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Abstract. Theoretical studies have shown that coexistence between competitors can be
favored in a spatially heterogeneous environment by a number of mechanisms, which
ultimately allow the expression of persistent or transitory variation in species competitive
abilities, colonization, or reproduction. Four distinctive paradigms to model metacommunities
have been identified according to assumptions about the biology of the species and essential
aspects of the environment. Missing from these are mechanisms of coexistence that can arise
from the dispersal process itself without explicit spatial heterogeneity or biological trade-offs.
These mechanisms have only recently received attention, but they may be common in marine
communities and other systems in which dispersal is obligatory and modulated by the physical
environment. We investigate coexistence in spatially homogeneous metacommunities where
there is no partitioning of resources, no competition–colonization trade-off, and no possibility
of source–sink dynamics. Coexistence is shown to be possible through three distinct
mechanisms related to the dispersal process itself. Firstly, in a neutral scenario, inclusion of
temporal variability in the connectivity matrix, emulating an intrinsic attribute of ocean
character and other turbulent environments, can promote the invasion of an equally matched
competitor and, in a hierarchical competition scenario, the persistence of an otherwise
unviable, inferior competitor (the dispersal variability mechanism). Secondly, a sufficiently
large difference in the shape of the time-independent dispersal kernels of the two species,
which may result from differences in larval-release timing, buoyancy, or behavior, can produce
stable coexistence in the center of their shared range (the dispersal-shape mechanism). Thirdly,
asymmetry in the dispersal process due to biased advection renders the metapopulation model
reactive, such that small variations in the upstream abundances can be sufficient for the
subordinate species to stably persist (the dispersal-bias mechanism). These results demonstrate
that a subordinate species may persist by occupying a dispersal niche that differs sufficiently
from that of the dominant species. Further theoretical research is necessary to develop simple
empirical tests for these and other dispersal-based coexistence mechanisms.
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INTRODUCTION

The identification of mechanisms that can allow

coexistence of multiple species that compete for a

common resource has been a central issue in ecology

for over 100 years (see Chesson [2000] for a review). The

coexistence paradox is nontrivial because for any given

set of environmental conditions one species will be best

suited on average and hence could be expected to

eventually drive all others to local extinction. Coexis-

tence then would be limited to species that are either

exactly the same in every aspect related to resource

utilization (the neutral paradigm; Hubbell 1997) or that

partition the available resources, thereby reducing the

detrimental effects of competition (Adler et al. 2007). It

has been recognized that the ubiquitous variability in the

environment plays a fundamental role in many examples

of persistent coexistence (Chesson 2000, Amarasekare

2003). Coexistence requires that differences in fitness be

offset by ecological or niche differences (Chesson 1991,

Adler et al. 2007), i.e., the difference in niche occupied

by the inferior species must be such that competition

with the dominant species (interspecific) is reduced

relative to that with itself (intraspecific). When a species

possesses a buffering stage that resists extinction under

unfavorable conditions (such as a seed bank) it may

coexist with a superior competitor that has a distinct

response to environmental fluctuations. This general

mechanism of coexistence has been termed the storage

effect (Chesson and Warner 1981, Warner and Chesson

1985). Alternatively, a subordinate may offset its

competitive disadvantages under average conditions by

being less sensitive to resource variability, as reflected in

distinct, nonlinear, functional resource dependence and

hence referred to as relative nonlinearity of competition

(Armstrong and McGehee 1980). In both cases,
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temporal variability in the environment is crucial to

provide occasional opportunities for subordinate species

to prosper. Thus, the ubiquitous temporal variability in

environmental parameters, when occurring at timescales

affecting biological vital rates, creates niche opportuni-

ties that may be exploited by species to permit their

stable coexistence in the face of competitors better suited

to average conditions.

