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ABSTRACT: To persist in a changing world, populations must adapt.
The ability to adapt is influenced by interactions with other species,
such as predators. Recent experiments and theory suggest that selec-
tive pressures arising from predation may help prey adapt phenotyp-
ically to changing environments, but how this influences persistence
remains unclear. In particular, it has not yet been shown whether
predator-induced adaptation can outweigh predator-imposed reduc-
tions in population size, allowing prey to persist when they would
otherwise go extinct. Here we examine if (and if so, how) predation
can enhance the ability of prey to persist in a directionally chang-
ing environment. To do so, we extend a single-species quantitative-
genetics framework that predicts rates of environmental change beyond
which populations go extinct. While we assume predation decreases
prey density, we find that predators can indeed help prey persist if they
sufficiently increase prey adaptedness (decrease phenotypic lag). We
show two ways this can occur: (1) the selective push, in which predators
consume maladapted individuals and thus add selection that pushes
the mean prey trait toward its optimum; and (2) the evolutionary hydra
effect, when predation reduces prey density and thereby increases prey
birthrate, allowing more selective events per unit time and effectively
reducing generation time. We also discuss how our results apply more
broadly to sources of mortality beyond predation.

Keywords: adaptation, evolutionary rescue, extinction, coevolution,
quantitative genetics, trophic interactions.

Introduction

Populations are increasingly facing directional environmen-
tal shifts caused by climate change and other anthropological
impacts (reviewed in Parmesan and Yohe 2003; Davis et al.
2005; Parmesan 2006; Visser 2008; Lavergne et al. 2010; Hoft-
mann and Sgro 2011). For example, migrating birds face ear-
lier springs (Moller et al. 2008), diapausing insects face later
winter onsets (e.g., Bradshaw and Holzapfel 2001), and ecto-
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therms face warming temperatures (e.g., Huey et al. 2009;
Thomas et al. 2012). Dispersal and plasticity can help main-
tain adaptedness and prolong persistence (Holt 1990; Gie-
napp et al. 2008), but long-term survival ultimately requires
genetic adaptation (Visser 2008; Gienapp et al. 2013).

The ability of a population to adapt to environmental
change commonly depends on interactions with other species
(Holt 1990; Harrington et al. 1999; Tylianakis et al. 2008; Gil-
manetal. 2010; Lavergneetal. 2010; Van der Puttenetal.2010;
Lawrence et al. 2012). One ubiquitous interaction is preda-
tion, which can impose strong demographic and selective
effects (Dawkins and Krebs 1979; Abrams 2000; Reznick
et al. 2008). Because predators tend to reduce prey popula-
tion sizes (Holt et al. 2008; Salo et al. 2010), thus imposing
demographic costs, they can increase the probability of prey
extinction following environmental change (Schoener et al.
2001). However, predators can also induce adaptive pheno-
typic evolution. For example, Tseng and O’Connor (2015)
have shown that Daphnia pulex, which tend to have smaller
body sizes in warm water, evolve to smaller sizes and achieve
higher population growth rates when reared in warm water
with predators than without. This suggests that predators
can sometimes help prey adapt phenotypically in changing
environments. However, increased phenotypic adaptation
does not necessarily result in increased persistence. If pred-
ators are to help maintain biodiversity in the face of envi-
ronmental change, it must be shown that predator-induced
adaptive phenotypic evolution can outweigh predation’s de-
mographic cost and allow prey to persist in environments in
which they otherwise could not. The results have obvious
implications for the fate and conservation priority of popula-
tions with and without predators (e.g., continental vs. island,
endemic vs. invasive) as well as the conservation practice of
removing predators of threatened populations (Reynolds
and Tapper 1996; Smith et al. 2010).

There is a small but growing number of theoretical studies
on adaptation to gradual, directional environmental change
that incorporate interactions between species (de Mazan-
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court et al. 2008; Johansson 2008; Jones 2008; Norberg et al.
2012; Mellard et al. 2015). Only two of these studies assessed
predator-prey interactions. Jones (2008) used simulations to
study, among other things, a predator-prey system where the
predator trait evolves to match the prey trait and the prey
trait evolves both to match the changing environmental op-
timum and escape the predator. His main finding was that
predation can sometimes increase the persistence time of
the prey, presumably when the predator removes prey that
are maladapted to the abiotic environment. Mellard et al.
(2015) studied an explicit resource-plant-herbivore trophic
chain using a primarily numerical approach to ask how the
addition of an herbivore affects plant persistence in a warm-
ing environment. They analytically clarified the conditions
required for the predator to hasten prey evolution but found
in simulations that, regardless of the effect on evolutionary
rates, herbivory almost never aided plant persistence. In ad-
dition, Northfield and Ives (2013), who did not explicitly
model a gradually changing environment, analytically dem-
onstrated that conflicting interactions, such as predation,
tended to dampen the direct effect of small environmental
changes on the equilibrium densities of interacting species,
potentially facilitating persistence. In their model, coevolu-
tion facilitates persistence through negative feedback loops.
For example, as the predator nears extinction, the prey in-
vests less in defense, making it easier for the predator to con-
sume prey and rebound in abundance. Thus, up to this point,
while it is clear that predators can theoretically help prey
adapt in changing environments, the effect of predators on
prey persistence remains unresolved.

Here we clarify the effect of predators on the ability of
prey to persist in a gradually changing environment within
a well-established quantitative-genetic framework (Pease
etal. 1989; Lynch et al. 1991; Lynch and Lande 1993; Biirger
and Lynch 1995, 1997; Lande and Shannon 1996; Chevin
et al. 2010), which can be applied to both laboratory (Willi
and Hoffmann 2009) and wild (Gienapp et al. 2013) popula-
tions. The framework allows analytical predictions of popu-
lation densities and mean trait values, as well as the critical
rate of environmental change, here defined as the minimum
rate of environmental change that causes an equilibrium pop-
ulation size of zero. Under this framework, predators affect
prey persistence if they alter the prey’s critical rate of envi-
ronmental change.

While there are many ways for predators to hinder prey
persistence (most obviously by reducing prey population
size), we find that predators can help prey persist (1) when
predators prefer maladapted prey and thus push the mean
prey trait closer to its moving optimum (selective push) and
(2) when the potentially nonselective mortality induced by
predators increases prey birthrates and thus increases the
rate of selective events, accelerating prey evolution (evolu-
tionary hydra effect).

