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abstract: Competition has negative effects on population size and
also drives ecological character displacement, that is, evolutionary
divergence to utilize different portions of the resource spectrum.
Many species undergo an annual cycle composed of a lean season
of intense competition for resources and a breeding season. We use
a quantitative genetic model to study the effects of differential re-
productive output in the summer or breeding season on character
displacement in the winter or nonbreeding season. The model is
developed with reference to the avian family of Old World leaf war-
blers (Phylloscopidae), which breed in the temperate regions of Eur-
asia and winter in tropical and subtropical regions. Empirical evi-
dence implicates strong winter density-dependent regulation driven
by food shortage, but paradoxically, the relative abundance of each
species appears to be determined by conditions in the summer. We
show how population regulation in the two seasons becomes linked,
with higher reproductive output by one species in the summer re-
sulting in its evolution to occupy a larger portion of niche space in
the winter. We find short-term ecological processes and longer-term
evolutionary processes to have comparable effects on a species pop-
ulation size. This modeling approach can also be applied to other
differential effects of productivity across seasons.

Keywords: character displacement, competition, Phylloscopus war-
blers, population regulation, quantitative genetics, seasonal
environment.

Introduction

Interspecific competition has both ecological and evolu-
tionary consequences for population size. First, resource
appropriation by one species reduces individual fecundity
or survival of the other, with the result that population
size is lower than it would be in the absence of the com-
petitor (Schoener 1983). Second, competition results in
evolutionary divergence between species, a process termed
“ecological character displacement” (Brown and Wilson
1956; Grant 1972; Slatkin 1980), which will usually result
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in additional changes in population size (Slatkin 1980;
Taper and Case 1985). Ecological character displacement
is considered to be widespread in nature and an important
determinant of morphological and ecological differences
between sympatric species (Schluter 2000, chap. 6; Dayan
and Simberloff 2005; Pfennig and Pfennig 2009). The stan-
dard theory, as developed for two species, predicts that
character displacement should occur when the range of
resources consumed by each species is sufficiently con-
strained relative to the width of available resources (Slatkin
1980; Taper and Case 1985; Doebeli 1996). For equivalent
competitors, the population size of each species is lower
at equilibrium than it would be in the absence of the
competitor, not only because of resource depression but
because each species has evolved to a position in resource
space where the resources are relatively low (see fig. 1).
Here, the range of resources utilized by one species is the
so-called realized niche (Chase and Leibold 2003), but the
fundamental niche (i.e., the range of resources that would
be consumed if the competitor were absent) is also affected
by phenotypic displacement. Models of character displace-
ment are thus one way to model evolution of the niche
(Roughgarden 1972; Taper and Case 1985).

Most species that follow an annual cycle experience dif-
ferent resource distributions and resource requirements at
different seasons. Intuitively, if the quantity of resources
available to a species differs between seasons, population
size should be under greater density-dependent regulation
in one season than the other. Here we show how this
intuition breaks down when evolution is included. Spe-
cifically, we model two competing species and demonstrate
that a species with access to a greater abundance of re-
sources in one season evolves to exploit a greater abun-
dance of resources in the other season. The net result is
that both abundant and rare species can be under strong
density-dependent regulation throughout the year.

We first describe an empirical system, that of the Old
World leaf warblers (Phylloscopidae), where cross-seasonal
effects appear to have affected population regulation.

mailto:eeg@uic.edu


694 The American Naturalist

Figure 1: Equilibrium distributions of competing species (solid and dashed lines) under a unimodal resource distribution (thin dotted
line). A, A single species. B, A pair of competing species with identical properties except for their mean phenotypes. C, A pair of species
that are equivalent in all respects except that the carrying capacity in the summer for species 1 is 2.5 times higher than the carrying capacity
for species 2. Parameter values for C are , , , , , , , , .(s) (s) (s) 2 (w) 2 2 2K p 50 K p 20 r p 2.0 h p 0.5 r p �0.5 Q p 10 j p 9 j p j p 1 a p 11 2 0 Q z a ij

Twenty-one species of Phylloscopidae have populations
breeding somewhere in the Himalayas in the summer
(Rasmussen and Anderton 2005). Among these 21, entire
populations of several western species overwinter in India,
and these have been especially well studied. In the winter,
behavioral observations (Price 1981; Katti and Price 1996),
along with correlations of food and warbler densities across
both space and time ( ), indicate strong density-r ∼ 1.0
dependent population regulation (Katti and Price 1996;
Gross and Price 2000; Price and Gross 2005). This implies
that the relative abundances of different species (i.e., dif-
ferences in the total numbers of individuals per species)
should be largely determined by winter conditions. It is
clear, however, that relative abundances depend on the
summer breeding season, not the winter nonbreeding sea-
son. Those species that breed at high elevations in the
Himalayas track climate and habitat into Siberia, with the
result that they have much larger population sizes than
species found at low elevations, which are confined to the
Himalayan region (Price et al. 1997). The presence of
strong winter limitation but relative abundances deter-
mined by conditions in the summer season seems para-
doxical, because if each species were independently reg-
ulated in its own ecological niche in winter, then relative
abundances should be largely determined by that season.