Besides temporal variability leading to niche parti-

tioning, the consideration of space and the idea of local

populations of interactive species connected through

dispersal of individuals (metacommunity) represented a

milestone in our understanding of population persis-

tence, coexistence mechanisms, and the maintenance of

biodiversity (Chesson 2000, Shurin 2001, Amarasekare

2003, Kritzer and Sale 2004, Logue et al. 2011). In these

spatially structured systems, the level of connectivity

among local populations is of critical importance for

species coexistence (Iwasa and Roughgarden 1986,

Pulliam 1988, Leibold et al. 2004, Mouquet et al. 2005,

Salomon et al. 2010, Bode et al. 2011, Figueiredo and

Connolly 2012). Indeed, a large number of theoretical

studies have shown that spatial heterogeneity in the

environment, which ultimately generates spatial varia-

tion in the arrival of individuals to local populations,

i.e., per capita recruitment rates, can foster coexistence

either through source–sink subsidization dynamics

(Iwasa and Roughgarden 1986, Mouquet et al. 2005),

competition–colonization trade-offs (Tilman 1994,

Amarasekare 2003), or through a spatial storage effect

(Snyder and Chesson 2004). In a recent review, Leibold

et al. (2004) provided a lucid and didactic conceptual-

ization of the main theoretical approaches to model

species coexistence in metacommunities. They identified

four paradigms that make distinctive assumptions about

the biology of the species, the relative timescales of local

and regional processes, and about essential aspects of

the environment within each patch. In all these models

(except the neutral paradigm), the environment provides

permanent or ephemeral spatial variability that affect

ecological and/or reproductive performance of the

species, which in turn affects coexistence through

dispersal of individuals across space (Leibold et al.

2004). Their influential review has undoubtedly spurred

the much needed field work to test these ideas in

terrestrial, aquatic, and marine ecosystems (Logue et al.

2011). But because theoretical developments have been

made only very recently, mechanisms of coexistence that

can arise from the dispersal process itself, without

spatial heterogeneity or biological trade-offs, were not

considered in Leibold et al.’s (2004) paradigms or in

previous reviews (Chesson 2000, Amarasekare 2003).

We expand upon recent developments and provide new

theory on dispersal-driven coexistence and maintenance

of diversity in metacommunities. Together with previous

developments (Berkley et al. 2010, Salomon et al. 2010,

Figueiredo and Connolly 2012), our results show that

these mechanisms may be quite common in marine

communities and other systems in which dispersal is

obligatory and modulated by the inherently variable

physical environment. They therefore should be brought

to attention of theorists and empirical marine ecologists

alike.

In the case of marine species, the ability of larvae to

arrive to a suitable habitat within their competency

period is strongly conditioned by the character of the

local ocean currents, even for those with sophisticated

swimming behaviors (Largier 2003, Aiken et al. 2007,

2011, Mitarai et al. 2008, Siegel et al. 2008). While many

studies of marine metapopulations have treated oceanic

dispersal as spatially homogeneous and steady in time,

in reality the ocean circulation and hence pelagic

dispersal is highly variable with the result that, even

for species without temporally variable spawning or

larval swimming behavior, connectivity of populations

along the coastline will commonly vary over a range of

space- and time-scales (Kaplan 2006, Aiken et al. 2007,

Mitarai et al. 2008, Siegel et al. 2008, Aiken and

Navarrete 2011). Yet despite the importance of dispersal

for all aspects of the ecology and evolution of species

(Gaines et al. 2007), we are just beginning to explore the

population and community consequences of its inher-

ently variable nature (Kritzer and Sale 2004, Aiken et al.

2007, Siegel et al. 2008). The effects of stochastic

dispersal on population persistence and on the meta-

population structure and dynamics were recently ex-

plored by Aiken and Navarrete (2011) and Watson et al.

(2012). Aiken and Navarrete (2011) showed that under

some quite general conditions even temporally uncorre-

lated (noise) forcing may profoundly alter metapopula-

tion dynamics, sustaining an otherwise unviable

metapopulation. As a result, it may be expected that

stochastic forcing of metacommunities may also condi-

tion the ability of inferior competitors to survive. But

the consequences of stochastic dispersal variability on

species coexistence have only been considered in a

landmark paper by Berkley et al. (2010), where the

authors lucidly demonstrated that temporal variability

in the recruitment of pelagic larvae can by itself permit a

competitive subordinate to be sustained, provided only

that the spawning seasons of the competitors are

sufficiently offset. Unlike much of the previous work

on the role of environmental fluctuations (e.g., McPeek

and Holt 1992), Berkley et al.’s (2010) model is spatially

homogeneous, contains no fitness–environment correla-

tion and no interspecific differences in dispersal abilities,

nor gregarious settlement. These features allow the

authors to rule out the competition–colonization trade-

off (Tilman 1994) or any other form of temporal or

spatial niche partitioning (e.g., Klopfer and Ives 1997)