Methods and Results
A General Model of Generalist Predation

Let prey individuals with trait value z, in a prey population
of density N, be born at a per capita rate of b(z, N) and die
with predator-independent per capita mortality rate m(z, N).
Additionally, let a population of predators kill prey individ-
uals at a per prey rate of kf(z, N), where k is the overall pre-
dation intensity and f includes the potential dependence on
prey trait value, which describes direct selective effects (e.g.,
increased consumption of slow, large, or maladapted indi-
viduals), as well as the potential dependence of predation on
prey density, which allows, for example, a type II or type III
functional response. We do not explicitly model predator den-
sity and trait values here (but see the “Specialist Predation”
section). Instead, we assume the predator is a generalist that
consumes a sufficient number of other prey species such that
its density and trait values are relatively constant and the pre-
dation rate depends only on the density and trait values of
the focal prey. Alternatively, constant predator trait values
and density could result from the predator having a much
longer generation time than the prey or from predator mi-
gration from nearby habitats. For example, with a type II func-
tional response with handling time /1 and attack rate a(z),
we have kf(z, N) = a(z)[1 + ha(z)N] 'P, where predator
density P is approximately constant over the timescale of in-
terest. Although we wish to interpret kf(z, N) as generalist
predation here, it could arise from any source of mortality
whose per capita rate does not vary too much in time with
factors other than prey trait value and population density.
Under these conditions, the rate of change in prey density is
approximately

v _ Nr [b(z,N) — m(z,N) — kf (z, N)|p(2)dz,
o (1)

= N[b(z,N) — in(z,N) — kf (z,N)],

where p(z) is the probability distribution of trait values in
the prey population, b, 71, and kf are the population mean
per capita birth, nonpredator mortality, and predation rates,
respectively, and Zz is the population mean trait value.

When phenotypic variance is small, the rate of evolu-
tion in the mean trait value is roughly
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(Lande 1976), where V, > 0 is the additive genetic variance,
which determines the strength of the response to selection.
Predators could potentially affect prey adaptation by influ-
encing prey variance, V,, but here we simplify the dynamics
and assume the variance is constant and independent of pre-
dation. In the examples that follow, a constant variance re-



sults from assuming that offspring trait values are near
the mean of their parents. This causes an equilibrium to
be reached between the variance introduced by segregation
and recombination and the variance lost through random
mating (see supplementary Mathematica file, available on-
line, for details).

We now consider a changing environment. Let there be
some trait value, 6, that is optimal in the sense that it maxi-
mizes prey growth rate at a given density in the absence of
predators (i.e., z = 0 maximizes b — m at a given N). We
assume that the environmental change causes this optimum
to increase linearly at rate 6. If the prey persists, the mean
prey trait will evolve to track the optimum, eventually set-
tling into a steady-state lag (sensu Lynch et al. 1991), with
the mean trait value typically trailing the optimum by a
constant amount. A steady state is achieved when prey den-
sity is constant in time (eq. [1] is zero) and the rate of evo-
lution (eq. [2]) is equal to the rate of change in the environ-
ment, 6. Assuming a stable steady state exists, we can solve
for equilibrium population density (N') and the correspond-
ing steady-state lag (L = lim.L = lim,_,.(8 — Z)). The
minimum rate of change in the optimal trait value that causes
extinction at this steady-state lag (N = 0) gives the critical
rate of environmental change, 6. (sensu Lynch et al. 1991).
This is the slowest rate of environmental change that deter-
ministically causes the prey to go extinct (unless the steady
state first loses stability; see discussion in “Generalist Exam-
ple 2: Evolutionary Hydra Effect”).

What we ultimately want to know is how increased pre-
dation intensity affects prey persistence, dé./dk. This will
depend on how predators affect prey adaptation, which we
turn to first. We begin with a very general description and
follow this with concrete examples, where we choose spe-
cific functional forms for the terms in equation (1).

Effect of Predators on Prey Adaptation

We begin with the reasonable assumption that increasing
predation intensity decreases prey density at a given mean
lag, N /ok < 0 (see Abrams 2009 for exceptions). Without
loss of generality, we specify the direction in which the trait
is measured such that the mean prey trait value lags behind
the optimum, 6 >Zz. Then a small increase in the mean
trait value would increase the mean prey growth rate in
the absence of the predator, d(b — m)/0z > 0. We say that
predation selects in the same direction as the environment
when increasing mean prey trait value decreases predation
as well as increases the mean prey growth rate in the absence
of predators, that is, when df /9z and a(b — 1) /9z have op-
posite signs.

Despite its negative effect on prey density, predation
could help the prey persist if it helps the prey adapt, that
is, if increasing the predation intensity increases the rate
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at which prey evolve. Mathematically, predators help prey
adapt when
d dz

0<aa,

o< (BN _ 0 (am\aN | o (3f\oN _of
ON\oz /) ok ON\ oz ) ok ON\oz) ok 0z’
(3)

Thus, to know if increasing predation intensity will speed
up the rate of prey evolution, we need to know the signs
of the terms on the right-hand side of equation (3).

Most intuitively, the last term in equation (3) shows that
when predators select in the same direction as the environ-
ment (what we call a selective push; here 9f /dz < 0) in-
creased predation intensity will help the prey adapt directly
through selection regardless of whether the predation rate
is density dependent (fig. 1). Of course, selection from the
predator that opposes selection from the environment (a se-
lective pull; here 9f /0z > 0) will hinder prey adaptation.

Even without direct selection via predation (df /0z = 0),
predators can facilitate adaptation by altering prey demog-
raphy. Negative density dependence causes birthrates to
decline with population density, db/dN < 0. Thus we may
expect that the mean per capita birthrate will increase less
with mean trait value at higher densities, d(9b/0z) /0N < 0.
Therefore, with negative density-dependent population growth
and our initial assumption that predation decreases prey den-
sity (0N/0k < 0), increasing predation intensity can help
prey adapt when selection and density dependence affect
birthrates (first term in eq. [3]). Essentially, the predator (or
any other form of nonselective mortality) depresses prey den-
sity, which elevates prey birthrates, increasing the expected
number of selective events in a given time and thus acceler-
ating the rate of evolution in a changing environment (fig. 1).
We call this phenomenon the evolutionary hydra effect (af-
ter the nonevolutionary hydra effect described by Abrams
2009), referring to the ability of the mythical monster to re-
grow two heads for every one severed by Heracles. In our
case, due to selection, the heads that grow back tend to be
better adapted than the one that was severed. The evolution-
ary hydra effect can occur whenever generation times can
be decreased, allowing more opportunity for selection per
unit time. This applies to univoltine species with overlapping
generations (e.g., many temperate bird species), whenever
the average age of parents is decreased by mortality. Genera-
tion times cannot, however, be decreased in univoltine spe-
cies with nonoverlapping generations, where generation time
is fixed (e.g., annual plants; see supplementary Mathematica
file for discrete time models with overlapping and nonover-
lapping generations).

The opposite is true for per capita death rates; with nega-
tive density dependence, increasing density increases death
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Figure 1: Pathways by which predation intensity, k, can affect the rate of prey evolution, dz/dt. Boldface lines show our two examples: the
evolutionary hydra effect (fop) and the selective push (bottom). Positive and negative symbols give the sign of the partial derivative of the right
variable with respect to the left variable in our examples (e.g., the negative symbol between k and N indicates that prey density, N, declines with
increasing predation intensity, N /dk < 0). Increasing predation intensity increases the rate of prey evolution (toward larger trait values) via a
specific pathway when the product of the signs along that pathway is positive.

rates, 0m /0N > 0, making it likely that death rates decrease
more with increases in trait value at high densities, d(dm/
0z) /0N < 0. That is, the opportunity for selection via nat-
ural mortality is likely to be stronger at larger population
sizes (in the absence of predators) than at smaller ones (with
predators). Thus, selection and negative density dependence
acting on prey mortality (along with dN/dk) means that
predation likely reduces the ability of prey to adapt (the sec-
ond term in eq. [3] is likely negative). However, with positive
density dependence (e.g., when the population size is very
small and there are Allee effects), the situation is reversed;
increased predation rates could then help the prey adapt
when selection and density dependence both act on death
rather than birth.

