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ABSTRACT: Species interact in landscapes where environmental
conditions vary in time and space. This variability impacts how species
select habitat patches. Under equilibrium conditions, evolution of this
patch selection can result in ideal free distributions where per capita
growth rates are zero in occupied patches and negative in unoccupied
patches. These ideal free distributions, however, do not explain why
species occupy sink patches, why competitors have overlapping spatial
ranges, or why predators avoid highly productive patches. To under-
stand these patterns, we solve for coevolutionarily stable strategies
(coESSs) of patch selection for multispecies stochastic Lotka-Volterra
models accounting for spatial and temporal heterogeneity. In occupied
patches at the coESS, we show that the differences between the local
contributions to the mean and the variance of the long-term popula-
tion growth rate are equalized. Applying this characterization to models
of antagonistic interactions reveals that environmental stochasticity can
partially exorcize the ghost of competition past, select for new forms of
enemy-free and victimless space, and generate hydra effects over evo-
lutionary timescales. Viewing our results through the economic lens
of modern portfolio theory highlights why the coESS for patch selection
is often a bet-hedging strategy coupling stochastic sink populations.
Our results highlight how environmental stochasticity can reverse or
amplify evolutionary outcomes as a result of species interactions or spa-
tial heterogeneity.

Keywords: coevolution, habitat selection, environmental stochasticity,
portfolio theory, evolutionarily stable strategy.

Introduction

Evolution of habitat choice plays a key role in shaping the
distribution and abundance of species. Evolutionary drivers
of this choice include spatial and temporal variation in abi-
otic conditions among habitat patches and species interac-
tions within habitat patches. One successful theoretical ap-
proach to evaluate the relative importance of these drivers
assumes that individuals can freely chose their habitat
patches with no costs to dispersal (Fretwell and Lucas
1969; Rosenzweig 1981, 1991; Holt 1997; Morris 2003;
Kfivan et al. 2008; Morris 2011). Under equilibrium con-
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ditions, this theoretical approach provides empirically sup-
ported predictions about the spatial distributions of pred-
ators and their prey (Oksanen et al. 1995; Schreiber et al.
2000) and competing species (Lawlor and Maynard Smith
1976; Diamond 1978; Connell 1980). In temporally vari-
able environments, this approach also provides an evolu-
tionary explanation of why populations occupy habitat
patches where deaths exceed births (Holt 1997; Jansen
and Yoshimura 1998; Schreiber 2012). Despite these sig-
nificant advances, there is not a comprehensive approach
for how temporal variation, spatial heterogeneity, and spe-
cies interactions simultaneously drive the coevolution of
habitat choices. Here, we introduce one such framework.

When individuals select habitat patches to maximize their
fitness, theory predicts that the population will reach an
ideal free distribution in which the per capita growth rates
are equal in all of the occupied patches and lower in the un-
occupied patches (Fretwell and Lucas 1969; Kfivan et al.
2008). Two classical concepts, enemy-free space and the
ghost of competition past, from evolutionary ecology fol-
low from this ideal free theory. Jeffries and Lawton (1984)
defined enemy-free space as “ways of living that reduce
or eliminate a species’ vulnerability to one or more species
of natural enemies” (p. 269). In a spatial context, enemy-free
space corresponds to a species living in habitat patches where
there are fewer or no natural enemies, a phenomenon that
has been observed in several empirical systems (Denno
et al. 1990; Fox and Eisenbach 1992; Berdegue et al. 1996;
Murphy 2004; Cole et al. 2005; Heisswolf et al. 2005; Ka-
minski et al. 2010; Roy et al. 2011; Murphy et al. 2014;
Greeney et al. 2015). Ideal free distributions of predators
and their prey yield enemy-free space when patches of
lower quality for the prey are also lower quality for the
predator (Schreiber et al. 2000; Schreiber and Vejdani
2006). Consistent with these theoretical predictions, Fox
and Eisenbach (1992) found that diamondback moths
(Plutella xylostella) preferentially laid eggs on collards and
red cabbage grown on low-fertilized soils while its main
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parasitoid, an ichneumonid wasp (Diadegma insulare), pret-
erentially searched for hosts on collards grown on high-
fertilized soils. These contrary choices occurred despite
diamondback moth larvae, in the absence of the wasps,
having higher survival rates and growing to larger sizes on
host plants from high-fertilized soils.

For competing species, ideal free theory predicts that
eventually competitors never occupy the same habitat patch.
At equilibrium, each species occupies only patches in which
it is competitively superior (Lawlor and Maynard Smith
1976). As competitive interactions from the past led to hab-
itat choices eliminating competition in the present, this out-
come is known as “the ghost of competition past” (Connell
1980). Such a haunting may explain the spatial distribution
of two Crateroscelis warblers species in New Guinea (Dia-
mond 1973, 1978), where one species abruptly replaces
the other at an altitude of 1,643 m. Despite this sharp tran-
sition in warblers, shifts in abundance of competing species
typically are more gradual with substantive regions of over-
lap (Noon 1981; Chettri and Acharya 2010; Campos-
Cerqueira et al. 2017; Burner et al. 2019). Along these re-
gions of overlap, each competitor may shift from living in
source patches (e.g., where it is competitively dominant) to
living in sink patches (e.g., where it is competitively infe-
rior; Amarasekare and Nisbet 2001).

Under equilibrium conditions, ideal free theory predicts
that birth rates equal death rates in occupied patches. Con-
sequently, there can be no sink populations—local popula-
tions whose death rates exceed their birth rates (Holt 1985;
Pulliam 1988; Pulliam and Danielson 1991). Nonetheless,
sink populations have been observed in many taxonomic
groups, including birds (Dias et al. 1996; Vierling 2000;
Keagy et al. 2005; Tittler et al. 2006), plants (Kadmon and
Tielborger 1999), mammals (Kreuzer and Huntly 2003;
Robinson et al. 2008; Monson et al. 2011), reptiles (Manier
and Arnold 2005), amphibians (Rowe et al. 2001), and fishes
(Hénfling and Weetman 2006; Barson et al. 2009; McDowall
2010). Indeed, a meta-analysis of 90 source-sink assess-
ments found that 60% of the studied populations were iden-
tified as sink populations (Furrer and Pasinelli 2016). These
sink populations can be either unconditional or conditional
sink populations (Loreau et al. 2013). Unconditional sink
populations have negative per capita growth rates in the ab-
sence of conspecific and antagonistic interactions. Alterna-
tively, conditional sink populations have negative per capita
growth rates due to high densities of conspecifics (Watkin-
son and Sutherland 1995), heterospecific competitors (Ama-
rasekare and Nisbet 2001), or predators (Holt 1977).