A possible resolution of this paradox is that species are
ecologically identical in the winter, so that their abun-
dances depend only on differential output from the sum-
mer season (similar to neutral ecological models). How-
ever, this is patently not the case; species are very different
in their ecology. A particularly important axis of niche
differentiation among coexisting species in winter is for-
aging height (Gross and Price 2000; Price and Gross 2005),
which is associated with morphological differences. In
north India in the winter, among the two common species,
Phylloscopus humei has a relatively long tarsus and forages

in the tree crowns, whereas Phylloscopus chloronotus has a
shorter tarsus and forages in the bushes. The presence of
more open vegetation in the treetops favors more hopping
and less flying in search of food, and this likely explains
the association of foraging height with tarsus length (Price
and Gross 2005).

Given strong evidence for food limitation, we consider
that the ecological differences between this pair of species
are maintained by interspecific competition for food. It is
possible, however, that character displacement was not in-
volved in the production of the differences, and instead
winter communities have been built up by sorting of eco-
logically differentiated species. Furthermore, other factors,
most notably different suites of competitors, the light en-
vironment, and probably many other factors including
predators and parasites, increase adaptation of each species
to its preferred foraging heights (Gross and Price 2000).
However, both P. humei and P. chloronotus do regularly
forage at each other’s favored heights when the other spe-
cies is absent (Gross and Price 2000; Price and Gross 2005;
see also Price 1981), indicating the converse of character
displacement (character release) in the absence of one or
the other species. Further supporting the role of compe-
tition, in south India, the association of tree height and
tarsus length has evolved in parallel in a second species
pair (Phylloscopus trochiloides with longer tarsus and higher
foraging height; Phylloscopus occipitalis with shorter tarsus
and lower foraging height). The south Indian pair is larger
than the north Indian pair. These size differences are as-
sociated with the presence of more and larger food in the
south, further evidence for a role of competition for food
in driving patterns of coexistence and niche differentiation
in the winter (Katti and Price 2003; Price and Gross 2005).
Therefore, we will here consider character displacement to
be an integral part of the production of species differences,
associated with their coexistence in winter. This displace-
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Figure 2: Summary of processes occurring in the two seasons. Dotted lines indicate continuation from the previous summer and on to
the following winter. The population is censused at the end of each winter.

ment could be considered to be both behavioral (tree
height utilized) or morphological (tarsus length).

In the summer, all four species breed along the eleva-
tional gradient in the western Himalayas (Price 1991). The
species with long tarsi (the small P. humei and large P.
trochiloides) breed at higher elevations in birch forest, and
the species with short tarsi (the small P. chloronotus and
large P. occipitalis) breed at lower elevations in conifer.
These summer habitat differences are again associated with
foraging more efficiently by hopping at higher elevations
or flying at lower elevations. The low and high species are
altitudinal replacements of one another, coming into con-
tact only at midelevations, where their habitats intergrade.
However, the two higher-elevation species have vast ranges
extending north into Siberia, whereas the lower-elevation
species are confined to lower latitudes. It is plausible that
competition between the altitudinal replacement species
plays a role in mutually restricting each other’s breeding
ranges, but the majority of individuals of one species do
not come into contact with individuals of the other. In
the models we develop, we consider current competition
between the species in the summer to be negligible. Breed-
ing carrying capacities differ greatly, largely because a spe-
cies at higher elevations has much more habitat to exploit
than one at lower elevations. This means that for the same
population sizes, the high-elevation species has many more
resources available per individual. Not only are ranges
larger, but arthropod abundance may increase to the north
(Irwin 2000; see also Huston and Wolverton 2009), further
increasing the total resource availability for the high-ele-
vation species.

Here, we show how differences in total resource avail-
ability within the summer breeding ranges can result in
asymmetrical evolution of the mean phenotypes of species
(in the specific case above, this would be foraging height
and tarsus length), which in turn affects winter abun-

dances. Species with high breeding season output have a
strong competitive effect on species with lower output,
resulting in character displacement of the lower-output
species to a less productive portion of the resource spec-
trum in winter, and hence lower population sizes. In this
way, summer breeding conditions lead to perpetuation of
population size differences through the annual cycle, even
if density regulation is primarily a response to food short-
ages in winter.

In general terms, the questions we address are: What is
the effect of differential population regulation in one sea-
son on character displacement in another? How does sea-
sonal variation in interspecific competition affect the sta-
bility of coexistence between competitors? At the
coevolutionary equilibrium, what are the competitive ef-
fects of one species on population size of the other?

Model Description

We build on existing models for the evolution of a quan-
titative trait that mediates competition between two species
(Slatkin 1980; Taper and Case 1985; Case and Taper 2000).
We allow, however, for separate dynamics in the winter or
nonbreeding season and the summer or breeding season.
The processes occurring in each season are summarized
in figure 2. We are primarily concerned with effects of
differential summer reproductive output on competitive
interactions in the winter. Accordingly, we omit interspe-
cific competition and selection in the summer and assume
that evolution of the trait mediating winter competition
is entirely determined by selection pressures in that season.
We model differences in breeding output by assigning dif-
ferent summer carrying capacities to the species. The
model tracks the abundance, , and mean phenotype,N (t)i

, of each species i over time t.z̄ (t)i

Throughout, parameters that apply within the winter
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and summer seasons are denoted with the superscripts (w)
and (s), respectively. The durations of the two phases
within each year are and . A time unit of years is(w) (s)T T
used, so . The model description uses(w) (s)T � T p 1

for the beginning of winter to keep the notationt p 0
simpler, but the next winter starts at , and so on.t p 1
Within each season, dynamics are modeled in continuous
time. This is natural to capture the density- and pheno-
type-dependent mortality occurring throughout the win-
ter. It is less representative of a single summer breeding
episode, but the important dynamic within that season is
simply density-dependent reproduction, independent of
phenotype, which can be represented equally well in con-
tinuous or discrete time. We further assume that gener-
ations are discrete and nonoverlapping. Each species is
censused at the end of winter, when its abundance is at
the lowest for the year.