Assuming negative density dependence again, predation
can also help the prey adapt if —a(df /9z)/dN < 0 (third
term in eq. [3]). This is most likely when per capita preda-
tion rates weaken as the population size grows (3f /0N < 0)
so that predation is more effective—and more selective—
when predation has depressed prey densities. Whether this
occurs depends on the nature of the functional response. A
type I functional response implies that density has no effect
on per capita predation rates (9f /ON = 0), a type II func-
tional response implies that density has a negative effect
on per capita predation rates (9f /oN < 0), while a type III
functional response implies that density has a positive effect
on per capita predation rates at low densities (3f /ON > 0)
and a negative effect on per capita predation rates at high
densities (9f /ON < 0). It is therefore possible for increas-
ing predation intensity to aid adaptation indirectly through
changes in density (as in the evolutionary hydra effect de-

scribed above) even if prey birth and natural mortality are
not selective (first two terms in eq. [3] are zero) but preda-
tion is (9f /9z # 0). This would occur, for example, with a
type II functional response and predation that selects in the
same direction as the environment. In this case, the decreased
prey density resulting from increased predation intensity
causesan increase in the per capita rate of predation, and since
predation selects in the same direction as the environment, it
accelerates the evolution of the mean prey trait value toward
the optimum (i.e., the evolutionary hydra effect enhances
the selective push).

Effect of Predators on Prey Persistence

While considering the form of equation (3) provides insight
into when predation can help prey adapt (decreased pheno-
typic lag), satistying this condition does not necessarily mean
that predation will help prey persist (maintain positive pop-
ulation density) in a more rapidly changing environment.
Because predation reduces prey density, it can lower the crit-
ical rate of environmental change, 6, even if the prey are more
adapted.

From equation (2), we can write the critical rate of envi-
ronmental change as

0g(z, k)
0z ’ (4)

z2=2z.(k

6. = Vi

where g(z,k) = b(0,2) — m(0,z) — kf(O, zZ) is the per cap-
ita growth rate when rare (invasion fitness) and z (k) is
the mean trait value that causes equilibrium population



size to be zero (critical trait value). Letting h(z.(k), k) =
0g(Z,k)/0z|. =. ¢ be the selection gradient at the critical
rate, we can take the derivative with respect to predation in-
tensity on both sides, showing that predation increases the
critical rate when

do, [ah oh azc}
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Restricting ourselves to cases where extinction occurs be-
cause equilibrium population density goes to zero (as op-
posed to an unstable steady state), predation helps persis-
tence when it helps adaptation by bringing the trait closer
to the optimum (eq. [3] is satisfied) and increases the critical
rate of environmental change (eq. [5] is satisfied).

The first term inside the brackets of equation (5) is a mixed
derivative that describes the impact of selective predation on
persistence. It is negative when there is a selective pull, pos-
itive when there is a selective push, and zero otherwise. The
second term is comprised of two derivatives. One of these is a
second derivative that describes how the shape of invasion
fitness changes with mean trait value. It is zero when inva-
sion fitness depends linearly on trait value, negative when in-
vasion fitness increases slower with trait value closer to the
optimum (concave down), and positive when invasion fit-
ness increases faster with trait value closer to the optimum
(concave up). The second part of the second term describes
how the critical trait value depends on predation intensity.
Since predation is assumed to lower per capita growth rate,
the critical trait value will increase toward the optimum with
increases in predation intensity, and thus this derivative is
positive (i.e., a prey population on the brink of extinction
needs to become better adapted to the abiotic environment
if it is to persist with more predation). We can therefore rea-
son that in the absence of selective predation, the evolu-
tionary hydra effect will help persistence if and only if in-
vasion fitness is concave up at the critical trait value. For
example, if selection occurs only through births, the evo-
lutionary hydra effect cannot help persistence if birthrate
is a quadratic function of phenotype (concave down for all
trait values), but it can if birthrate is a Gaussian function
(concave up for critical trait values that are sufficiently far
from the optimum). In other words, small decreases in lag
at the persistence boundary must cause large enough in-
creases in invasion fitness for the evolutionary hydra effect
to help persistence. Recall too that equation (3) must also
be satisfied, so that if selection is acting through births, so
too must density dependence.

We now explore two specific examples, comparing prey
populations with and without a generalist predator, to dem-
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onstrate that, when the environment begins to change, preda-
tion can indeed increase prey persistence by facilitating prey
evolution through (1) a selective push and (2) the evolution-
ary hydra effect. We do so with analytical expressions for
steady-state phenotypic lag and equilibrium density as well
as numerical and simulated temporal trajectories beginning
from demographic equilibrium in an originally constant en-
vironment. These specific examples confirm the generic state-
ments drawn from equations (3) and (5) (see supplementary
Mathematica file).

Generalist Example 1: Selective Push

Here we explore an example where a selective push from the
predator can increase prey persistence. To eliminate the pos-
sibility of an evolutionary hydra effect, we assume that per
capita prey birthrates are negatively density dependent but in-
dependent of trait value b(z, N) = b(N) = bpa(Rioe — N).
The per capita birthrate, equal for all individuals, reaches its
maximum, b,,, > 0, at low prey density and declines line-
arly as prey density increases, due to decreasing resources.
We assume that initial prey density is not greater than the
total amount of resources in the system, 0 < N(0) < R,
which ensures 0 < N(t) < R, and a nonnegative birthrate,
b(z,N) > 0, for all time t > 0. We measure population den-
sity in units of resource content, such that if R, is the density
of some limiting nutrient and each unit of prey density re-
quires density g of this nutrient for life, then R, = Ry, /q.

We assume the per capita prey death rate is density inde-
pendent, with stabilizing selection on trait values around an
optimum, m(z,N) = m(z) = my, + v(0 — z)*. Individu-
als with the optimum trait value, z = 6, have the minimum
per capita death rate, m,,, > 0. Per capita death rate in-
creases with the square of the deviation of the trait value
from the optimum, with quadratic selection strength v > 0.
Thus, in the absence of predators, there is a single selective
pressure, which drives the mean prey trait value, z, toward
the optimum, 6.

Finally, the selective push is modeled by assuming that
the per capita predation rate on prey with trait value z is
kf(z,N) = kf(z) = k[1 + v,(0 — 2)*], describing a system
where maladapted prey also suffer more predation. Prey
with the optimum trait value are predated on least, at per
capita rate k > 0, and the rate of predation increases qua-
dratically as prey traits vary from 6. Predation thus produces
a second selective pressure, which magnifies the strength of
selection and drives the mean prey phenotype toward the
optimum. In the supplementary Mathematica file, we also
analyze a model where the selective push originates from
predators preferentially consuming prey with the smallest
trait values (the results do not differ qualitatively).

With the above assumptions, trait and density depen-
dence never affect the same demographic rate, so the first
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three terms in equation (3) must be zero. Only the final
term remains, describing the selective push of predation
(—0f /0z >0 when z < 0).