Patch selection theory for single-species models suggests
that unconditional sink populations may evolve in tempo-
rally variable environments (Holt 1997; Jansen and Yoshi-
mura 1998; Schmidt et al. 2000; Jonzén et al. 2004; Schreiber
2012). Intuitively, making use of low-quality but environ-

mentally stable patches can buffer populations against envi-
ronmental fluctuations in patches that, on average, are of
higher quality (Cohen 1966; Holt 1997; Jansen and Yoshi-
mura 1998; Kisdi 2002; Schreiber 2012). However, whether
this evolutionary explanation also extends to sink popula-
tions in a community context remains largely unexplored.
A notable exception is the work of Schmidt et al. (2000),
who studied the evolution of patch choice for two compet-
ing species in a fluctuating environment with two habitat
patches. They found that these environmental fluctuations
can result in patches being occupied by both competitors
and thereby partially exorcize the ghost of competition past.
However, to what extent these conclusions apply to more
than two competing species (or other forms of species inter-
actions) or landscapes of greater complexity is unknown.

Here, we introduce a framework for analyzing the coevo-
lution of patch selection for multispecies communities in
spatially and temporally heterogeneous environments.
The framework involves stochastic counterparts of the gen-
eral Lotka-Volterra models that have been a mainstay of
theoretical work in community ecology (May 1975; Holt
1977; Polis and Holt 1992; Law and Morton 1996; Chesson
and Kuang 2008; Edwards and Schreiber 2010; Rohr et al.
2016; Schreiber et al. 2018). For these models, we explore
coevolutionarily stable strategies (coESSs) for patch selec-
tion whereby each species has its own patch selection strat-
egy and any subpopulation playing a different strategy fails
to establish (Roughgarden 1979; Brown and Vincent 1987;
Foster and Young 1990; Rand et al. 1994; Feng et al. 2022).
Using an analytically tractable characterization of the
coESSs, we examine several questions. First, for species play-
ing the coESS for patch selection, we ask: Is there any demo-
graphic quantity that is equal in all occupied patches? We
provide a positive answer to this question and thereby ex-
tend earlier work on single-species models (Schreiber 2012;
Evans et al. 2015). Second, when do sink population evolve?
In particular, as earlier theory only considered single-species
models (Holt 1997; Jansen and Yoshimura 1998; Schreiber
2012; Evans et al. 2015), when do species interactions result
in the evolution of conditional versus unconditional sink
populations? Finally, in what ways does environmental
stochasticity exorcize the ghost of competition past, and
in what ways does it amplify or dampen the evolution of
enemy-free space? Collectively, the answers to these ques-
tions highlight the interactive effects of spatial heterogene-
ity, temporal variation, and species interactions on the evo-
lution of habitat choice.

Models and Methods

We model a community of # species living in an environ-
ment with k patches. These patches may represent distinct
habitats, patches of the same habitat type, or combinations



thereof. The dynamics within a patch are modeled by sto-
chastic Lotka-Volterra differential equations (May 1973,
1975; Turelli 1977, 1978; Turelli and Gillespie 1980; Turelli
1986; Lande et al. 2003; Schreiber et al. 2011; Evans et al.
2013, 2015; Nolting and Abbott 2016; Hening and Nguyen
2018b, 2018¢; Hening et al. 2021). To couple these local dy-
namics, we do not explicitly model movement, but instead
we assume that each species has a fixed fraction of its pop-
ulation in each of these patches. We call this fixed spatial dis-
tribution for a species its “patch selection strategy.” This
strategy may correspond to freely dispersing individuals
spending a fixed fraction of time in each patch or allocating
a fixed fraction of their offspring to a patch (Holt 1997; Jan-
senand Yoshimura 1998; Schmidt et al. 2000; Bascompte
et al. 2002; Schreiber 2012; Evans et al. 2015). The result-
ing models are a multispecies version of the models intro-
duced in Schreiber (2012).

We introduce a definition of coESS of patch selection.
Our definition merges the concepts of coESS for determin-
istic models (Roughgarden 1979; Brown and Vincent 1987;
Rand et al. 1994) and ESS for single-species stochastic
models (Foster and Young 1990; Feng et al. 2022). Roughly,
coevolutionary stability requires that any small population
of a species playing a different strategy from the rest of its
population will not establish. Using invasion growth rates
of mutant strategies, we provide both analytical and numer-
ical approaches for computing the coESS.

The Models

Within-Patch Dynamics. Consider one patch in the land-
scape, say, patch ¢. For the moment, assume that all species
use only this patch; that is, the patch selection strategy of
each species i is to have 100% of individuals use patch 2.
To model the dynamics of species i within this patch, let
x{(t) denote its density at time ¢, b} its intrinsic per capita
growth rate in the absence of other species, and aj its per
capita interaction rate with species j. These quantities deter-
mine the deterministic forces acting on species i. Specifically,
the change Ax{(t) = x{(t + At) — x{(t) in the density of
species i over a small time step At satisfies

E[Ax!(t)|x ()] = xi(t) <Xn: agx;(t) + bf) At, (1)

where x* = (xi(t),...,x5(¢)) is the community state in
patch € at time ¢ and E[X|Y] denotes the conditional ex-
pectation of a random variable X with respect to the ran-
dom variable Y. Thus, the expected instantaneous change
of the species density is given by a Lotka-Volterra model.

To capture the role of environmental stochasticity, we as-
sume that the variance in the growth of species i in patch ¢
over a time interval At satisfies
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Var[Ax{()[x ()] = of* (x{(1))°At,

where Var[X]|Y] denotes the conditional variance of X
with respect to Y. Taking the limit as At gets infinitesimally
small, the population dynamics when all individuals use
only patch ¢ are given by the following It stochastic dif-
ferential equations (Gardiner 2009; Oksendal 2013):

dxi(t) = xi(t) <(zn:afjxf(t) + bf) dt + dEi(t)),
= (2)
i=12,..,n,

where E!(t) is a (nonstandard) Brownian motion with mean
0 and variance o?* (for how to represent E(f) as a linear com-
bination of standard Brownian motions, see the supplemen-
tal PDF, sec. S1). One can interpret equation (2) as approx-
imately updating densities by Lotka-Volterra dynamics plus
multiplicative, normally distributed noise that corresponds
to fluctuations in the intrinsic rates of growth.

Global Dynamics. To describe the global dynamics when
species use more than one patch, let p! denote the fraction
of individuals of species i selecting patch ¢ and p, =
(pp, ... p¥) denote the patch selection strategy of spe-
cies i; for example, if p; = (0.5,0.3,0.2), then there are
k = 3 patches, and at any point in time 50% of individuals
of species 1 are using patch 1, 30% are using patch 2, and
20% are using patch 3. If x; denotes the global density of
species i, then x{ = pfx; is the density of species i in patch
0. Let P = (p,p, ... px) denote the matrix of the patch
selection strategies for all species where the ith column of
P corresponds to the patch selection strategy of species i.