as mechanisms of coexistence. Instead, they show that

the coexistence process results from the inherently

stochastic dispersal of species that release larvae into

the water column at offset times, which generates a

novel form of spatial storage effect due to highly

ephemeral spatial heterogeneity. Thus, the authors

CHRISTOPHER M. AIKEN AND SERGIO A. NAVARRETE2290 Ecology, Vol. 95, No. 8



conclude that coexistence of species with stochastic

dispersal does not necessarily depend on any form of

fitness inequalities, but rather on the degree of overlap in

their spawning seasons.

In addition to Berkley et al.’s (2010) contribution on

coexistence under stochastic dispersal, a series of

theoretical studies published over the past three years

have demonstrated that fixed but spatially variable

connectivity among populations in which some patches

of habitat export more larvae per capita to the

metapopulation than they receive can foster coexistence

of space-limited competitors (Salomon et al. 2010,

Figueiredo and Connolly 2012) and that this mechanism

can be an important mechanism supporting the high

diversity of tropical reef fish (Bode et al. 2011). These

authors concentrate on the positive effect that an

unequal geographical distribution of recruits can have

upon coexistence by elegantly manipulating patterns of

connectivity in small metacommunities. Considering the

enormous consequences of these recent theoretical

developments for our views about maintenance of

biodiversity in the ocean and other turbulent dispersive

environments, we further explore the role of the

dispersal phase in the coexistence of species.

An important aspect addressed here is the finiteness of

the environment in which adult populations can exist, in

particular in the presence of a mean drift in realized

dispersal. Metapopulation models often assume an

infinite range, and even when range boundaries are

included they are often modeled as periodic or reflective

(e.g., Berkley et al. 2010). While mathematically

convenient, such boundary conditions are clearly not

realistic in the majority of dispersal scenarios. In the

marine environment in particular, the phenomenon of

larval waste, i.e., larvae produced on the shore but dying

before reaching adult habitat, has always been identified

as a major factor of larval ecology (Thorson 1950). The

finiteness of a species’ ranges can, in fact, have a

profound influence on metapopulation dynamics that

extends beyond the abundances of edge populations.

This is particularly apparent when dispersal has a

nonzero drift, as the metapopulation can become highly

sensitive to the upstream populations (Lutscher et al.

2007, Aiken and Navarrete 2011, Pringle et al. 2011).

The finite geographical extent of the metacommunity

also renders connectivity heterogeneous, even when the

advective environment is spatially homogeneous, raising

the possibility for coexistence of the type detailed in

Salomon et al. (2010) and Figueiredo and Connolly

(2012) in a two-patch system.

Our intent is to present the various routes by which

coexistence can occur between two species that occupy a

finite geographical region under three different compet-

itive–dispersal scenarios: (1) the neutral case in which

dispersal character (probability density kernel), mortal-

ity rates, and fecundities are identical (equal competi-

tors), (2) hierarchical competition due to differences in

mortality rates, but identical dispersal abilities, and (3)

both dispersal kernel and mortality rate differ. In all

cases, resource use of species overlaps completely,

preventing typical resource partitioning, and spatial

homogeneity in species fitness and their response to

competition prevents spatial source–sink dynamics

(Iwasa and Roughgarden 1986, Muko and Iwasa 2000,

Mouquet et al. 2005). Competition intensity is spatially

homogeneous; there is no differing covariance with

environmental factors and no differences in death rates

and lifespans, preventing relative nonlinearity of com-

petition or storage effects. The statistics of dispersal are

assumed to be stationary and spatially homogeneous,

ruling out source–sink coexistence of the type described

by Iwasa and Roughgarden (1986). Nonetheless, we

demonstrate that this simple model can sustain various

modes of coexistence, wherein environmental variability

in dispersal, in combination with asymmetrical advec-

tion and a finite geographical range, enhances the

probability for survival of species that could not exist

under constant conditions.