In the supplementary Mathematica file, we analytically de-
rive the rate of change in prey density assuming prey trait
values are normally distributed with phenotypic variance
V.. Following Débarre and Otto (2016), we derive approx-
imations for the rate of evolution and the equilibrium additive
genetic variance in a large population assuming that mating is
random and that offspring inherit the average value of the
two parental trait values plus a small normally distributed
random effect with mean zero and variance o> (which mimics
segregation and recombination). We then use these approx-
imations to calculate the equilibrium density, steady-state
lag, and critical rate of environmental change.

Figure 2A shows how the mean prey trait value with a
predator (black) is pushed closer to the optimum than the
mean prey trait value without a predator (gray). Even though
predation decreases prey density for a given trait value (see
fig. 2B at time 0), predation indirectly increases prey density
in the long run through the above-mentioned selective push
(fig. 2B). Throughout, phenotypic variance remains roughly
constant near its predicted equilibrium value (fig. 2C). Fig-
ure 3A shows the various selective pressures experienced by
the prey population with (black) and without (gray) preda-
tion at the steady state shown in figure 2A-2C.

Figure 2D-2F shows the steady-state lag and equilib-
rium density and phenotypic variance as functions of the
rate of environmental change for a prey population with
(black) and without (gray) predation. Here we can see that
prey populations with a predator persist at higher rates of
environmental change than those without predators, dem-
onstrating that a selective push from predators can help prey
persist (N > 0) in more extreme environments. Finally, it
should be noted that higher rates of predation can depress
prey density to the point that the demographic cost of pre-
dation outweighs the selective push and predation no longer
helps prey persist (i.e., eq. [5] is not satisfied because the
negative second term dominates; see supplementary Math-
ematica file).

Generalist Example 2: Evolutionary Hydra Effect

Here we show that, even in the absence of a direct selective
effect, predation (or any other form of nonselective mor-
tality) can increase prey persistence when selection and
negative density dependence act on prey per capita birth-
rate. This occurs by increasing the rate of selective events
via the evolutionary hydra effect.

Let the per capita birthrate have the same form of linear
negative density dependence as in the previous example but
now also depend on trait value. We assume that, at a given den-
sity, only individuals with trait value z = 6 have the maxi-

mum per capita, per available resource birthrate, b,,,, > 0,
and that birthrate declines to zero as trait values deviate in ei-
ther direction from 6. Using a Gaussian form of decline, the
per capita birthrate is b(z, N) = by, exp[—(y/2)(0 — 2)]
(Rt — N), where v > 0 determines how quickly the birth-
rate declines with trait deviations from 6. We assume the
per capita death and predation rates are constants that do
not depend on trait values or density: m(z, N) = m and
kf(z,N) = k. Thus, with or without predators, the prey ex-
perience only one selection pressure (through births), al-
though the strength of this selection pressure now varies
with available resources, R, — N. Because predation affects
prey density it also changes the amount of available re-
sources in the system, altering the rate of selective events. Us-
ing the same assumptions as the previous example, we ana-
lyze the model in the supplementary Mathematica file and
summarize the results below.

Figure 4A shows that nonselective predation can help
prey adapt in a changing environment, and figure 4B shows
that being better adapted can translate into higher popula-
tion density at equilibrium. Figure 3B shows the selective
pressures experienced by the prey population with (black)
and without (gray) predation at the steady state shown in
figure 4A-4C. Figure 4D then illustrates how the higher
population densities with predation allow persistence at
faster rates of environmental change. Thus even nonselec-
tive predators can help prey persist by increasing the rate
of births and hence the rate of selective events (the evolu-
tionary hydra effect). As in the selective push example,
higher rates of predation can depress prey density to the
point that they overwhelm the benefit provided by the evo-
lutionary hydra effect, hindering prey persistence (the crit-
ical lag becomes smaller, causing the second term in eq. [5]
to become negative; see supplementary Mathematica file).

In this example, not only does the rate of change in prey
density directly depend on mean trait value, but the rate of
change in the mean trait value directly depends on prey density
(the latter was not true in the selective push example). There is
thus potential for strong eco-evolutionary feedbacks. In partic-
ular, large additive genetic variances strengthen feedbacks
that can cause eco-evolutionary cycles to emerge through a
Hopf bifurcation. These cycles can grow and become unstable,
causing prey extinction at rates of change smaller than the crit-
ical, 6. Such cycles require that evolutionary and ecological
changes occur on similar time frames and do not emerge when
genetic variation in the trait is small or predation intensity is
strong (see supplementary Mathematica file).

Specialist Predation

Specialist predators—those that primarily consume a sin-
gle prey species—require a sufficient amount of biomass
production by their prey to persist. Thus, if a specialist
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Figure 2: Selective push. A-C, Temporal dynamics of mean prey phenotype, population density, and phenotypic variance when the opti-
mum phenotype changes at rate 6 = 0.02. Dashed curves are analytical solutions for equilibrium values (supplementary Mathematica file).
Thick curves are numerical solutions (supplementary Mathematica file). Thin curves are results from one simulation (obscured by thick
curves in A; appendix). D-F, Equilibrium dynamics of steady-state phenotypic lag, population density, and phenotypic variance as functions
of the rate of environmental change. Curves give analytical results (supplementary Mathematica file). Dots give simulation results (mean + 1.96
SE of 10 replicates; appendix). Parameters: b,,,, = 0.01, R,, = 1,000, m,,,, = 0.1,y = 1,y = 1, « = 0.05, k = 0, (gray), k = 2 (black).

did not affect prey lag, the predator would go extinct at a
lower rate of environmental change than its prey (at the
point where prey biomass production dropped below the
threshold required for predator persistence), and therefore
specialists would not affect prey persistence. However,
specialist predators can affect prey lag in the same ways
that generalists can. It can therefore be reasoned that, if
a specialist predator reduced prey lag enough to maintain
sufficient prey biomass production at rates of environ-

mental change greater than that which would allow the
prey to persist on its own, the predator could sustain itself
and, by necessity, help its prey persist.

We demonstrate the above logic by explicitly modeling
specialist predator density, P, and trait values, z». In gen-
eral, per capita rates of prey birth (b), death (m), and pre-
dation (kf) could now depend on the traits and densities
of both species. However, our goal here is only to show
that the selective push and evolutionary hydra effect can
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also help prey persist when the predator is a specialist. In
the main text, we present an example where a selective
push arises from trait-matching coevolution. Coevolution
is not necessary, however, and we show in the supplemen-
tary Mathematica file that even nonevolving specialists
with a constant trait value, zp, can also promote persis-
tence in a manner similar to the generalist examples above
(via a selective push and/or the evolutionary hydra effect).
In all cases, the predator promotes prey persistence by in-
creasing prey adaptedness.

To model coevolution with a specialist, we let the pre-
dation rate depend on both prey and predator trait values
as well prey and predator densities. In the main text, we
assume trait matching, such that a predator is best able

to catch prey with the same trait value as itself. This could
be the case, for example, when z and z, describe spatial lo-
cations or times of peak activity or, alternatively, preda-
tor trait values could be defined on this basis (i.e., the trait
value of a predator is the trait value of prey they best con-
sume). The mean predator trait value then evolves toward
the mean prey trait value, while selection from predation
drives the mean prey trait value away. Specifically, we as-
sume the per prey rate of predation on prey with trait value
z by predators with trait value z, is kf(z,z,,P) = kx
max [0,1 — (v,/2)(z — z,)’]P. At given densities, preda-
tion occurs at the maximum per prey per predator rate k >
0 when the trait values match. This rate falls off quadrati-
cally at rate v, > 0 as the trait values diverge from one an-
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other. In our analytic approximations, we assume that v, is
small enough that f(z, z,, P) remains positive for the vast
majority of prey and predators.