Winter

During the winter, individuals compete with both con-
specifics and heterospecifics for resources. The strength of
this competition depends on phenotype, in two senses. In
the relative sense, individuals that are more similar com-
pete more strongly. In the absolute sense, the availability
of resources follows a symmetric and peaked distribution,
and competition is stronger among individuals with phe-
notypes best suited to exploit rarer resources.

Let be the instantaneous growth rate (Malthu-(w)r (t, z)i

sian fitness) for an individual of species i with trait value
z at time t during the winter:

(w)r (t, z)i (1)
�

(w) ′ ′ ′p r 1 � Q(z) N (t)p (t, z )a (z � z )dz .�max � j j ij( )j

��

This is the continuous-time equivalent of Slatkin’s (1980)
equation (5). The index j runs over all species, including
i. The phenotype distribution of species j is , whichp (t, z)j

is assumed Gaussian with mean and constant variancez̄ (t)j

. Our use of a constant phenotypic variance follows Case2jz

and Taper (2000) and presumes that genetic variance is
maintained by a balance among mutation, recombination,
and stabilizing selection (Lande 1975). The competition
function is . It is′ ′ 2 2a (z � z ) p a exp [�(z � z ) /(4j )]ij ij u

formed from the overlapping Gaussian resource utilization
functions, each with width (Roughgarden 1979, p. 519),ju

of two individuals of phenotypes z and . The constant′z
allows for species-specific, phenotype-independentaij

asymmetric competition, scaling the effect of species j on
i. The same-species a’s, , will be kept equal to 1, but theaii

cross-species a’s may take nonnegative values greater or
less than 1.

There is only mortality, not reproduction, during the
winter, so is negative. The function Q(z) describes(w)rmax

density dependence, and we assign it to be

21 z
Q(z) p � exp (2)

2( )Q 2j0 Q

to reflect the consequences of a Gaussian form of resource
availability on the number of individuals that can be sup-
ported (Roughgarden 1976; Slatkin 1980). Stabilizing se-
lection from the resource distribution itself is thus about
an optimum phenotype of , which does not varyz p 0
with time. The quantity Q0 mediates density dependence
in a manner analogous to carrying capacity, so that the
per capita mortality rate (eq. [1]) increases with increasing
abundance. It is not carrying capacity in the usual sense,
however, because the equilibrium population sizes would
be zero if these mortality-only winter dynamics continued
indefinitely (Gabriel et al. 2005).

The mean fitness of species i during the winter is

�

(w) (w)r̄ (t) p p (t, z)r (t, z)dz. (3)i � i i

��

Changes in population sizes and mean phenotypes over
the winter ( ) are described by Lande (1982):(w)0 ! t ≤ T

dNi (w)¯p r (t)N (t), (4)i idt

(w)¯ ¯dz �r (t)i i2p j (5a)z ¯dt �zi

�

(w) (w)¯ ¯p zp (t, z)r (t, z)dz � z r (t). (5b)� i i i i

��

There is no frequency-dependent term in equation (5a)
because the competition function and phenotype distri-
bution are both symmetric in z (Case and Taper 2000).
We omit division by the generation time in equation (5)
because it is assumed to be one, so as to avoid compli-
cations arising from age structure. Heritability does not
enter equation (5) because transmission across generations
occurs at the end of the summer (eq. [9]). Because equa-
tion (5) employs the selection gradient in continuous time
and assumes that the phenotype distributions remain
Gaussian, it supposes that selection is relatively weak.

The Gaussian forms of pi, aij, and 1/Q(z) permit sim-
plification of equations (1), (3), and (5); results are given
in appendix A. Further discussion of the model of winter
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character displacement, including conditions for character
convergence and extinction, appears in appendix B.

To find the abundances and mean phenotypes at the
end of the winter, we step through equations (4) and (5)
(hence recalculating eqq. [1] and [3]) with small values
of dt over the time period T(w). The values at the end of
the winter, Ni(T(w)) and , become the initial con-(w)z̄ (T )i

ditions for the summer phase.

Summer

During the summer, only intraspecific competition affects
each species. We assume that all individuals within a spe-
cies are equal competitors in this season, so that repro-
ductive success does not depend on the phenotype being
modeled, or on an individual’s condition after surviving
the winter. The population size of each species grows lo-
gistically, with carrying capacity and intrinsic rate of(s)Ki

growth , for duration T(s). Let be the instanta-(s) (s)r r (t)max i

neous growth rate (Malthusian fitness) for an individual
of species i at time t during the summer. Because we as-
sume that growth rate does not depend on individual phe-
notype z, the mean fitness of the species, , is identical(s)r̄ (t)i

to the individual fitness (growth rate):

(s) (s) (s) (s)r̄ (t) p r (t) p r (1 � N (t)/K ). (6)i i max i i

Changes in population size over the summer ( (w)T !