To account for spatial correlations in the environmen-
tal fluctuations across the patches, we assume that the per
capita growth rates of species i in patches ¢ and m over a
time interval of length At satisfy

Cov[Ax{(t), Ax]"()[x(1), x"(t)] = of"x{(t)x]" (1) At,

where Cov([X,Y|Z, W] denotes the covariance between
random variables X and Y given the random variables Z
and W. The covariance matrix »_; = (ot"),,, for species
i captures the spatial dependence between the temporal
fluctuations in intrinsic growth rates across patches.
Under these assumptions, the community dynamics of
the n species interacting in the k patches are given by the
following system of It6 stochastic differential equations:

k n
dx(t) = x(0) > _pt (( > (atptx(t) + bf) dt + dEf(t)),

i=12,..,n
(3)
where for species i, Ei(t) = (EXY), ..., EX(t)) is a multivar-
iate Brownian motion with covariance matrix » ;. We
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make no assumptions about the cross correlations, 07" :=
Cor|E{(t), E/'(t)], in the environmental fluctuations experi-
enced by different species i # j.

Methods

To study coevolution of patch selection strategies, we intro-
duce several methods. First, we characterize the mean den-
sities of the species at stationary distributions for the com-
munity. Second, we introduce a definition of a coESS that
accounts for environmental stochasticity. Finally, we de-
scribe a numerical method for solving for these coESSs.

Stationary Distributions and Stochastic Growth Rates. To
study the coevolution of patch selection strategies, we need
to identify when species coexist. Criteria for determining
coexistence for stochastic Lotka-Volterra models were de-
veloped by Hening and Nguyen (20184) and Hening et al.
(2021), complementing earlier work for discrete-time mod-
els and continuous-time replicator equations (Schreiber
et al. 2011; Benaim and Schreiber 2019). These criteria
are based on invasion growth rates, the long-term average
growth rates of species when rare (see the supplemental
PDF, sec. S1). Importantly, these invasion-based criteria
ensure that the statistical properties of the coexisting spe-
cies’ densities are characterized by a unique stationary dis-
tribution (depending on P). When the patch selection
strategies of the species are P = (P, ..., py), let x,(P) be
the mean density of species i at this stationary distribution
and X(P) = (x,(P), ..., x,(P)).

At this stationary distribution, the local long-term
growth rate of species i in patch ¢ equals the difference
between its average local per capita growth rate and one-
half of the environmental variance experienced in patch
s

20

ﬁ@m=mw—%, (4)
where

pi(P) = > atx,(P) + b!.
j=1

This local long-term growth rate describes the per capita
growth of a population averaged across the fluctuations in
species’ densities and environmental conditions. As the
per capita impacts of the environmental fluctuations on
the per capita growth rates are density independent, the
reduction o' /2 in the local long-term growth rates are also
density independent.

This local long-term growth rate characterizes the rate
of growth for a subpopulation of species i permanently
restricted to patch ¢. If this local long-term growth rate
is negative, such a subpopulation of such individuals
would exponentially decline to extinction. Whenever this

occurs, patch € is a long-term sink for species i. When the
local long-term growth rate is negative because of the envi-
ronmental fluctuations (i.e., r{ < 0 despite uf > 0), growth
rates in these patches fluctuate between positive and nega-
tive values over shorter timescales. Hence, we call these
long-term sinks “stochastic sinks.” Alternatively, if this lo-
cal long-term growth rate is positive, then this patch is a
long-term source patch for species i. As we discuss in the
results section, all patches may be sink patches for species
i despite species i persisting.

At the global scale, the global long-term growth rate
of any of the coexisting species must equal zero, as their
average densities in the long-term are not changing. As
this global long-term growth rate is given by the differ-
ence between the mean growth rate M,(P) and one-half
of the global environmental variance V(P) experienced by
species i, we have

1
M;(P) _EV,(P) =0, i=12,...,m, (5)

where

k
M(P) = piul and V(P)=>_ piplot".
=1 &m

Importantly, equation (5) is a system of linear equations
that allows one to easily solve for the mean species den-
sities x;(P). See section S1 on the supplemental PDF for a
proof of equation (5).

Coevolutionarily Stable Strategies. To define a coESS P of
patch selection, we consider a resident community of co-
existing species playing patch selection strategy P. For
one of these species—say, species i—a mutation arises
leading to patch selection strategy ¢ = (q',...,q") # p..
If y is the global population density of the mutant and
x; 1s the density of the nonmutant individuals of species 7,
then the resident-mutant community dynamics become

k n
X pr (( Z alpix; + alyq'y + bf) dt + dEf‘) ,
e=1 =1

i=12,..,n,
k n
dy = que <<Zaf,j ix +ab,qty + bf/) dt + dEf,)
t=1 j=1
(6)

Importantly, the mutant y only differs from the resident
in its patch selection strategy 4. It has the same interac-
tion coefficients a;; and intrinsic rates of growth b; as the
resident x; and experiences the same environmental sto-
chasticity ES as the resident x;.

dx;



When mutant population density is low and the resi-
dent community coexist about a stationary distribution,
the long-term growth rate, also known as the invasion
growth rate, of the mutant population against the resi-
dent community is

e = Y duE -3 v@. )

If Z:(P, ) <0, then the mutant is very likely to become
asymptotically extinct. In particular, the probability of
the mutant becoming asymptotically extinct is arbitrarily
close to 1 when its initial density is arbitrarily small (see
the supplemental PDF, sec. S2).

We define P to be a coESS if for every species i, mutants
playing a different strategy § # p, cannot invade the
community (ie., Z,(P, §) < 0; see the supplemental PDF,
sec. S2). When the environmental fluctuations are not per-
fectly correlated between any pair of patches (ie., the co-
variance matrices > , are nondegenerate), we show in sec-
tion S2 of the supplemental PDF that it suffices to check the
weaker condition: Z,(P,4) <0 for all i and § # p,. This
condition is easier to verify algebraically.

Analytical and Numerical Approaches for the coESS. Our
Nash equilibrium condition for the coESS and the explicit
analytical expressions for the invasion growth rates can be
used in conjunction with the method of Lagrange multipliers
to identify a necessary condition for the coESS. This result
and its implications are presented in the results section.