We assume predators are born at per capita rate ekf(z, z,
P)N, where e describes how efficiently consumed prey are
turned into new predators and die at constant per capita rate
mp. Thus the predator is not directly affected by the chang-
ing abiotic optimum, 0, but is indirectly influenced through
its effect on the prey. Like the prey, predators are assumed to

randomly mate, with their offspring inheriting the mean trait
value of the two parents plus a random normal segregation
effect with mean 0 and variance o;j. We assume predator trait
values remain normally distributed with mean z, and vari-
ance V_p.

The prey’s per capita birthrate is assumed to be b(N, P) =
bpax(Rot — N — P), where we subtract P from R,,, — N to ac-
count for resources bound up in predators. The prey’s per
capita mortality rate is m(z) = my, + (y/2)(0 — 2)°, de-
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scribing stabilizing selection around z = 6. Prey growth
rate in this model is therefore similar to what it was in the
selective push example given above, except that the preda-
tion rate now depends on how close prey trait values are
to predator trait values (instead of how close they are to 0)
and on predator density. We provide analytical results for
this model in the supplementary Mathematica file and here
present a brief summary.

None of the prey’s per capita rates depend on both trait
value and prey density, and therefore there can be no evo-
lutionary hydra effect (the first three terms in eq. [3] are
zero). Instead we find, as expected, that direct selection
from the coevolving specialist predator (3f /9z) can have
dramatic effects on prey adaptation. At low to intermediate
rates of environmental change, demographic and coevolu-
tionary cycles occur (explaining the deviation from equilib-
rium in figure 5A and the large variance in the simulation
results in figure 5D at low to intermediate §; evolutionary
stability analysis in the supplementary Mathematica file).
At fast rates of change, the cycles dissipate and the preda-
tor can push the prey mean trait value to evolve in advance
of its changing optimum (fig. 5A-5C). Finally, at yet faster
rates of change, the mean prey trait value falls back toward
the optimum (fig. 5D). The decrease in the absolute value
of prey lag at sufficiently fast rates of environmental change
is caused by the selective push of predation (cf. gray to black
in fig. 5D). This push maintains both prey and predator
populations at rates of change that would cause prey ex-
tinction in the absence of the specialist predator (fig. 5E).
Thus, when the specialist promotes prey persistence, both
prey and predator must go extinct at the same rate of en-
vironmental change (since the prey cannot persist at suf-
ficiently high rates of environmental change without the
predator). Interestingly, in this example, extinction occurs
not where the prey and predator densities simultaneously
pass through zero but where they simultaneously become
complex (a catastrophic saddle-node bifurcation; see sup-
plementary Mathematica file for details). These results im-
ply that small increases in the rate of environmental change
can cause seemingly sustainable communities to suddenly
go extinct.

As shown in the supplementary Mathematica file, even
if specialist predators do not directly exert selection on the
prey, they can also allow prey to persist at more extreme
rates of environmental change via the evolutionary hydra
effect (if they increase prey birthrates and if fitter prey in-
dividuals are more likely to give birth). Again, the prey
population with predators persists at higher rates of envi-
ronmental change than it could withstand without preda-
tors because of the increased rate of selective events (re-
duced generation time). When this occurs, both prey and
predator go extinct at the exact same rate of environmental
change.

Discussion

We have shown two ways that predators can help prey per-
sist in a gradually changing environment. The first is termed
the selective push and is the more intuitive phenomenon.
Here predation acts to increase the strength of directional se-
lection toward the optimum, and it thus speeds adaptation.
Importantly, we have shown that this increase in the speed
of adaptation can help prey persist in more extreme environ-
ments, despite the mortality imposed by predation. Similar
ideas have been described to explain the potential effects of
both predators (Jones 2008) and competitors (Osmond and
de Mazancourt 2013) on a focal population’s ability to adapt
and persist in a changing environment. Surprisingly, the sec-
ond way we find predators to help prey persist does not re-
quire the predator to exert a direct selective pressure on the
prey. Instead, decreases in prey density feedback to increase
rates of prey evolution. We term the phenomenon of in-
creased prey mortality increasing rates of prey evolution the
evolutionary hydra effect and demonstrate with specific
examples that this can indeed lead to increased prey persis-
tence. While our study has been motivated by recent empir-
ical work on predation (Tseng and O’Connor 2015), the se-
lective push and evolutionary hydra effect can equally arise
from other sources of mortality, for example, from parasit-
ism, competition, additional environmental stressors, or po-
tentially even cannibalism. In particular, equations (3) and
(5) continue to apply to other sources of mortality whose
strength is also proportional to k.

Selective Push

A selective push acts much like an increase in the strength
of selection (e.g., total strength of selection in the example
in the main text equals y + kv,). Previous models of sexu-
ally reproducing populations evolving alone in continuously
changing environments have also shown that increasing the
strength of selection can help persistence. For example, Lynch
and Lande (1993) and Biirger and Lynch (1995, 1997) found
the critical rate of environmental change to be maximized
at intermediate strengths of selection, as we find here (at in-
termediate rates of predation, k). In contrast, more recent
treatments (Jones 2008; Mellard et al. 2015) have found in-
termediate strengths of selection to minimize prey persis-
tence. In the case of Mellard et al. (2015), the discrepancy
is the result of differing model assumptions. They assume
the prey is monomorphic (except for the occasional appear-
ance and loss or fixation of mutations), and hence there is
no decline in mean prey growth rate due to trait variance
around the mean (genetic load; Lande and Shannon 1996),
which decreases the cost of strong selection. They also assume
that the rate of evolution is proportional to the population-
scaled mutation rate, Ny, instead of additive genetic variance.
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Since weakening selection increases equilibrium population
sizes, N, it also increases the response to selection (in contrast,
in our model, the additive genetic variance reaches an equilib-
rium that is independent of selection or N). Together, these
assumptions allow prey persistence to be maximized at the
extremes of selection. The discrepancy with the simulations
of Jones (2008) is due to the range of selection strengths he

examined. The parameter values in Jones (2008) were bor-
rowed from Biirger and Lynch (1995). The latter went on
to show, however, that persistence is often maximized at in-
termediate values when examining a wider range of selection
strengths. Thus, our results are consistent with previous
quantitative genetic models while demonstrating that preda-
tion can be the cause of the increased selection strength.
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Evolutionary Hydra Effect

The evolutionary hydra effect—increasing mortality caus-
ing faster evolution—is related to previous ideas in the lit-
erature. For example, Zeineddine and Jansen (2009) have
shown how increasing adult mortality can theoretically in-
crease rates of evolution and therefore explain why an an-
nual life history may be favored over a perennial one in
changing environments. Similarly, Kuparinen et al. (2010,
and references within) discuss how adaptation to longer
growing seasons is hampered by low adult mortality in
long-lived tree species and use simulations to show that in-
creasing mortality enhances adaptation. Our study extends
this previous work by including the possibility that preda-
tors could be the cause of increased mortality and, more im-
portantly, by analyzing when the increase in adaptedness
brought about by the evolutionary hydra effect outweighs
the mortality cost and helps populations persist.

