey that had evolved
under colder environments.!'* Conversely, coevolv-
ing Pseudomonas hosts reduced phage adaptation
to increasing temperature compared to when
Pseudomonas hosts were not allowed to evolve.'!
Importantly, these coevolutionary interactions can
also feedback to influence the ecological effects of
global change. For example, theoretically, coevo-
lution can act to reduce or increase the effects of
global change on population densities, depending
on whether the coevolutionary interaction is con-
flicting (i.e., changes in trait values of one species
harm the other) or nonconflicting (i.e., changes in
trait values of one species do not directly harm the
other species).!'®

Ultimately, we may be able to predict when
species interactions are likely to alter evolution-
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ary effects of global change if we are able to pre-
dict which global changes and species interactions
are likely to be strong selective agents, how global
changes influence species interactions, and the
community contexts most likely to result in indirect
evolutionary effects (Fig. 1). Unfortunately, this may
be a more daunting task than expected as even the
seemingly intuitive hypothesis that human-caused
environmental change will exert strong selection
has received limited empirical support.®’ That said,
there are now thousands of estimates of natural
selection on hundreds of populations, and a sub-
set of these data that included replicate populations
across space or time identified precipitation (but
not temperature) as a strong selective agent.®! Tack-
ling past calls for large-scale observational studies
or experimental manipulations to test for selective
agents and to identify targets of selection (see, e.g.,
Refs. 23 and 82) may be the Herculean effort needed
to make the evolutionary consequences of global
change a predictive science.

Although we have focused on how species inter-
actions influence the selective effects of global
change, natural selection is only one component
of the evolutionary process. Genetic variation
and covariation among traits also will influence
the likelihood and magnitude of evolutionary
response. Theory and empirical work illustrate how
stress and/or novel environments influence the
expression of genetic variation*>!'”!"® and envi-
ronmental conditions can also influence genetic
covariances among traits,*® yet it is unclear how
frequently global changes will accelerate evolution
by increasing the expression of genetic variation
and breaking the covariances that constrain rapid
evolutionary responses. Although novel stressors
are predicted to increase the expression of genetic
variation,'!” other stressors may reduce the expres-
sion of genetic variation.'’® Some human-caused
environment changes, such as pollutants, insecti-
cides, and herbicides, are clearly novel, but many
others are not and have been experienced to some
extent in the recent evolutionary past (e.g., warming
due to climate change). Still other global changes
are gray areas that represent a gradient of contin-
ual increase or decrease in a potential selective
agent (e.g., atmospheric CO, concentrations). In
Box 2, elevated CO, increased the expression of
genetic variation, opposing the effect of elevated
CO; reducing the strength of natural selection on
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plant size traits, resulting in minimal predicted
evolutionary response.>® The extent to which global
change effects on the expression of genetic variation
and selection act synergistically versus antagonis-
tically is unknown, largely because the effects of
global change on the G-matrix are rarely quantified.

In sum, community context may mediate or
exacerbate evolutionary responses to global change
in important ways. However, the extent to which
species interactions commonly affect evolutionary
outcomes remains unknown, largely because most
studies do not explicitly consider them. Given that
many studies quantifying evolutionary effects of
global change are conducted under relatively sim-
plified conditions in greenhouses, growth chamber,
or lab environments where species interactions are
minimized, we may be significantly misunderstand-
ing the evolutionary consequences of global change.
Only by manipulating the presence or intensity of
species interactions, ideally in natural field environ-
ments, can we begin to predict when and how rapid
adaptation may be most likely to occur and ulti-
mately the population, community, and ecosystem
effects of that adaptation.''” Manipulation of com-
munity context in even simple systems often reveals
large effects on evolution and the ecological out-
comes of evolutionary change. In one elegant study,
species evolving in complex communities exhibited
greater rates of evolutionary change during adapta-
tion to a novel lab environment and the resulting
coevolved community was much more productive
than communities reassembled from taxa that had
evolved in monoculture.? If such effects occur in
nature, then further integration of community ecol-
ogy with evolutionary ecology is required to under-
stand the long-term consequences of global change.
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