METHODS

Dispersal-based metapopulation model for two species

that compete for space

We extend the single species metapopulation model of

Aiken and Navarrete (2011) to include a second species

that competes for the available space. Each metapopu-

lation is composed of a finite number of discrete

populations that occupy geographically distinct sites.

For convenience the sites may be envisaged to fall upon

a straight section of coastline, although the geographical

relationship between sites is, in fact, irrelevant. The

model is based on that of Roughgarden et al. (1985)

modified to explicitly include spatial patterns of larval

exchange via a connectivity matrix. Competition for

space is effectively of the lottery type (sensu Chesson

and Warner 1981), in that all recruits of both species

have the same probability of settling to the available

substrate. The model can be written as

dn1=dt ¼
�

f1Sðn1 þ n2ÞC1ðtÞ �M1

�
n1 ð1Þ

dn2=dt ¼
�

f2Sðn1 þ n2ÞC2ðtÞ �M2

�
n2 ð2Þ

where ni is the time-dependent state vector containing

the number of individuals of species i in each patch, Ci(t)

is the time-dependent connectivity matrix, which defines

the probability of competent larval delivery to each of

the J local populations at time t, such that the diagonal

of C determines the level of self-recruitment, and fi is the

rate of production of competent settlers of species i per

adult per unit time at each local population. This factor

includes the effects of larval production and mortality.

S(n1þn2) is the density dependent settlement rate, which

in this case decreases linearly with the availability of

substrate and may be cast in matrix form as
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Sðn1 þ n2Þ ¼ I�
X
ðn1Þ � Rðn2Þ ð3Þ

where I is the identity matrix, R(n) ¼ diag(n)/N, diag( )

denotes the matrix with the elements indicated along the

diagonal and zeros elsewhere, and N is the maximum

possible abundance at each site, determined by a fixed

availability of free space for both species in that location

and the per capita use of this resource. Mi ¼ miI is the

mortality rate matrix, where the mi is the mortality rate

of species i per unit time.

We have, for simplicity but without loss of generality,

assumed that the per capita use of space (e.g., individual

size) is identical for both species and across the

metapopulation. Introducing differences in the adult

per capita usage of space results in proportional linear

changes in the population abundances, but no qualita-

tive change in the results that follow. The density

dependent term couples the two equations and renders

the model nonlinear in abundance. It may be noted that

the density dependent term is identical in both Eqs. 1

and 1, and hence there is no difference between

intraspecific and interspecific competition. Each individ-

ual competes for space on equal terms with members of

its own and other species at all local populations (equal

competitors). This symmetry rules out the possibility for

stable coexistence in the model through relative nonlin-

earity of competition (there is no low density advantage)

or a temporal storage effect.

While our model is similar to that of Berkley et al.

(2010), there are a number of differences that should be

noted. The Beverton-Holt recruitment function in

Berkley et al. (2010) enforces hyperbolic density-

dependent competition on recruits. While this functional

form for competition has been shown to be appropriate

for intracohort competition in fisheries (White 2009),

this is not the case for populations of coastal inverte-

brates (e.g., Roughgarden et al. 1988, Hughes et al.

2000, Navarrete and Manzur 2008) and for many fish

species (Iles 1994). The interspecific competition for

available space used here provides a simpler and

arguably more realistic representation of competition

among marine invertebrates (see also Salomon et al.

2010). Secondly, and importantly, we explicitly incor-

porate open boundaries at the edges of the metapopu-

lations. While in Berkley et al. (2010) the mean

settlement success rate is identical across the metacom-

munity, the result of using periodic or reflective

boundaries, we will show that the inclusion of open

boundaries, as is generally the case in nature, can

provide additional mechanisms for coexistence under

otherwise homogeneous conditions. Our goal is not to

revisit the Berkley et al. (2010) study, but to evaluate the

turbulence-based mechanism under our model assump-

tions and, if corroborated, assess the sensitivity to the

time structure of stochastic process. Recognizing that

dispersal is typically a red-noise process and by varying

the decorrelation timescale of the stochastic forcing, we

also evaluate the sensitivity of Berkley et al.’s and our

own results to representations of dispersal variability

that may be generalized beyond the ocean context. Our

general model is also similar to that recently developed

by Salomon et al. (2010; see also Figueiredo and

Connolly [2012]), but we follow a different approach.