Increased mortality has been shown to increase persis-
tence in models of evolutionary rescue following an abrupt
environmental change. In these models, mortality facilitates
persistence by decreasing competition (Uecker et al. 2014)
and maladaptive epistasis (Uecker and Hermisson 2016).
This increases the probability of adaptation by increasing
the probability of establishment of beneficial genotypes. These
population genetic models assume nonoverlapping genera-
tions with fixed generation times, where mortality affects ad-
aptation by altering survival probabilities. The evolutionary
hydra effect describes another way for mortality to increase
rates of evolution and aid persistence: by decreasing genera-
tion times.

Generation times can be reduced in populations with
overlapping generations (including, e.g., univoltine insects
with resting stages and annual plants with seed banks) and
in populations with nonoverlapping generations where
the time between generations can diminish (e.g., biennial
plants becoming annuals). However, the evolutionary hy-
dra effect cannot act in populations with nonoverlapping
generations where the time between breeding seasons is
fixed (e.g., in univoltine insects and annual plants with no
resting stages or seed banks). Nonselective death could then
still help prey persist but not by reducing generation time
and only under arguably more complex scenarios. For ex-
ample, if decreased population density disproportionally
increased the birthrate of well-adapted individuals, then in-
creased random mortality could accelerate evolution and
aid persistence.

Specialist Predators and Coevolution

We have found that specialist predators, like generalists,
can help prey adapt and persist. The main difference be-
tween specialist and generalist predators is the presence

or absence of demographic feedbacks (as well as evolution-
ary feedbacks in the case of a coevolving specialist), where
declining prey numbers sustain fewer specialist predators
and thus reduce the rate of deaths from predation. These de-
mographic feedbacks are a double-edged sword. At low pre-
dation intensities, the specialist predator becomes rare and
loses its ability to help the prey adapt at high rates of environ-
mental change. In this case, a generalist (i.e., with constant
predator density) could nevertheless help the prey adapt
and persist. On the other hand, at high predation intensities,
prey can persist in the presence of a specialist predator at
higher rates of environmental change than they can with a
generalist, because the specialist becomes rare as the prey be-
comes less well adapted and does not induce too high a mor-
tality cost. As a consequence, whether a specialist or a gener-
alist predator better allows prey to persist in rapidly changing
environments depends on the exact model conditions and
particularly on the intensity of predation (fig. 6).

There are at least three other theoretical studies sug-
gesting that coevolution with specialist predators can, at
least temporarily, facilitate prey persistence in changing en-
vironments. The earliest of these is Jones (2008), who uses
simulations to show that coevolution between a specialist
predator and its prey can often increase the prey popula-
tion’s persistence time, given that all finite populations have
some chance of going extinct each generation (Biirger and
Lynch 1995). While the model in Jones (2008) differs from
ours in a number of ways (e.g., nonoverlapping generations,
density-independent predation), both studies show that
predator-prey coevolution can help prey persist when they
otherwise would not. Here we analytically clarify why co-
evolution can help: a selective push from coevolution can
reduce prey lags enough to allow prey growth at rates of en-
vironmental change that would otherwise cause extinction.

In another study, Northfield and Ives (2013) show that
coevolution between a specialist predator and its prey can
reduce the effect of small environmental changes on equi-
librium densities of both prey and predator through nega-
tive feedbacks. We also observe negative feedbacks in our
coevolutionary specialist predator model. This is particu-
larly apparent in a constant environment, where the eco-
evolutionary system, as parameterized, is predicted to cycle.
Here, the mean prey trait departs from the abiotic opti-
mum, decreasing prey growth rate, which decreases preda-
tor density. As predator density declines, the predator’s se-
lective pressure on the prey dissipates, allowing the prey to
evolve back toward the abiotic optimum, increasing prey
growth rates and, hence, predator density. Despite the sim-
ilar feedback, direct comparison with Northfield and Ives
(2013) is difficult since they model one-step changes in
the environment, allowing them to compare models with
and without evolution. With a continuous environmental
change, the absence of evolution at any nonzero rate of en-
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vironmental change would cause the mean prey trait lag to
grow indefinitely, bringing both populations to extinction.
We instead compare models with and without a specialist
predator (fig. 5), a comparison Northfield and Ives (2013)
do not make, allowing us to ask whether the presence of a
predator (not evolution) helps the prey adapt and persist.

In a third theoretical study, Mellard et al. (2015) find
that a specialist predator can increase prey persistence
times under strict conditions. The strict condition is that
coevolution causes the mean prey trait to evolve in the di-
rection of the environmental change before the environ-
ment begins to change, giving the prey a head start. This
transient effect, not observed in our steady-state results,
does not affect the critical rate of environmental change
and hence the ability of large populations to persist indef-
initely in changing environments. That is, Mellard et al.
(2015) show that a selective push from the predator can

increase prey persistence time but not whether it can in-
crease long-term prey persistence. We extend this result
by showing that the selective push from predator-prey co-
evolution can also affect long-term prey persistence.
Finally, there is one additional piece of theory that, de-
spite assuming a constant environment and no evolution,
aligns surprisingly closely with our results. Holt and Bar-
field (2009) discuss how predation affects the geographic
range limits of prey when assuming that prey become in-
creasingly maladapted away from the center of their range.
This situation turns out to be roughly analogous to ours
when one replaces time with space. Despite the fact that
prey traits are fixed in their models (i.e., there is no evolu-
tion), Holt and Barfield (2009) reach many of the same
conclusions. First, they find that generalist predators can
expand prey ranges when mortality increases prey density
(the nonevolutionary hydra effect per Abrams 2009, a sce-
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nario we do not consider). Second, they find that specialist
predators make demographic stability more likely nearer
prey range edges (here nearer the critical rate of environ-
mental change; stability analysis in supplementary Mathe-
matica file) and maximize prey density away from its range
center (here away from a constant environment; fig. 5E).
Finally, Holt and Barfield (2009) find that specialist preda-
tors are less likely to determine prey range edges than gen-
eralist predators but may do so under special circumstances.
One of these circumstances is sufficient predator dispersal,
which, when replacing space with time, uncouples predator
survival from local prey densities (acting more like our gen-
eralist model). Another special circumstance is when the spe-
cialist predator causes prey to flee and colonize new patches
in a metapopulation, expanding the prey’s range, which is
roughly analogous to causing the prey to evolve faster in
our model. Combining the two models to look at the effect
of predators on the evolution of range edges could produce
interesting predictions.