To solve for the coESS numerically, we describe in sec-
tion S3 of the supplemental PDF an evolutionary dynamic
on the strategy space for all of the species in which small
mutations occurring at a rate » randomly shuffle the “infin-
itesimal” weights of our species’ patch selection strategy.
This results in a replicator-type equation,

dps oL, oL,
% = fo(a—qf(Rpi)—Zm:P?"ﬁ(Rpi)), (8)

where (9Z;/9q})(P,p;) denotes (9Z;/dq})(P,q) evaluated
at § = p;. Equation (8) is a multispecies version of the
trait dynamics derived in Schreiber (2012). In section S3
of the supplemental PDF, we show that equilibria of equa-
tion (8) satisfy the derivative conditions for a coESS. We
simulate equation (8) using the deSolve package from R
(Soetaert et al. 2010). In all cases, these simulations con-
verged to an equilibrium that satisfied the necessary con-
ditions for a coESS. We note that even though the right-
hand side of equation (8) for a fixed value of P corresponds
to the gradient of the function h(§) = Z,(P,q) with re-
spect to the Shahshahani metric (Hofbauer and Sigmund
1998), this is not a gradient ascent method, as a coESS (like
an ESS) need not maximize the function Z,. The coESS
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command in the R code (Schreiber 2023) implements this
numerical method.

Results

We begin by presenting a characterization of the coESS
and its implications for any number of species. This char-
acterization provides answers to the following questions:
What, if any, quantities are equalized across the occupied
patches? When is there evolution of sink populations?
When and how do occupying multiple patches buffer
against temporal variability? After answering these ques-
tions, we focus on models of antagonistic interactions.

Characterization of the coESS and General Implications

The coESS Balances Local Contributions to the Global
Long-Term Growth Rates. Our analysis reveals that for
species playing the coESS, there is a demographic quantity
associated with each patch that is equalized across all occu-
pied patches. This demographic quantity corresponds to the
difference between the local contributions to the mean and
variances of the global long-term growth rate. Consequently,
occupied patches with higher contributions to the mean
also experience higher contributions to the variance. In-
tuitively, if there were a patch that contributed relatively
more to the mean than the variance, then a mutant sub-
population allocating more individuals to this patch would
simultaneously increase their mean rate of growth and de-
crease the variance in their growth rate. Thus, this mutant
would have a higher global long-term growth rate than the
residents and could invade.

To describe these local contributions precisely, recall
that the global long-term growth rate of species i equals
the difference between the global mean M;(P) and one-
half of the global variance V,(p). As the mean of the
global growth rate is the weighted combination of the
means of the local growth rates (i.e., M; = > ,piut), we
call pf the contribution of patch € to M, The variance
of the global growth rate equals the sum of the environ-
mental covariances 0" weighted by the probability that
two randomly chosen individuals are in patches € and m:

Vi(ﬁi) = ZP?”PW”
&m

The variance V; can be expressed as a weighted sum of the
covariances between the environmental fluctuations expe-
rienced in patch € by species i and the environmental
fluctuations experienced by a randomly chosen individual
of species i. This covariance for species i in patch € equals
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The global variance V; equals the weighted sum of these
covariances

Vip) = > plot(p),
£

and therefore we call o} the contribution of patch £ to V.

For each species playing the coESS, we show in section S4
of the supplemental PDF that the difference between the
local contributions, u{ and of, to the mean global growth
rate M; and the global variance V; are equal in all occupied
patches. Moreover, the common value of these differences
equals the difference between the global growth rate M; and
the global variance V. Mathematically,

w = oi(p) = M(P) = Vi(p))
in patches € occupied by species i and
pi = oi(p) < M(P) = Vi(p)
in patches € not occupied by species i.

For the unoccupied patches, inequality (9) is strict when-
ever y ; is nondegenerate; for example, the environmental
fluctuations for species i are positive in all patches, and
no pair of patches has perfectly correlated environmental
fluctuations.

Using the coESS condition (9), we can answer three
questions about patch selection: When does the coESS
correspond to an ideal free distribution? When do spe-
cies evolve to use multiple habitat patches? When is
there selection for spatial buffering?

Ideal Free Distributions Are the Exception, Not the Norm.
Consistent with classical ideal free distribution theory,
when there are no environmental fluctuations (¢!" =

for all ¢, m), the coESS condition (9) implies that the local
long-term growth rates are equal in all occupied patches
(ie, pf =0 in all occupied patches, as V;, = of =
M, = 0) and lower in unoccupied patches (ie., pf <0).
In fluctuating environments, however, the local long-term
growth rates in general need not be equal in all patches. This
occurs as the nonlocal quantities uf — of in coESS condi-
tions (9) typically do not equal the local long-term growth
rates pf — of'/2. One important exception occurs when
the environmental fluctuations are perfectly correlated and
have the same magnitude across all patches (ie., of" are
equal for all ¢, m). In this case, the covariances o}, the local
variances o}, and the global variance V; are all equal. Con-
sequently, the coESS condition (9) implies that the local
long-term growth rates uf — o*/2 equal zero in all of the oc-

cupied patches. Figure 3B-3D illustrates how this ideal free
distribution breaks down with reduced spatial correlations
in a predator-prey system.

Patches Acting as Environmental Buffers Are Long-Term
Deterministic Sinks. A patch buffers a species against en-
vironmental fluctuations when the fluctuations within the
patch are negatively correlated with the average fluctuations
experienced by the species (i.e., of is negative). The coESS
condition (9) provides some insights into when such buffer-
ing occurs. As the global long-term growth rate M, — V,/2
equals zero, the difference M; — V; equals the negative quan-
tity —V;/2. Hence, in patches acting as buffers, the local
mean growth rate is negative, and consequently these
patches are long-term deterministic sinks (i.e., uf — of =
—V;/2 and of < 0 implies that uf < 0).

Whenever Multiple Patches Are Occupied, All Are Long-
Term Sinks. Provided there is some spatial asynchrony
in the environmental fluctuations experienced by species
i (ie., >, is nondegenerate), the patch selection strategy
of species i at the coESS exhibits a fundamental dichotomy
(proposition S4.1 in sec. S4 of the supplemental PDF): spe-
cies i either occupies only one patch or occupies multiple
patches, and the local long-term growth rates are negative
in these occupied patches. Thus, if species i occupies multi-
ple patches at the coESS, then all of its populations are long-
term sink populations despite it persisting globally. This
occurs because species playing the coESS exhibit a form
of spatial bet hedging that results in the global stochastic
growth rate being greater, specifically zero, than the local
stochastic growth rates (see the discussion section).
Evolution for occupying a single patch in the landscape
occurs only when the other patches are long-term sinks.
Moreover, these sinks must lead to sufficiently negative
long-term growth rates or exhibit similar environmental
fluctuations as the occupied patch. More precisely, our
coESS condition (9) (proposition $4.2 in sec. S4 of the sup-
plemental PDF) implies that only patch € is occupied if

Var[E{(1)—Er(1)]

1 1
m __ _ mm —— e em mm
i 2“:‘ < 5 (o7 207" + o) (10)
for all other patches m # €.