These authors investigated the effects of temporally

fixed spatial variation in patterns of dispersal of

competing species by recreating different scenarios of

connectivity matrices in an essentially closed metacom-

munity. We instead let a fixed or stochastically variable

dispersal kernel determine the elements of connectivity

matrices in a metacommunity with explicitly open

boundaries, as would occur in a spatially homogeneous

ocean (or any other advective environment) that extends

beyond the range of species. We will show that Salomon

et al.’s (2010) results are quite general and can be

expanded to situations that do not impose specific

patterns of dispersal sources/sinks across the metapop-

ulation.

Simulations of metacommunity dynamics

The role of temporal variability upon metacommunity

dynamics and coexistence was examined using Eqs. 1

and 2 under a number of forcing and dispersal scenarios.

Each modeled metapopulation was composed of J¼ 50

equally spaced local populations inhabiting a finite

section of coast. The results that follow are qualitatively

insensitive to the choice of J. The limiting abundance at

each site was nominally set to N ¼ 100, such that the

abundance values may equivalently be interpreted as

percentages of the total population size summed over

both species. Mortality rates and dispersal characteris-

tics varied between simulations, but in all cases were

uniform across all patches. The settler production rate

(fecundity) was nominally set to be fi¼1 settler per adult

per unit time for both species (and hence no competi-

tion–colonization trade-off sensu Tilman 1994), which

in all cases is above the critical level required for

persistence in the absence of the competitor. Eqs. 1 and

2 were solved numerically in MATLAB using the code

included in the Supplement. Positive definiteness (all

elements of n � 0) of the abundances was enforced at

each time step. It may be noted that Eqs. 1 and 2 do not

explicitly include a spatial dimension, as it is the

connectivity patterns rather than the geographical

spacing between sites that is relevant. Nonetheless, in

the generation of the connectivity matrices outlined

below we arbitrarily assume that all sites are evenly

spaced by 1 unit. The results are independent of the units

of distance.

Environmental variability was incorporated in two

ways. Firstly, direct effects of the environment upon the

adult abundances were simulated through the random

addition and removal of individuals from each local

population, represented in the model through the

addition of a stochastic forcing term n(t) to the state

vector n, where each element ni(t) of n(t) was an

independent, normally distributed random variable with
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mean hni(t)i ¼ 0 and variance hni(t)2i ¼ 0.001. This term

effectively parameterizes spatiotemporal variability in
mortality, predation, or maternal fitness. It makes no

net contribution of individuals to either metapopulation
and is sufficiently small to avoid the production of

negative abundances. These small fluctuations in adult
abundance may also be interpreted as a buffering term
in the storage effect sense (Chesson 2000), given that

they ensure a low background level of both species that
effectively prevents complete extinction under unfavor-

able conditions.
Secondly, the effect of dispersal variability upon the

fluxes of competent larvae between populations was
represented through a time-dependent connectivity

matrix. The ocean circulation is dominated by coherent
flow structures that result in settlement events that are

sporadic and patchy (Largier 2003, Mitarai et al. 2008,
Siegel et al. 2008, Berkley et al. 2010). This is likely true

for dispersal in other fluids in which the dominant eddy
timescales are comparable to dispersal durations.

Although such patchy individual instances of recruit-
ment differ from the conceptual advection–diffusion

model of dispersal, nonetheless Gaussian statistics, or
some related distribution, are commonly recovered in

the long term (Aiken et al. 2007, Mitarai et al. 2008). We
therefore approximate dispersal as patchy in space and
randomly fluctuating in time, but with a Gaussian-

average kernel in the long-term mean. Given that the
ocean circulation, and geophysical fluids in general,

commonly have red spectra (Frankignoul and Hassel-
mann 1977), it is appropriate to model the fluctuations

in connectivity as a red-noise process. The redness of the
spectrum is determined by a decorrelation timescale s.
Either periodic or open boundaries were imposed by
appropriate normalization of the connectivity matrices.