Empirical Work

Few empirical studies examine the effect of predators on
adaptation to environmental change. A notable exception
is Tseng and O’Connor (2015), who raised Daphnia pulex
at a range of temperatures with or without predatory Chao-
borus larvae. They found that Daphnia populations reared
with predators evolved smaller body sizes than those pop-
ulations without, potentially increasing the adaptedness of
this ectotherm in warmer waters (Atkinson and Sibly 1997).
Consistent with this adaptive hypothesis is the fact that, in
warmer waters, Daphnia had higher intrinsic growth rates
with predators than without. However, Daphnia population
sizes tended to be smaller with predators than without, at
all temperatures, and at the highest temperature assayed,
Daphnia populations with predators went extinct before
those without, suggesting that Chaoborus hinders Daphnia
persistence. Interpreted in the light of our analysis, the
benefits of greater adaptation do not outweigh the demo-
graphic costs (eq. [3] is satisfied, but eq. [5] is not).

More experiments in this area are needed to see if the po-
tential selective benefits of predation ever outweigh its de-
mographic costs. It would be especially interesting to exam-
ine the dynamics of prey near their extinction threshold (6.)
and see how this threshold is affected by the presence of
predators. This could be done by adding a predator treat-
ment in experiments with gradual environmental change
(e.g., Willi and Hoffmann 2009) or, perhaps more easily,
by adding a predator treatment in evolutionary rescue
experiments with a single abrupt environmental change
(e.g., Bell and Gonzalez 2009). Alternatively, predation
could be imposed by the experimenter themselves. For ex-
ample, a selective push would result from the occasional re-

moval of individuals that are maladapted. Or, in a system
where intraspecific competition is reducing prey birthrate
and better-adapted prey produce more offspring, the evolu-
tionary hydra effect could be induced by diluting the pop-
ulation at a higher rate.

Conclusion

We are in need of theory that explains and predicts how
communities respond to environmental change (Low-
Décarie et al. 2015). With communities comes species inter-
actions, which affect how—and if—populations within
communities adapt (Lavergne et al. 2010). Trophic interac-
tions are ubiquitous, and it has been shown, both theoreti-
cally (Jones 2008; Northfield and Ives 2013; Mellard et al.
2015) and empirically (Tseng and O’Connor 2015), that
predators can help prey adapt. However, whether predators
can ever help prey persist has remained unclear. Here we
have theoretically demonstrated that predators can indeed
help prey persist, despite the mortality cost that predation
imposes, and have highlighted two ways that this can occur.
Predators can help prey adapt and persist through a selec-
tive push or through the newly defined evolutionary hydra
effect whereby increasing prey death rates accelerate prey
evolution by decreasing generation times. We have thus
shown that predators can catalyze adaptation and allow prey
to persist in more extreme environments, but it remains an
open question how often this occurs in nature.
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APPENDIX

Simulation Methods

Individual-based simulations followed a Gillespie algo-
rithm (Gillespie 1977). Populations were represented by a
vector of trait values (one entry for each individual), which
was initiated by choosing n entries (corresponding to de-
mographic equilibrium in the absence of selection) from a
random normal distribution with mean 0 and variance
202 (the predicted equilibrium phenotypic variance).



For each iteration, (1) the propensities for each type of re-
action (birth, death, predation) were calculated for each indi-
vidual; (2) the propensities were summed to give the total
propensity, a,; (3) time was increased by 7 = —log(r,)/ay,
where r, is a random uniform number in [0, 1); (4) a partic-
ular reaction was chosen by giving a reaction with propen-
sity a; a probability of occurrence a;/a, and choosing a ran-
dom uniform number in [0, 1); and (5) the reaction occurred,
and abundances were updated accordingly. To speed up the
coevolutionary simulations, we made the propensity for a
prey to be predated a function of the difference between its
trait value and the mean predator trait value (instead of a sep-
arate value for each predator individual) and the propensity
for a predator to capture a prey a function of the difference
between its trait value and the mean prey trait value (instead
of a separate value for each prey individual). When an indi-
vidual was chosen to reproduce, a second individual of the
same population was chosen randomly as the mate (possibly
the same individual), and the offspring inherited the average
of the two parental trait values plus a random normal effect
with mean 0 and variance o’

The abundances and the mean and variance in the trait
distributions were recorded every 10 iterations (events).
Simulations ended when the prey went extinct or the final
time was reached, t > 10* (or t > 2 x 10 in the evolution-
ary hydra example). Means of the final 10 recorded values
were used to estimate steady-state lags, equilibrium popula-
tion densities, and equilibrium genetic variances across rep-
licates.

All simulations were written in Python (ver. 2.7.10; http://
www.python.org/) and run on WestGrid’s Orcinus cluster.
Example scripts are available as supplementary material.

Literature Cited

Abrams, P. A. 2000. The evolution of predator-prey interactions:
theory and evidence. Annual Review of Ecology and Systematics
31:79-105.

.2009. When does greater mortality increase population size?
the long history and diverse mechanisms underlying the hydra ef-
fect. Ecology Letters 12:462-474.

Atkinson, D., and R. M. Sibly. 1997. Why are organisms usually big-
ger in colder environments? making sense of a life history puzzle.
Trends in Ecology and Evolution 12:235-239.

Bell, G., and A. Gonzalez. 2009. Evolutionary rescue can prevent ex-
tinction following environmental change. Ecology Letters 12:942—-
948.

Bradshaw, W. E., and C. M. Holzapfel. 2001. Genetic shift in photo-
periodic response correlated with global warming. Proceedings of
the National Academy of Sciences of the USA 98:14509-14511.

Biirger, R., and M. Lynch. 1995. Evolution and extinction in a changing
environment: a quantitative-genetic analysis. Evolution 49:151-163.

. 1997. Adaptation and extinction in changing environments.

Pages 209-239 in R. Bijlsma and V. Loeschcke, eds. Environmen-

tal stress, adaptation and evolution. Birkhauser, Basel.

When Predators Help Prey Persist 97

Chevin, L.-M., R. Lande, and G. M. Mace. 2010. Adaptation, plastic-
ity, and extinction in a changing environment: towards a predic-
tive theory. PLoS Biology 8:e1000357.

Davis, M., R. Shaw, and J. R. Etterson. 2005. Evolutionary responses
to changing climate. Ecology 86:1704-1714.

Dawkins, R., and J. R. Krebs. 1979. Arms races between and within
species. Proceedings of the Royal Society B 205:489-511.

Débarre, F., and S. P. Otto. 2016. Evolutionary dynamics of a quan-
titative trait in a finite asexual population. Theoretical Population
Biology 108:75-88.

de Mazancourt, C,, E. Johnson, and T. G. Barraclough. 2008. Biodi-
versity inhibits species’ evolutionary responses to changing envi-
ronments. Ecology Letters 11:380-388.

Gienapp, P., M. Lof, T. E. Reed, ]. McNamara, S. Verhulst, and M. E.
Visser. 2013. Predicting demographically sustainable rates of ad-
aptation: can great tit breeding time keep pace with climate
change? Philosophical Transactions of the Royal Society B 368:
20120289.

Gienapp, P., C. Teplitsky, J. Alho, J. Mills, and ]. Merild. 2008. Cli-
mate change and evolution: disentangling environmental and ge-
netic responses. Molecular Ecology 17:167-178.

Gillespie, D. T. 1977. Exact stochastic simulation of couple chemical
reactions. Journal of Physical Chemistry 81:2340-2361.