) are then described by(w) (s)t ≤ T � T

dNi (s)¯p r (t)N (t). (7)i idt

The abundances at the end of the summer are therefore

(s)N (0)Ki i(s)N (T ) p . (8)i (s) (s) (s)N (0) � [K � N (0)] exp [�r T ]i i i max

The mean phenotype of each species does not change
over the summer. The preceding winter’s selection, how-
ever, causes changes in the mean phenotype of the off-
spring generation with respect to the parents. For a single
character and nonoverlapping generations, the breeder’s
equation (Falconer and McKay 1996, p. 186) summarizes
phenotypic change from one year to the next. The mean
phenotype of those that survived the winter and can breed
in the summer (i.e., after selection but before reproduc-
tion) is . The mean phenotype at the beginning of(w)z̄ (T )i

the preceding winter is . With h2 denoting heritabilityz̄ (0)i

and a generation time of 1 year, the mean phenotype at
the end of the summer is thus

2 (w)¯ ¯ ¯ ¯z (1) p z (0) � h [z (T ) � z (0)]. (9)i i i i

The population sizes and mean phenotypes at the end of

the summer (eqq. [8], [9]) become the new values for the
beginning of the winter in the next year.

Model Analysis

We start by illustrating the general behavior of the model
(fig. 1) before considering detailed results. A single species
exploiting a symmetrical distribution of resources has its
equilibrium mean phenotype at the value corresponding
to the peak of the resource distribution (fig. 1A). When
two equivalent species are present, both can persist with
equal abundances and mean phenotypes symmetrically
displaced from the optimum (fig. 1B). Each species’ mean
phenotype is under stabilizing selection: those individuals
near the center of the resource distribution suffer intense
interspecific competition, whereas those individuals on the
outer extremes encounter few resources.

Now suppose that species 1 has more extensive summer
breeding grounds and hence a larger summer carrying
capacity, . The consequent higher return of spe-(s) (s)K 1 K1 2

cies 1 reduces the fitness of individuals of species 2 in the
left tail, resulting in directional selection on this species,
causing it to evolve toward the right, farther from the
optimum. Furthermore, as species 2 moves right, species
1 is also under directional selection to take advantage of
the center of the resource distribution. A new equilibrium
is reached where species 1 exploits most of the resources
and species 2 is displaced farther into the tail of the re-
source distribution (fig. 1C).

Progress to Equilibrium

We now consider the dynamics of population size and
mean phenotype that lead to the asymmetric outcome just
described (fig. 1C). Even if species 1 has an initial dis-
advantage in both abundance and phenotype, its summer
advantage allows it to become more abundant in the winter
(fig. 3A), with a mean phenotype closer to the optimum
than that of species 2 (fig. 3B). In this example, the abun-
dance dynamics show a rapid decline followed by a slow
rise. Species 2 also shows a later decline in abundance as
its phenotype is pushed farther from the optimum. With
different initial conditions, the transient dynamics are dif-
ferent (though still not complex), but the equilibrium out-
come is the same.

In figure 4, we show the complete phenotypic distri-
butions and winter fitness functions experienced by each
species during the progress to equilibrium. Over time, the
mean phenotype of each species moves toward values con-
ferring higher (less negative) winter fitness, simultaneously
changing the fitness surfaces themselves (fig. 4A–4C). The
equilibrium values of are not quite at the mean fitnessz̄i

peaks (fig. 4C) because of the separate summer dynamics.
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Figure 3: Time development of the seasonal coevolutionary system, toward the equilibrium shown in figure 1C. The abundances (A) and
mean phenotypes (B) for species 1 and 2 are shown by the solid and dashed lines, respectively. Species 1 starts with a smaller population
size and a mean phenotype farther from the optimum (which is , shown by the thin line) than species 2. Parameter values are as inz p 0
figure 1.

At this equilibrium, the more abundant species 1 claims
the region of optimum phenotype, and species 2 has local
maxima in mean fitness at both much smaller and much
greater phenotype values. The more abundant species has
a lower equilibrium mean fitness in the winter than the
less abundant species does because of greater intraspecific
competition induced by its higher mean fitness in the sum-
mer. This occurs despite its mean phenotype being closer
to the winter optimum (fig. 4F).

Coexistence

Species are likely to have competitive effects on each other
in ways beyond those mediated by the single trait thus far
considered. Here we consider first the situation in which
the species’ competitive strengths are asymmetric, so that
one species has a stronger effect on the other. Then we
consider situations in which the species are symmetric but
in which the strength of competition between two indi-
viduals depends not only on their phenotypes but also on
whether they are conspecifics or heterospecifics. We ex-
amine the consequences of these forms of phenotype-
independent interspecific and intraspecific competition on
the coexistence of the two competitors. The conditions for
coexistence versus competitive exclusion in the absence of
seasonal effects are summarized in appendix B.