To better understand inequality (10), consider the case
where the environmental fluctuations for species i in all
patches have variance ¢® and spatial correlation p (ie.,
ot = ¢? for all £ and ¢! = po? for £ # m). Then, con-
dition (10) requires that the long-term growth rates in the
unoccupied patches m are less than —¢*(1 — p). Hence, se-
lection for only occupying patch ¢ is greatest when the envi-
ronmental fluctuations across patches are strongly positively
correlated (o = 1).



Applications to Antagonistic Interactions

Antagonistic interactions, such as the interactions be-
tween predators and their prey or between competing
species, can result in reciprocal selection pressures. Here,
we investigate how this reciprocal evolution can either
lessen the antagonism by selecting for divergent choices
in patch use or enhance the antagonism by selecting for
convergent choices in patch use.

Predator-Prey Coevolution

A General Model. We begin with a predator-prey system
where x, and x, are the global densities of the prey and
predator, respectively. The intrinsic per capita growth
rate of the prey in patch € is 7°. The predator is a special-
ist on the prey with attack rates, conversion efficiencies,
and per capita death rates in all patches equal 4, ¢, and
d, respectively. As the predator is a specialist, it cannot
persist in the absence of the prey species. To ensure stabil-
ity of the predator-prey dynamics, we assume that both
species experience weak intraspecific competition with
strength o > 0. Under these assumptions, the Lotka-
Volterra model takes on the form

dx, = x, (3P0 — aphx, — apix)dt + pidED)),
14
dx, = x, (Z Pi((capix, — apix, — d)dt + pﬁdEg)).
[4
(11)

In section S5 of the supplemental PDF, we derive criteria
that characterize when the species coexist globally and find
explicit expressions for the mean densities of the species at
stationarity and the invasion growth rates Z,(p, q). Here,
we focus on two cases: a two-patch sink-source system and
an environmental gradient for the prey.

A Two-Patch Source-Sink System. Consider a landscape
where the prey has a source habitat (patch 1 with ' =
Teuree > 0) and a sink habitat (patch 2 with r* = —rg,).
The sink habitat is low quality but exhibits minimal envi-
ronmental fluctuations (61> = 03> = 0), while the preda-
tor and prey experience environmental fluctuations in the
source habitat with variances v, and .., respectively.
First, we study the effects of environmental stochastic-
ity on the species individually and then collectively. If
only the prey experiences environmental stochasticity
in the source patch (v,., >0 and v, = 0), then the
coESS has neither species occupying the sink patch for
low values of v,..,, the prey occupying both patches at in-
termediate values of v,.,, both species occupying both
patches at higher values of v,,.,, the predator no longer
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occupying the source patch at even higher values of vy,
and, finally, extinction of both species when v,.., is too
high (fig. 14, 1B).

More specifically, when the environmental variance in
the source patch is sufficiently low relative to the rate of loss
in the sink patch (v, < 271), inequality (10) implies that
the prey occupies only the source patch. As the coESS con-
dition (9) requires that the growth rate of the predator is
equal to zero in any patch it occupies, the predator also
occupies only the source patch. When the environmental
variance in the source patch exceeds 27y, but lies below
87, the coESS conditions (9) imply that the fraction of
prey living in the sink patch equals

zrsink
Sory = 1= /—V . (12)
prey

Equation (12) implies that the fraction of prey in the sink
patch increases with the environmental variance v,,, in
the source patch (fig. 1A). As the predator regulates the
mean prey density in the source patch to the predator’s
break-even point d/ca, selection for prey using the sink
patch results in higher mean prey densities (fig. 1B; sup-
plemental PDF, sec. S5). These trends continue with in-
creasing variation in the environmental fluctuations until
50% of the prey make use of the sink patch.

When the environmental stochasticity in the source
patch selects for the prey being equally distributed be-
tween the patches (ie., 87w < Vpy < 87ue/3 and
37nk < Toures SUpplemental PDF, sec. S5), the predator
evolves to use both patches. The fraction of predators
using the sink patch equals

prey

Vprey -8 Tsink

Fot = (13)

Srsource - Srsink - 2Vprey

Equation (13) implies that the fraction f,.q of predators
in the sink patch increases with the environmental sto-
chasticity v,.., experienced by the prey. As the predator
does not directly experience environmental stochasticity,
it regulates the prey density, on average, to its break-even
point in both patches. Hence, for this range of environ-
mental variation, the mean global density of the prey is
twice as high as when both species reside only in the source
patch (fig. 1B). In contrast, the predator’s mean global den-
sity decreases with increasing variation in the environmen-
tal fluctuations (fig. 1B).

When the variation in the environmental fluctuations are
sufficiently large (vj.y > (8/3)r,) but not so large as to
cause extinction, the predator evolves to use only the sink
patch (ie, foea = 1), while the prey continues to use both
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Figure 1: Predator-prey interactions and environmental fluctuations select for enemy-free patches and victimless patches in a source-sink
system. In A and B, the prey experience environmental fluctuations in the source patch with variance v,.,. In C and D, the predator expe-
riences environmental fluctuations in the source patch with variance v,,.q. Solid and dashed thick lines correspond to numerically estimated
solutions by simulating equation (8) for 2,000 time steps. Dashed thin vertical lines correspond to the analytic conditions for changes in
patch use presented in the main text. Parameters: ruyee = 0.5, rgu = 0.1, d = 0.1, a = 0.01, ¢ = 0.5, intraspecific competition coefficient

of @ = 0.000001 for both species.

patches. When this occurs, the fraction of prey making use
of the sink patch equals (supplemental PDF, sec. S5)

(14)

Equation (14) implies that the fraction of prey in the sink
patch continues to increase with increasing variation of
the environmental fluctuations. In contrast, the mean
global prey density decreases with the environmental var-
iance (fig. 1B; supplemental PDF, sec. S5). When the envi-
ronmental fluctuations are sufficiently strong, v,., >
(1/2)((rgink T Tsource)’/Tsnx), both species become ex-
tinct (not shown in fig. 1).

When only the predator experiences environmental
stochasticity in the source patch (v,q >0 and v,,, = 0),
the coESS condition (9) implies that the prey’s growth rate
is zero in all occupied patches. Consequently, prey playing
the coESS occupy only the source patch. Despite a victim-

less sink patch, the predator evolves to occupy the sink
patch whenever the environmental variance in the source
patch is sufficiently great (i.e., vyea > 2d). Under these
circumstances, the fraction of predators using the sink
patch equals

forea =1 — ﬁ (15)
Vpred

Equation (15) implies that greater environmental variation
in the source patch selects for greater use of the sink patch
(fig. 1C). When the predator makes use of the sink patch,
the mean global density of both species playing the coESS
increases with the environmental variance in the source
patch (fig. 1D; supplemental PDF, sec. S5). Intuitively, as
the environmental fluctuations increase, the predator has
a higher break-even prey density in the source patch that
determines the mean prey density. These higher prey den-
sities in turn lead to higher mean predator densities.
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Figure 2 illustrates the effects of simultaneous environ-
mental variation on both species on the coESS. Consistent
with the predictions from varying environmental stochas-
ticity for only one species, high environmental variation
for the predator selects for victimless sinks when variation
for the prey is sufficiently low and selects for both species
using both patches when this variation is sufficiently high.
In contrast, low environmental variation for the predator
selects for enemy-free sinks, both species using the sink
patch, and enemy-free sources with increasing levels of en-
vironmental variation for the prey.