Gilman, S. E., M. C. Urban, J. Tewksbury, G. W. Gilchrist, and R. D.
Holt. 2010. A framework for community interactions under cli-
mate change. Trends in Ecology and Evolution 25:325-331.

Harrington, R., . Woiwod, and T. Sparks. 1999. Climate change and
trophic interactions. Trends in Ecology and Evolution 14:146-
150.

Hoffmann, A. A., and C. M. Sgro. 2011. Climate change and evolu-
tionary adaptation. Nature 470:479-485.

Holt, A.R,, Z. G. Davies, C. Tyler, and S. Staddon. 2008. Meta-analysis
of the effects of predation on animal prey abundance: evidence
from UK vertebrates. PLoS ONE 3.

Holt, R. D. 1990. The microevolutionary consequences of climate
change. Trends in Ecology and Evolution 5:311-315.

Holt, R. D., and M. Barfield. 2009. Trophic interactions and range
limits: the diverse roles of predation. Proceedings of the Royal So-
ciety B 276:1435-1442.

Huey, R. B, C. A. Deutsch, J. J. Tewksbury, L. J. Vitt, P. E. Hertz, H. J.
Alvarez Pérez, and T. Garland. 2009. Why tropical forest lizards are
vulnerable to climate warming. Proceedings of the Royal Society B
276:1939-1948.

Johansson, J. 2008. Evolutionary responses to environmental changes:
how does competition affect adaptation? Evolution 62:421-435.

Jones, A. G. 2008. A theoretical quantitative genetic study of negative
ecological interactions and extinction times in changing environ-
ments. BMC Evolutionary Biology 8:119.

Kuparinen, A., O. Savolainen, and F. M. Schurr. 2010. Increased
mortality can promote evolutionary adaptation of forest trees to
climate change. Forest Ecology and Management 259:1003-1008.

Lande, R. 1976. Natural selection and random genetic drift in phe-
notypic evolution. Evolution 30:314-334.

Lande, R, and S. Shannon. 1996. The role of genetic variation in ad-
aptation and population persistence in a changing environment.
Evolution 50:434-437.

Lavergne, S., N. Mouquet, W. Thuiller, and O. Ronce. 2010. Biodi-
versity and climate change: integrating evolutionary and ecologi-
cal responses of species and communities. Annual Review of Ecol-
ogy, Evolution, and Systematics 41:321-350.



98 The American Naturalist

Lawrence, D., F. Fiegna, V. Behrends, J. G. Bundy, A. B. Phillimore, T.
Bell, and T. G. Barraclough. 2012. Species interactions alter evolution-
ary responses to a novel environment. PLoS Biology 10:e1001330.

Low-Décarie, E., M. Kolber, P. Homme, A. Lofano, A. Dumbrell, A.
Gonzalez, and G. Bell. 2015. Community rescue in experimental
metacommunities. Proceedings of the National Academy of
Sciences of the USA 112:14307-14312.

Lynch, M., W. Gabriel, and A. M. Wood. 1991. Adaptive and demo-
graphic responses of plankton populations to environmental change.
Limnology and Oceanography 36:1301-1312.

Lynch, M., and R. Lande. 1993. Evolution and extinction in response
to environmental change. Pages 234-250 in P. Karieva, J. King-
solver, and R. Huey, eds. Biotic interactions and global change.
Sinauer, Sunderland, MA.

Mellard, J. P., C. de Mazancourt, and M. Loreau. 2015. Evolution-
ary responses to environmental change: trophic interactions affect
adaptation and persistence. Proceedings of the Royal Society B 282:
20141351.

Moller, A. P., D. Rubolini, and E. Lehikoinen. 2008. Populations of
migratory bird species that did not show a phenological response
to climate change are declining. Proceedings of the National Acad-
emy of Sciences of the USA 105:16195-16200.

Norberg, J., M. C. Urban, M. Vellend, C. A. Klausmeier, and N. Loe-
uille. 2012. Eco-evolutionary responses of biodiversity to climate
change. Nature Climate Change 2:747-751.

Northfield, T. D., and A. R. Ives. 2013. Coevolution and the effects of
climate change on interacting species. PLoS Biology 11:1001685.

Osmond, M. M., and C. de Mazancourt. 2013. How competition
affects evolutionary rescue. Philosophical Transactions of the Royal
Society B 368:20120085.

Parmesan, C. 2006. Ecological and evolutionary responses to recent
climate change. Annual Review of Ecology, Evolution, and Sys-
tematics 37:637-669.

Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of
climate change impacts across natural systems. Nature 421:37-42.

Pease, C., R. Lande, and J. Bull. 1989. A model of population growth, dis-
persal and evolution in a changing environment. Ecology 70:1657-
1664.

Reynolds, J. C.,and S. C. Tapper. 1996. Control of mammalian predators
in game management and conservation. Mammal Review 26:127-
156.

Reznick, D. N., C. K. Ghalambor, and K. Crooks. 2008. Experimental
studies of evolution in guppies: a model for understanding the
evolutionary consequences of predator removal in natural com-
munities. Molecular Ecology 17:97-107.

Salo, P., P. B. Banks, C. R. Dickman, and E. Korpiméki. 2010. Pred-
ator manipulation experiments: impacts on populations of terres-
trial vertebrate prey. Ecological Monographs 80:531-546.

Schoener, T. W., D. A. Spiller, and J. B. Losos. 2001. Predators in-
crease the risk of catastrophic extinction of prey populations. Na-
ture 412:183-186.

Smith, R. K., A. S. Pullin, G. B. Stewart, and W. J. Sutherland. 2010.
Effectiveness of predator removal for enhancing bird populations.
Conservation Biology 24:820-829.

Thomas, M. K., C. T. Kremer, C. A. Klausmeier, and E. Litchman.
2012. A global pattern of thermal adaptation in marine phyto-
plankton. Science 338:1085-1088.

Tseng, M., and M. 1. O’Connor. 2015. Predators modify the evolu-
tionary response of prey to temperature change. Biology Letters
11:20150798.

Tylianakis, J. M., R. K. Didham, J. Bascompte, and D. A. Wardle.
2008. Global change and species interactions in terrestrial ecosys-
tems. Ecology Letters 11:1351-1363.

Uecker, H., and J. Hermisson. 2016. The role of recombination in
evolutionary rescue. Genetics 202:721-732.

Uecker, H., S. P. Otto, and J. Hermisson. 2014. Evolutionary rescue
in structured populations. American Naturalist 183:E17-E35.
Van der Putten, W. H., M. Macel, and M. E. Visser. 2010. Predicting spe-
cies distribution and abundance responses to climate change: why it
is essential to include biotic interactions across trophic levels. Phil-

osophical Transactions of the Royal Society B 365:2025-2034.

Visser, M. E. 2008. Keeping up with a warming world; assessing the
rate of adaptation to climate change. Proceedings of the Royal So-
ciety B 275:649-659.

Willi, Y., and A. A. Hoffmann. 2009. Demographic factors and genetic
variation influence population persistence under environmental
change. Journal of Evolutionary Biology 22:124-133.

Zeineddine, M., and V. Jansen. 2009. To age, to die: parity, evolu-
tionary tracking and Cole’s paradox. Evolution 63:1498-1507.

Associate Editor: Charles J. Goodnight
Editor: Yannis Michalakis