Asymmetric Competition. For the warblers on which our
model is based, the species with a breeding range that
extends into Siberia has a high summer carrying capacity
but also a longer migration distance. Potentially, this could

reduce its competitive ability in the winter, for example,
because individuals breeding closer to the winter grounds
can establish winter territories more quickly, or because
the rigors of migration lower body condition. We are hence
interested in how summer breeding productivity and win-
ter competitive ability interact.

The consequences of higher summer carrying capacity
for a weaker winter competitor are illustrated in figure 5.
The mean phenotype of the inferior competitor (species
1) improves as its summer advantage increases. The stron-
ger competitor (species 2) claims a mean phenotype much
closer to the optimum, however, even when the abundance
of species 1 is high. An advantage in summer carrying
capacity can thus offset weaker competitive strength in the
winter, at least in abundance if not in phenotype. The
scenario shown in figure 5 produces the surprising out-
come that the more abundant species may be the one with
mean phenotype farther from the winter optimum.

A high summer carrying capacity can even save an in-
ferior competitor from winter-driven extinction. To show
this, we narrow the resource distribution so that the
strength of stabilizing selection is sufficient to prevent
character displacement. In this case, without the separate
breeding season, the worse competitor (species 1) would
become extinct, as discussed in appendix B. But with the
summer dynamics species 1 can persist, even if the carrying
capacities of the two species in the summer are identical.
Continuing with the example from figure 5 but reducing
the width of the stabilizing selection function attributed
to resources, (cf. 4.0), when ,2 (s) (s)j p 2.25 K p K p 20Q 1 2

the weaker competitor persists at about half the abundance
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Figure 4: Mean fitness functions (A–C) and their corresponding phenotype distributions (D–F) in three different years (t) during the
approach to equilibrium illustrated in figure 3. The thin vertical lines mark the mean phenotypes of each species (solid for , dashed forz̄1

). A–C show (eqq. [3] and [A3]) evaluated at for a range of values of (solid lines for , ; dashed lines for ,(w)¯ ¯ ¯ ¯z r z z i p 1 j p 2 i p 2 j p2 i j i

). Cross symbols in these panels mark the maximum value of each mean fitness function.1

of species 2, and with a mean phenotype nearly as close
to the optimum. The summer advantage required for N1

to exceed N2 is a bit more than in figure 5, around
, but it is possible, and again both mean phe-(s)K p 1001

notypes are quite close to zero with little character
displacement.

The seasonality of this system, and in particular the
separate summer reproductive or recovery period, there-
fore rescues weaker competitors in two ways. First, the
summer recovery period allows a species to attain high
abundance even when phenotypically displaced from the
winter optimum (fig. 5), and, second, the summer recov-
ery period enables winter coexistence when the outcome
would otherwise be competitive exclusion.

Symmetric Competition. We now consider species that
have symmetric effects on each other, but for which the
strengths of interspecific and intraspecific competition in-
herently differ, again independent of the phenotype mod-
eled, that is, . For example, the species maya p a ( 112 21

deplete other resources at different rates or share predators
(e.g., Martin and Martin 2001). Or, competitive interac-
tions may be fundamentally different within species than
between species (neighbor-dependent selection; Vasseur et
al. 2011).

In figure 6, we show how the strength of phenotype-
independent interspecific competition interacts with sum-
mer carrying capacity differences to determine equilibrium
abundances and mean phenotypes. When the two species
are symmetric in every respect, increasing interspecific
competition results in decreased population sizes of each,
and their greater displacement from the optimum, as ex-
pected. When the summer carrying capacity of species 1
is several times higher than that of species 2, increasing
interspecific competition has only a small effect on the
population size of the more abundant species. This is be-
cause species 1 is limited much more by intraspecific than
by interspecific competition. Strong interspecific compe-
tition does, however, allow species 1 to evolve closer to
the resource optimum because it greatly decreases the
abundance of species 2. On the other hand, the numerical
dominance of species 1 means that the species with low
summer carrying capacity is increasingly affected as the
strength of interspecific winter competition increases. In
the severe case of a 10-fold difference in summer carrying
capacities and competition 1.75 times stronger between
heterospecifics than conspecifics, the equilibrium winter
population size of species 2 is reduced eightfold and its
phenotype distribution is displaced more than four stan-
dard deviations from the optimum.
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Figure 5: Equilibrium abundance (A) and mean phenotype (B) of the weaker (species 1, solid lines) and stronger (species 2, dashed lines)
competitors, as a function of summer carrying capacity of species 1. Parameter values are as in figures 1–4, except , , and2j p 4 a p 1.8Q 12

. The leftmost points are for , when neither species has a summer advantage.(s) (s)a p 0.2 K p 20 p K21 1 2

Ecological and Evolutionary Release

All results described above for equilibrium population
sizes (e.g., figs. 1, 5, 6) reflect both the immediate effects
of one competitor on the other and the consequences of
evolutionary changes. To compare these “ecological’’ and
“evolutionary’’ contributions, we start with the two species
at their coevolutionary equilibrium and remove species 2.
We then track the population size of species 1, which ini-
tially has its equilibrium abundance and mean phe-*N1

notype . First, we prohibit the evolution of by setting*¯ ¯z z1 1

; reducing the heritability reduces the speed of evo-2h p 0
lutionary response (to zero, in our case; see also Schreiber
et al. 2011; Vasseur et al. 2011). We then observe the new
equilibrium abundance and mean phenotype , which′ ′¯N z1 1

are reached in only a few generations. These changes in
abundance, , and mean phenotype,′ *DN p N � Neco 1 1