Patch Selection along an Environmental Gradient. Using
our numerical algorithm, we examined patch selection
along a gradient of environmental fluctuations. Along this
gradient, the environmental variance experienced by both
species varies in a Gaussian manner (fig. 34). In the center
of the landscape where environmental fluctuations are
strongest, the patches are long-term stochastic sinks (patches
between dashed vertical lines in fig. 3). When the environ-
mental fluctuations are spatially uncorrelated, all patches
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Figure 3: Spatial correlations in environmental fluctuations exorcise predators and their prey from sink patches along a spatial gradient. Both species
experience environmental fluctuations whose strength decay from a central location in the landscape (A). The horizontal line in A corresponds to twice
the prey’s intrinsic rate of growth (2+°). Patches between the vertical dashed lines are long-term sources for the prey. Patches outside the vertical dashed
lines are long-term stochastic sinks for the prey. The spatial correlation p/*~"! between two patches £ and m decays with distance, where p is the spatial
correlation between two neighboring patches (ie., [¢ — m| = 1). The mean densities of the predator (white diamonds) and prey (gray circles) are
plotted for the coevolutionarily stable strategy at three levels of correlation p (B-D). Parameters: n = 2 species; k = 40 patches; r* = 0.1;
a' = 0.01;¢ = 0.5d° = 0.1 forall & o' = pl""\/ytv", where v* = 3exp(—(zz)2) forz' = 6/ —3and 1 <€ <40; « = 0.00001.
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are occupied by both species, but the species exhibit contrary
choices: the two species exhibit negatively correlated patch
selection strategies. (fig. 3B). Spatial correlations in the envi-
ronmental fluctuations selects for both species exhibiting re-
duced preferences and lower densities in the most central
patches (fig. 3C, 3D). When these spatial correlations are suf-
ficiently strong, neither species occupies the central patches,
consistent with the general prediction of approaching an
ideal free distribution (fig. 3D). For intermediate spatial
correlations, only the predator avoids the central patches,
creating enemy-free sinks (fig. 3C).

Exorcising the Ghost of Competition Past

A General Model. To understand how spatial-temporal
heterogeneity selects for spatial distributions of competing
species, we examine a model of two species competing in
k patches. This analysis provides insights into when com-
petitors evolve to never occupy the same patches (i.e., the
ghost of competition past; Lawlor and Maynard Smith
1976; Connell 1980) or evolve to co-occur within patches
(i.e., exorcising the ghost). For competitor i in the model,
its intrinsic rate of growth in patch € is r{. The average
per capita growth rates decrease linearly with the local den-

sity of both competitors. Namely, the average per capita
growth rate of species i in patch £ equals r{ — > ;p/x;. Thus,
the global dynamics are

tx = Y pta((4 = Spin)derdg). (g
B i

These competitors, in general, cannot coexist locally: the
species with the larger intrinsic stochastic growth rate rf —
0t /2 in patch € excludes the other species in the absence of
immigration. Global coexistence, however, is possible in a
multipatch landscape. In section S6 of the supplemental
PDF, we derive criteria that characterize when the species
coexist globally, the mean equilibrium densities of the spe-
cies at the associated stationary distribution, and explicit
expressions for the invasion rates of mutant strategies
against resident strategies. Here, we focus on two cases:
two species in a spatially symmetric landscape and three
species living along an environmental gradient.

Competition along a Symmetric Landscape. Imagine a
symmetric landscape with an even number of patches
where each species has the competitive advantage in half
of the landscape. The average per capita growth rate for
species i equals 7 in the patches where it is competitively
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Figure 5: Coevolution of patch selection for three competing species can create complex spatial distributions along an environmental gradient. In
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superior and equals r < 7 in the patches where it is com-
petitively inferior. Each species experiences spatially un-
correlated environmental fluctuations with local variance
v. Our analysis reveals that there is critical level of envi-
ronmental variance below which the species never oc-
cupy the same patch and above which this ghost of com-
petition past is exorcised. The critical level of variance
depends both on the number of patches in the landscape
and on the fitness difference of the competitors.

To see why these conclusions hold, the symmetry of the
landscape implies that any coESS for the competing species
satisfies that a fraction f of individuals use the patches where
they have competitive disadvantage (sink patches), and the
complementary fraction 1 — f use the patches where they
have a competitive advantage (source patches). At the coESS
(for details, see the supplemental PDF, sec. S6), each species
uses only the source patches (ie., f = 0) if

2
Ar::?—g>%. (17)

Equation (17) implies that if the environmental variance v
is too low relative to the number of patches or if the fitness
difference Ar is too large, then evolution selects for the
competitors to be spatially segregated, that is, the ghost
of competition past prevails (left- and right-hand sides of
fig. 4A, 4C, respectively).

When environmental fluctuations are sufficiently large
(i.e., ineq. [17] is reversed), evolution selects for both species
to use both patch types with

f = the fraction in sink patches = 1 &; (18)

2 4y
that is, the ghost of competition past is partially exorcised.
Equation (18) implies that the majority of individuals (i.e.,

1 — f>1/2) occupy their source patches. However, for
smaller fitness differences Ar or higher levels of environ-
mental variation v, evolution selects for both species to be
spread more equally across the patches (i.e., right- and left-
hand sides of fig. 44, 4C, respectively).

Whether sink patches are occupied or not, the mean
global density of each competitor equals

Se-ran-Ypwa-m 09)

When the competitors are spatially segregated (i.e., f = 0),
the equilibrium density (k7/2 — v/2) is a decreasing linear
function of the environmental variation (fig. 4B). Selection
for the use of both patch types (i.e., f > 0) results in a non-
linear, accelerated, negative response of mean density to in-
creasing environmental variation.