The method used to simulate time-dependent connec-
tivity is explained in Appendix A.

In Results, biased or asymmetrical dispersal refers to
cases where the mean dispersal kernel is noncentered, as

used in previous publications examining dispersal in
advective environments with a nonzero mean drift

(Speirs and Gurney 2001, Byers and Pringle 2006, Aiken
and Navarrete 2011, Pringle et al. 2011). We note that

our use of the term asymmetrical differs from the spatial
asymmetry of Salomon et al. (2010) and Figueiredo and

Connolly (2012), which refers to the existence of net
sources and sinks of dispersal propagules in the
connectivity matrix of the metapopulation, which could

be generated by unspecified dispersal kernels.

RESULTS

The neutral scenario: coexistence of equally fit species

As the two species with identical mortality and

dispersal kernels occupy an identical niche in the model,
they may also be seen as two allotypes of the same

species. The fact that the model includes no distinct
intraspecific competition and no low-density demo-

graphic benefit means that species who share larval

production and mortality rates have identical growth

rates, i.e., equal competitors or neutral species (sensu

Hubbell 2005), with the consequence that the equilibri-

um abundances remain in direct proportion to those

found initially. That is, in the absence of any form of

external stochastic forcing, and independently of the

choice of model parameters, the identical properties of

the two species assure their ability to coexist.

In the unforced model (no stochastic variation of

abundances or of dispersal), a new species or allotype

introduced in small numbers to a habitat already at

maximum capacity by the other species remains scarce,

at the level at which it was introduced (Fig. 1). Given the

equal competitive abilities of the two species and the

spatial homogeneity of the environment, no mechanism

exists by which the new species, when rare, can gain

space at the expense of the resident at equilibrium

abundance (Chesson 2000, Siepielski and McPeek 2010).

Nonetheless, when temporal variability is included in the

connectivity matrix of each species, the abundance of

the newly introduced species may grow and eventually

coexist with the resident at the same mean abundance

(Fig. 1). That is, the dispersal fluctuations, which are

uncorrelated to ecological performance, can by them-

selves facilitate invasion and promote coexistence in the

neutral system. The rate at which the invasion occurs,

however, depends upon the decorrelation timescale of

the variability (Fig. 1a–d). Invasion of the new species

does not occur for white-noise dispersal variability (s ¼
0), but is increasingly rapid as the average time between

settlement events increases.

Invasion is also possible in the neutral model in the

absence of temporally variable dispersal whenever the

mean dispersal distance l is sufficiently large, even when

the dispersal statistics of both species are exactly the

same (Fig. 1e–h). When dispersal is symmetrical about

the release location (i.e., l ¼ 0) the newly introduced

species cannot invade. Once the mean dispersal distance

is large enough that self recruitment is low (e.g., when l
. 2r), invasion and therefore coexistence becomes

possible and occurs increasingly rapidly with further

dispersal asymmetry, i.e., increases in l. The finiteness of
the domain is fundamental for this mechanism. When

periodic boundaries are used, no invasion is possible

without dispersal variability, irrespective of the value of

l (cf. Fig. 1g, h). In the finite domain with open

boundaries, increasing l reduces the mean abundance

summed over both species, due to the increase in larval

waste at the habitat edge.

Coexistence between hierarchical competitors

with the same time-mean dispersal kernel

While stable coexistence is trivial for equal compet-

itors, this is no longer the case once a competitive

ranking is enforced. A competitive hierarchy can be

produced in the model by either increasing the fecundity

of one species (as in Berkley et al. 2010), or, as we do

here, by increasing the mortality rate of the second
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species (m2), rendering it subordinate at all local

populations. As expected from the competitive exclusion

principle, in the absence of resource partitioning and of

all externally imposed variability, the species with lower

mortality rate (the dominant species) saturates the

metapopulation and drives the subordinate to global

extinction, regardless of initial abundances (Fig. 2).