, are the “ecological’’ response. The change′ *¯ ¯ ¯Dz p z � zeco 1 1

in mean phenotype is small, only because of phenotype-
dependent winter mortality. Second, we restore inheritance
(to any value of ) and let the full evolutionary20 ! h ≤ 1
dynamics play out so that species 1 goes to the single
species equilibrium . The equilibrium abundance′′z̄ p 01

under these conditions includes both the ecological′′N1

and evolutionary responses. The abundance difference
and mean phenotype difference′′ ′DN p N � Nevo 1 1

are the evolutionary response.′′ ′¯ ¯ ¯Dz p z � zevo 1 1

Results are illustrated in figure 7. When , the(s) (s)K � K1 2

magnitudes of the ecological and evolutionary abundance
responses are comparable. When species 1 has higher sum-
mer population size, , DNeco remains stable but(s) (s)K k K1 2

DNevo is reduced because there was less character displace-

ment from which to recover; is thus also smaller.¯Dzevo

Repeating this exercise but keeping species 2 as the sur-
vivor, we again find comparable magnitudes of the eco-
logical and evolutionary changes in abundance (results not
shown). In this case, however, both of these responses
increase with (now the summer carrying capacity of(s)K1

the removed species) because the surviving species was
more greatly displaced (cf. fig. 1C).

Discussion

When species compete, evolutionary outcomes depend on
their abundances and on the degree to which they exploit
common resources. We have shown how differences in
population sizes resulting from differences in total re-
source availability in one season (here, the summer or
breeding season) strongly affect evolutionary outcomes de-
termined by competitive interactions in the other season
(here, the winter or nonbreeding season). In order to dis-
sect the cross-seasonal effect of reproductive output on
evolution, we have assumed that trait-mediated compe-
tition occurs only in the winter. Our equations thus en-
compass situations where each species is independently
regulated in the summer. Although competition between
species in the summer is not explicitly modeled and cannot
evolve, the difference in summer carrying capacities could
be viewed as its outcome.

In general, evolutionary change in one species affects
population sizes of that species and all those with which
it interacts (Slatkin 1980; Hairston et al. 2005; Schoener
2011; Vasseur et al. 2011). First, with respect to the focal
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Figure 6: Effects of phenotype-independent interspecific competition and summer carrying capacity on equilibrium abundance (A) and
mean phenotype (B). The three thick lines show results for different strengths of interspecific competition, for the value of a p a pij 12

indicated. The dotted lines show results for values of increasing to the right from 20 to 100 to 200. The leftmost dotted line in A(s)a K21 1

and bottommost dotted line in B thus represent the situation where the species are symmetric in every respect. Other parameter values are
as in figure 5.

species, adaptation to the environment (in our case, in-
cluding the abundance and phenotype of a competitor)
raises population sizes to levels higher than expected in
the absence of evolution (Hairston et al. 2005; Ellner et
al. 2011). Second, adaptation can have ramifying effects
through the food web (Hairston et al. 2005; Schoener
2011). In some models evolution can result in cycling
population sizes and even be essential to the maintenance
of coexisting species (Schreiber et al. 2011; Vasseur et al.
2011). In these cases, the speed of evolutionary response,
as determined by the product of selection and heritability,
is critical to the outcome. In our system, heritability does
not affect whether a pair of competing species can coexist,
and it has only a very small effect on their equilibrium
abundances and phenotypes ( ; results not shown),� 1%
but the equilibrium is reached more slowly with lower
heritabilities. We found that a typical outcome of removing
a competitor is that the immediate (ecological) increase
in population size was roughly the same as the increase
resulting from subsequent evolution over several tens of
generations (fig. 7). The order-of-magnitude similarity of
the evolutionary and ecological responses across genera-
tions is in accord with some empirical studies, which have
demonstrated that strong selection and accompanying
evolution may rapidly restore a depressed population size
in a changing environment (Hairston et al. 2005; Ellner
et al. 2011).

The consequence of differential reproductive output in
one season on evolution in the other also depends on
competitive effects that are not mediated by phenotype.

These effects are magnified as interspecific competition
increases relative to intraspecific competition (fig. 6). Dif-
ferences between seasons also mean that a poorer com-
petitor in one season need not be driven rare or extinct
if it has sufficiently high productivity in the other season.
An inferior competitor with high carrying capacity in the
breeding season undergoes rapid growth from low pop-
ulation sizes each year. This provides not only a direct
subsidy to its abundance, but the increased intraspecific
competition drives its mean phenotype to evolve closer to
the optimum, thereby reducing the severity of winter re-
source limitation for that species. All of this may happen
with only a small effect on the superior competitor (fig.
5).