Three Species Competition along an Environmental Gra-
dient. Using our numerical algorithm, we also explored the
coevolution of patch selection for three competing species
along an environmental gradient (fig. 5). Along this gradi-
ent, the species differed in their intrinsic rates of growth and
experienced the same amount of environmental stochasti-
city (fig. 5A). In the absence of environmental fluctuations,
the coESS corresponds to an ideal free distribution resulting
in each species occupying only the patches in which their
intrinsic stochastic growth rates are positive and in which
they are competitively superior (fig. 5B). Notably, the spe-
cies are spatially segregated and occupy no sink patches.
In the presence of environmental fluctuations, each patch
is occupied by at least two species—the ghost of competi-
tion past is partially exorcised (fig. 5C). Moreover, at the
center and edges of the landscape, all three species co-occur.
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Figure 6: The coevolutionarily stable strategy (coESS) of patch selection through the lens of modern portfolio theory (MPT). The compar-
ison considers two competing species in a 20-patch landscape with differing local long-term growth rates (A). These local long-term growth
rates determine local competitive superiority. The coESS for patch selection (B) exhibits a negative correlation between the competitors. At
the coESS, the local mean growth rates and local variances are plotted in the mean-variance plane for each of the species (C, D). The efficient
frontier (see the main text) is plotted as a solid line, the global means and variances associated with the coESS are plotted as a white circle,
and the dashed line is where the global stochastic growth rate equals zero.

At the edges, the co-occurring species are long-term deter-
ministic sink populations.

Discussion

Unlike classical ideal free theory that predicts selection
against sink populations under equilibrium conditions
(Fretwell and Lucas 1969; Kiivan et al. 2008), we find that
coevolution in fluctuating environments often selects for
metacommunities consisting entirely of long-term sink pop-
ulations. The difference stems from what selection equalizes
across the occupied landscape under equilibrium versus non-
equilibrium conditions. Under equilibrium conditions, the

per capita growth rates of all populations are equal to zero
in occupied patches and negative in unoccupied patches.
Hence, there are no sink populations. In landscapes with en-
vironmental stochasticity, coevolution of patch selection no
longer equalizes the mean per capita growth rates in occupied
patches. Instead, the differences between the means of the
local per capita growth rates and the covariance between
the local and global fluctuations are equalized. Whenever
there is evolution for occupying multiple patches, equaliz-
ing these differences sacrifices higher mean growth rates
for lower variances of these growth rates and results in
negative long-term growth rates in all occupied patches.
This spatial bet hedging can be understood through the



lens of the modern portfolio theory (MPT) of economics
(Markowitz 1952, 1991; Rubinstein 2002; Markowitz
2010), as we discuss below. The resulting sink populations
may be conditional due to the presence of antagonistic in-
teractions or unconditional. In particular, environmental
stochasticity coupled with predator-prey interactions can
select for enemy-free sinks and victimless sinks (Jeffries
and Lawton 1984). Alternatively, environmental stochasti-
city coupled with competitive interactions can select for a
conditional sink population by partially exorcising the
ghost of competition past (Lawlor and Maynard Smith
1976; Connell 1980; Schmidt et al. 2000).

Relation to MPT

MPT (Markowitz 1952, 1991, 2010) is a Nobel Prize—
winning framework for assembling a portfolio of financial
investments. In this framework, each investment has a
mean return and some level of risk characterized by the var-
iance in the return. In our context, investments correspond
to patches, mean returns of investments correspond to
mean local growth rates pf, and risks correspond the local
environmental variances o{° (fig. 6A4). A patch selection
strategy (fig. 6B) p, corresponds to a portfolio of invest-
ments (ie., a fixed allocation of assets across the invest-
ments). The global mean growth rate M, and the global
environmental variance V; of a patch selection strategy cor-
responds to the mean return and variance of a portfolio of
investments, respectively. MPT assumes that investors pre-
fer portfolios with high mean returns and avoid those with
high risk. As investments with high mean returns often are
high-risk investments, investments often exhibit a mean-
variance trade-off (Zivot 2017). In our context, however,
patches themselves need not exhibit a mean-variance
trade-off; high-quality patches may consistently support
high mean growth rates, and low-quality patches may
be highly variable. Instead, the mean-variance trade-off
stems from the long-term growth rate increasing with
the mean but decreasing with the variance (M; — V;/2
or pf* — 0t*/2), the cornerstone of bet-hedging theory in
evolutionary biology (Cohen 1966; Stearns 2000; Childs
etal. 2010). Markowitz (1952) showed that for a given level
of risk V, there are portfolios maximizing the mean return
M for that level of risk. These optimal portfolios can be
solved for only using matrix algebra (Zivot 2017). The curve
of means and variances determined by these portfolios is the
efficient frontier (solid curves in fig. 6C, 6D). Markowitz
(1952) showed that the efficient frontier also corresponds
to the portfolios minimizing an investor’s risk for a given
mean return. In our context, the coESS patch selection strat-
egy must be a point on the efficient frontier (white circles in
fig. 6C, 6D). Indeed, if it was not, there would be an alterna-
tive patch selection strategy either providing lower risk for
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the same mean return or providing a greater mean return
for the same amount of risk. In either case, such a patch se-
lection strategy would have a higher global long-term
growth rate M; — V;/2 than residents playing the coESS—
contradicting the definition of a coESS. By lying on the ef-
ficient frontier, the coESS typically sacrifices a higher global
mean growth rate for a lower global variance (all of the lo-
cal mean growth rates are greater than the mean growth
rate of the coESS in fig. 6C, 6D). Hence, the coESS typically
is a bet-hedging strategy (Childs et al. 2010). The only ex-
ception occurs when the mean growth rates are equal in all
occupied patches. Only then can the coESS reduce risk
without reducing the mean. Furthermore, as the global
long-term growth rate M, — V;/2 is zero, the coESS corre-
sponds to the point on the efficient frontier that is tangent
to the M, = V;/2 line (see the white circle and dashed lines
in fig. 6C, 6D)—in economic terms, a tangent portfolio as-
sociated with a risk-free zero-return asset (Zivot 2017).
Whenever multiple patches are occupied at the coESS,
all of the points in the mean-variance plane corresponding
to the individual patches (i.e., individual investments) lie
below the efficient frontier and consequently have nega-
tive local long-term growth rates (see the shaded circles
in fig. 6C, 6D). Hence, all patches are long-term sinks.

Ghosts of Past and Present Antagonisms

Patches free of antagonistic interactions may reflect habitat
selection in response to past antagonisms within a patch or
present antagonisms in other patches. Spatial heterogeneity
can select for ghosts of competition past or enemy-free
space by creating spatial mosaics of environmental condi-
tions favoring one species over another (Lawlor and May-
nard Smith 1976; Rosenzweig 1981, 1987; Schreiber et al.
2000; Schreiber and Vejdani 2006). Our results demonstrate
that environmental stochasticity can reverse or amplify these
outcomes.

We find that environmental stochasticity can partially ex-
orcize the ghost of competition past. Under equilibrium con-
ditions, ideal free competitors occupy only habitat patches
in which they are competitively superior (Lawlor and May-
nard Smith 1976; Connell 1980; Rosenzweig 1981, 1987).
When environmental fluctuations are sufficiently large rela-
tive to fitness differences between the competing species, we
find that there is selection for competitors occupying patches
in which they are competitively inferior—conditional sink
populations. Using computer simulations, Schmidt et al.
(2000) observed a similar exorcism of the ghost of competi-
tion past for discrete-time two-patch models of two compet-
ing species. Our results provide an analytical extension of
their work to any number of patches and any number of
competing species. Moreover, we find that along environ-
mental gradients, environmental stochasticity can select
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for several competitors occupying sink habitat patches at
the edges of these gradients (i.e., unconditional sink popula-
tions). This simultaneous selection for conditional and un-
conditional sink populations can result in complex species
distributions along an environmental gradient (e.g., species
disappearing and reappearing along the gradient). Similar
complex patterns have been observed along elevational
gradients in birds (Noon 1981; Campos-Cerqueira et al.
2017). For example, on Camel’s Hump Mountain, the her-
mit thrush (Catharus guttatus) is most common at lower
(400 m) and higher (800 m) elevations but is less common
at intermediate (600 m) elevations (Noon 1981). Whether
environmental fluctuations play a role in these empirical
patterns remains to be understood.

Our results highlight how environmental fluctuations
can select for enemy-free space in two ways. First, environ-
mental fluctuations in higher-quality habitat may select for
prey using lower-quality habitats and thereby create uncon-
ditional sink populations. If these lower-quality habitats
only support low prey densities and the predators are less
sensitive to the environmental fluctuations, then the pred-
ators may evolve to occupy only the higher-quality habitat.
Thus, the lower-quality habitat becomes enemy-free space.
In this case, the spatial bet hedging by the prey creates the
enemy-free space. An alternative pathway to enemy-free
space occurs when both species are sensitive to the environ-
mental fluctuations and the intensity of these fluctuations
vary across the landscape. This spatial variation can select
for contrary choices—prey selecting patches with greater
risk and predators selecting patches with lower risk. This
form of selection for enemy-free space is a stochastic analog
of fixed spatial heterogeneity selecting for contrary choices
(Fox and Eisenbach 1992; Schreiber et al. 2000, 2002; Sch-
reiber and Vejdani 2006): prey select lower-quality patches
to lower the reproductive success of their predators, and pred-
ators select high-quality patches to maximize their per
capita reproductive success.

Eco-Evolutionary Hydra Effects

Our results on predator-prey coevolution illustrate how en-
vironmental stochasticity drive hydra effects over evolution-
ary time. Named after the mythological beast that grew two
heads to replace a lost head, a hydra effect occurs when a
population’s mean density increases in response to an in-
crease in its per capita mortality rate (Abrams 2009; Sieber
and Hilker 2012; Cortez and Abrams 2016). For example,
Abrams (2009) found that increasing the per capita mortal-
ity rate of a predator with a type II functional response could
lead to a long-term increase in the predator’s mean density.
Similar to increasing per capita mortality rates, increasing
environmental stochasticity (0%) reduces stochastic per cap-
ita growth rates (from p to p — ¢°/2) and consequently of-

ten has negative impacts on average population densities in
the long term (Lande et al. 2003). For example, for Lotka-
Volterra predator-prey dynamics with environmental
stochasticity, increasing environmental stochasticity experi-
enced by the predator decreases its average density in the
long term (May 1975) (see also the mean density X;
expressions in the supplemental PDF, sec. S5). However,
we find that if there is sufficient time for the patch selection
strategies of the predator and prey to evolve to their new
coESS, then increasing environmental stochasticity may
cause the average predator density to increase (fig. 1D). In-
tuitively, sufficiently high environmental stochasticity can
select for a predator to hedge its bets by occupying an envi-
ronmentally stable but low-quality patch. This spatial bet
hedging lowers the predation pressure on the prey in the
source habitat, resulting in an increase of its average density
and a corresponding increase in the average predator den-
sity. We found similar hydra effects when the prey experiences
increasing levels of environmental stochasticity (fig. 1B).

Caveats and Future Directions

To simultaneously confront the complexities of species co-
evolution in a spatially and temporally variable environ-
ment, we made several simplifying assumptions. Relaxing
these assumptions provides significant challenges for future
research. Most importantly, our framework assumes that
species do not assess or respond to temporal changes in hab-
itat quality; they exhibit a fixed spatial distribution. While
this assumption is a good first-order approximation fre-
quently made in the theoretical literature (Hassell et al.
1991; van Baalen and Sabelis 1993; Holt 1997; Jansen and
Yoshimura 1998; Schmidt et al. 2000; Schreiber et al. 2000;
Schreiber and Vejdani 2006; Schreiber 2012), spatial distri-
butions typically vary in time in response to environmental
fluctuations. Hence, a major challenge for future work is de-
veloping methods to study the evolution of dispersal rates in
spatially explicit and temporally variable landscapes. While
there has been extensive analytical and numerical work on
this question for single species (Levin et al. 1984; McPeek
and Holt 1992; Hutson et al. 2001; Ronce 2007; Cantrell
and Cosner 2018; Cantrell et al. 2021), much less work exists
for interacting species (see, however, Lion et al. 2006;
Schreiber and Saltzman 2009; Lion and Gandon 2015).

As most ecological communities reside in spatially and
temporally variable environments, we might expect that
many of our qualitative predictions occur in nature. How-
ever, as noted by Urban et al. (2020), “to date, few empirical
studies completely evaluate eco-evolutionary interactions in
space through field manipulations, and even fewer test for
underlying mechanisms” (p. 17488). Ideally, to test the the-
ory presented here, one would collect data on spatial and
temporal variation in species demographic rates, interaction



strengths, and densities over sufficiently long time frames.
Alternatively, one could evaluate whether key ingredients
of conditions and consequences hold for interacting species
occuring over some environmental gradient or patchy land-
scape. For example, our results predict that greater envi-
ronmental fluctuations will select for greater range overlap
of competing species. Hence, one could attempt a meta-
analysis similar to Urban et al. (2020) to evaluate across
multiple competitive metacommunities whether such a cor-
relation exists, ideally controlling for the degree of spatial
heterogeneity across the landscape. Such analyses could iden-
tify whether reciprocal selection among interacting species
give rise to some of the outcomes predicted by our theory.

Conclusion

In conclusion, our work provides one theoretical approach
to studying how spatial heterogeneity, temporal variation,
and species interactions drive the evolution of habitat
choice. In this framework, stochastic sink populations are
the norm, not the exception, because of species using space
to hedge their bets. For antagonistic species interactions, this
bet hedging can select for predators seeking refuge in prey-
free space and can exorcise the ghost of competition past.
We anticipate that applying these methods to models with
more species will reveal new surprises.
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