Our results show that populations that are strongly reg-
ulated by food in the winter may nevertheless have their
abundances determined by conditions in the summer, as
a result of evolutionary adjustments. They explain the ap-
parently paradoxical finding of exactly this pattern in the
Old World leaf warblers (Price and Gross 2005), as de-
scribed in the “Introduction.” The approach also applies
generally to species that encounter different competitive
interactions and resource distributions at different times
of the annual cycle—perhaps the majority of the world’s
species. The model can be expanded to accommodate
more species and also situations in which multiple traits
mediate competitive interactions at multiple points in the
annual life cycle. In these cases, we expect abundances and
phenotypes to evolve as a compromise between any op-
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Figure 7: Ecological and evolutionary components of competitive release for abundance (A) and mean phenotype (B), as functions of
summer carrying capacity differences. Solid and dashed lines show the change in species 1 after species 2 is removed, with and without
inheritance, respectively. Thus, the dashed lines show the ecological response, and , and the distance between the dashed and¯DN Dzeco eco

solid lines is the evolutionary response, and . Parameter values are as for figure 1, except for the summer carrying capacity of¯DN Dzevo evo

species 1 and the heritability ( for the initial coevolutionary equilibrium, but for the dashed lines).2 2h p 0.5 h p 0

posing selection pressures that develop as a result of dif-
ferences in resource distributions and population sizes.

Here, we have considered that competitive interactions
are mediated by a unimodal, continuous resource distri-
bution. Although not empirically assessed, this may apply
to many aspects of warbler biology, such as distributions
along a foraging height gradient. However, we have not
developed models of multimodal resource distributions,
and these may lead to different outcomes. For example,
food limitation in Darwin’s ground finches probably plays
a major role in regulating population sizes (Grant and
Grant 1996), just as inferred for the Old World warblers.
However, in the finches such limitation is accompanied
by strong selection to efficiently exploit specific seeds
(Grant and Grant 2002, 2006), and the adaptive surface
set by these discrete resources has tall peaks and deep
valleys (Schluter and Grant 1984; Schluter et al. 1985). In
the ground finches, the power of differential productivity
in the breeding season to drive species off their nonbreed-
ing season resource peak is likely to be relatively small,
given the strong selection to efficiently utilize the available
food supply in that season.

Within-season temporal variation in the resource dis-
tribution could also be considered in this framework. Sim-
ple resource changes may not greatly alter our conclusions.
For example, narrowing of the resource distribution as the
winter progresses might have a net effect similar to the
model with a constant but somewhat smaller value of jQ.
More complex changes in the resource distribution, es-
pecially those driven by resource use of the competing

species themselves, may, however, have substantially dif-
ferent consequences on character displacement and
coexistence.

Cross-seasonal implications of population regulation are
not restricted to summer effects on winter evolution. For
example, differential survival in the nonbreeding season
will affect the outcome of competitive interactions in the
breeding season. Martin and Martin (2001) experimentally
demonstrated strong breeding season competition between
two New World warblers, Vermivora celata and Vermivora
virginiae, with V. celata dominant. Vermivora celata is much
more abundant and occupies a much larger winter range,
implying that difference in winter abundance is a possible
factor driving evolution of summer competitive asym-
metry. More generally, in the New World warblers, ob-
servational and experimental data indicate density-depen-
dent regulation, via food, is operating in both the summer
and winter (Rodenhouse et al. 2003; Sillett et al. 2004;
Faaborg et al. 2010). Bassar et al. (2010) have identified
several other experiments across a variety of taxa, dem-
onstrating that density dependence often operates at mul-
tiple stages of the life history. These findings are in accord
with our results, which have shown how competition
through food limitation in one season can affect popu-
lation dynamics in the other season, rather than either
season dominating the regulatory process. Although we
did not explore it here, censusing populations at multiple
stages in their life cycle (e.g., end of summer as well as
end of winter) could shed additional light on the differ-
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ential seasonal contributions to population dynamics and
trait evolution.

When species interact, it has long been recognized that
evolutionary change in one species alters the environment
experienced by another, resulting in evolution of the sec-
ond species and the potential for mutual feedbacks (Post
and Palkovacs 2009; Bolnick et al. 2011; Vasseur et al.
2011). Here we have shown that in competitive systems,
even changing the abundance of one species can have pro-
found effects on rates and directions of evolution of the
other. Much has been made of how human impacts di-
rectly place new selection pressures on populations (Pal-
umbi 2001), and even more about how human impacts
are altering population sizes, decreasing the abundance of
many species, and increasing the abundance of a few
(Butchart et al. 2010). The findings reported here link these
two consequences of human activities by showing how
changes in population sizes lead to large evolutionary ad-
justments; the net result may be further changes in pop-
ulation sizes due to evolution, over and above those pre-
dicted from analyses based on community ecology.
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APPENDIX A

Winter Coevolution Functions

The Gaussian forms of pi(z), , and 1/Q(z) permit′a (z � z )ij

simplification of equations (1), (3), and (5).
Define the following quantities to simplify notation:

2 2 2j p 2j � j , (A1a)uz u z

1
A p , (A1b)

2 2 22j j jQ uz z

2 2 2 2 2 2b p j j � j j � j j , (A1c)Q z Q uz z uz

2 2 2 2¯ ¯c p z j j � z j j , (A1d)i Q uz j Q z

2 2 2 2 2 2¯ ¯d p z j j � z j j . (A1e)i Q uz j Q z

Individual winter fitness (eq. [1]), mean winter fitness
(eq. [3]), and the winter selection gradient (used in eq.
[5]) then become

(w)r (t, z)i

� 2 22ju ¯z �(z � z )j(w)p r 1 � exp a N exp , (A2)�max ij j2 2{ [ ] [ ]}Q j 2j 2jj0 uz Q uz

(w)r̄ (t)i

21 2 j j cu Q(w) �p r 1 � a N exp �A d � , (A3)�max ij j2{ [ ( )]}Q b j bj0 z

(w)¯�r (t)i

¯�zi

(w) 2r 2 j j c cmax u Q� ¯p a N � z exp �A d � , (A4)� ij j i2 ( ) [ ( )]Q b j b bj0 z

provided that for convergence of the integral in equa-b 1 0
tion (3). A sufficient but not necessary condition for

is .2 2b 1 0 j 1 jQ z

APPENDIX B

Winter Character Displacement Conditions

To understand the model of competitive dynamics, we set
aside the effects of seasonality for the moment and focus
on the phenotype-dependent competition described in
equation (1). Specifically, for this appendix only, we set

and , assume , and remove the(s) (w) (w)T p 0 T p 1 r 1 0max

leading negative sign from Q(z) in equation (2). We also
insert a factor of h2 in equation (5), although this does
not affect the results unless the two species have different
heritabilities for the trait in question. This excursion pro-
vides a baseline against which the effects of the separate
breeding season can be measured and informs the param-
eter values we use for the full seasonal analyses.

Our model shares a framework commonly employed
for studying ecological character displacement of a quan-
titative trait. It uses Slatkin’s (1980) extension of Rough-
garden’s (1972) formulation (see also Taper and Case
1985) to describe the strength of competition in terms of
differences in phenotype value. Stabilizing selection is den-
sity dependent because it enters through the carrying ca-
pacity function, as in Slatkin (1980) and Taper and Case
(1985). This is in contrast to the treatments of Case and
Taper (2000) and Goldberg and Lande (2006), which im-
pose stabilizing selection through an additional density-
independent term in the individual fitness function, and
of Price and Kirkpatrick (2009), in which stabilizing se-
lection enters as an adjustment to rmax. We also assume
that the phenotypic variance of each species returns to a
constant value at the beginning of each generation (fol-
lowing Case and Taper 2000; Goldberg and Lande 2006;
in contrast to Taper and Case 1985; Slatkin 1980). This
assumption is based on a balance of stabilizing selection



704 The American Naturalist

versus mutation and recombination in maintaining heri-
table variability in a polygenic trait (Lande 1975).

Character convergence occurs when the maximum fit-
ness of a rare invader (species 2) to a single-species system
at equilibrium ( ) is at the optimum phenotype,z̄ p 01

(Case and Taper 2000). From equation (A3), sta-z̄ p 02

bilizing selection is sufficiently strong to force convergence
when , in agreement with Taper and Case2 2 2j ! 2j � jQ u z

(1985). When this condition is true, the determine ex-aij

tinction or coexistence exactly as they do in nonevolu-
tionary Lotka-Volterra dynamics (e.g., MacArthur and
Levins 1967). Assuming equal carrying capacities for the
two species and , species 1 becomes extincta p a p 111 22

if and , or if it has an initial disadvantage,a 1 1 a ! 112 21

, and . When , the abundances of thea 1 1 a 1 1 a p 112 21 ij

two species are neutrally stable. (As we show in the main
text, however, including the summer dynamics causes the
character convergence outcome to become locally stable
by allowing the species with lower abundance to catch up
by reproduction.)

Alternatively, when , stabilizing selection2 2 2j 1 2j � jQ u z

is weak enough that character displacement occurs. Com-
petition will not drive one species extinct in this case, even
for extreme values of the . This result differs from Slat-aij

kin’s (1980) result because of the differing assumptions
about the phenotypic variance. When the phenotypic var-
iance of the more abundant species is allowed to increase,
it leaves less room for the displaced species, driving it to
extinction. In our model, however, phenotypic variances
are fixed and the carrying capacity never falls completely
to zero. The displaced species can therefore always evolve
an extreme enough phenotype to persist, at least at low
abundance.

In terms of the Lotka-Volterra conditions, this guar-
anteed coexistence may be understood by computing the
average effect, across the entire phenotype distributions of
both species, of one species on the other, :¯ ¯A(z � z )1 2

� �

′¯ ¯ ¯A(z � z ) p a (z � z )p (z, z ) (B1a)1 2 �� 12 1 1

�� ��

′ ′¯# p (z , z )dzdz (B1b)2 2

2 2¯ ¯j �(z � z )u 1 2�p a exp .12 2 2 2 2[ ]j � j 4(j � j )u z u z

The total effect of species 2 on species 1 therefore be-
comes small when the mean phenotypes of the species
diverge (fig. B1). Consequently, character displacement en-
sures that the overall competition coefficients remain be-
low 1, allowing coexistence even of a much weaker
competitor.

Figure B1: Overall competition coefficient, (eq. [B1], with¯ ¯A(z � z )1 2

), as a function of the difference in mean phenotype betweena p 112

the species. Competition is strongest when the two species have the
same mean phenotype. It decreases slowly as the difference in mean
phenotype increases, as long as there is still substantial overlap in
the species requirements (relatively large and ). When the phe-2 2j ju z

notypes differ more, interspecific competition decreases toward zero.
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