The inclusion of temporal dispersal variability,

however, can have a quite dramatic positive effect upon

the long-term mean abundance of the subordinate

species as a fraction of the total interspecies abundance,

and this positive effect on coexistence increases with

increasing decorrelation timescales (Fig. 2a). A nominal

fixed value of r¼ 5 was used for the illustration, but the

result is qualitatively insensitive to the value used.

Coexistence is possible even for the case of a 100%
difference in mortality rates, which would lead to the

rapid and global exclusion of the subordinate in the

steady, purely diffusive system. For each subordinate

mortality rate m2, there is a minimum dispersal

decorrelation timescale s below which coexistence is

not possible, and a second timescale beyond which there

is little additional benefit for the subordinate. Thus,

under the dispersal variability mechanism, the subordi-

nate will persist only if the temporal variability is of

sufficiently long timescale in the dispersal phase to offset

the fitness difference.

Coexistence of unequal competitors is also possible in

the absence of temporal dispersal variability whenever

the mean dispersal distance is sufficiently large relative

to its variance, i.e., dispersal is asymmetrical, and the

habitat is finite (Fig. 2b). The subordinate may then be

sustained solely through an extremely low level of

stochastic modulation of the metapopulation abundanc-

FIG. 1. Time taken for an equivalent species (black line) to invade an established population (gray line) as a function of the
decorrelation timescale s of the dispersal variability (left panels) and of the mean dispersal distance l in the absence of dispersal
variability (right panels). Each of the curves represents an ensemble average from 50 independent simulations using the
metacommunity Eq. 1. Panels d and h were generated using the same parameters as panels c and g, respectively, but with periodic
boundaries. In all experiments r¼ 5, while the values of l and s are indicated in the upper right corner of each panel. The initial
abundance was 99 for the resident species and 1 for the invader. The units of time are arbitrary.
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es. When both species experience low levels of self-

recruitment at the upstream edge of their domain, stable

coexistence can be sustained even when the subordinate

mortality rate is twice that of the dominant (Fig. 2b).

The dispersal bias mechanism of coexistence is not

possible when the habitat is essentially infinite (periodic

boundaries; Fig. 2b, lightest gray line).

In both the dispersal variability and dispersal bias

scenarios, large-amplitude temporal fluctuations occur

in the relative abundances of dominant and subordinate

(Fig. 3). There are no long-term trends in the

metapopulations nor in the amplitude of the oscillations,

indicating that the coexistence in each case is stable.

Although both coexistence processes rely on temporal

variability, the mechanisms differ significantly. In the

case of dispersal variability, each species satisfies, albeit

sporadically, the invasibility criteria. The variable

dispersal conditions intermittently favor the subordi-

nate, causing ephemeral reversals in the competitive

rankings, as evidenced by the fact that the exponential

growth rate of small changes in the subordinate

abundance occasionally exceeds that of the dominant

(Fig. 3b). In the dispersal bias scenario, however,

dispersal does not vary over time, the competitive

rankings do not change, and the subordinate does not

satisfy the standard invasibility criteria, even fleetingly.

This is because the stochastically forced increases in the

subordinate abundances are transient by nature. As we

discuss in Results: Coexistence of species with distinct

mean larval-disperal kernals and show in Appendix B, a

more suitable measure of the possibility for coexistence

in such cases is based on the maximum instantaneous

growth rate (Fig. 3f ).

Coexistence of species with distinct mean

larval-dispersal kernels

Even when the competitor’s propagules are advected

in the same velocity field, identical interspecific mean

dispersal kernels are likely to be the exception rather

than the rule. In the pelagic context, such mean

dispersal differences may arise from distinct larval

development times, different larval buoyancy, larval

behavior, or spawning synchronized to different phases

of a periodic component of the advective environment

(e.g., crab larval release; Morgan and Anastasia 2008).

It is therefore pertinent to consider the case in which

the two hierarchically competing species differ in their

time mean dispersal kernels. We explore the case in

which the mean (l1) and standard deviation (r1) of the

dispersal distance of the dominant species differ to

those of the subordinate species (l2 and r2, respective-

ly). This is essentially a generalization of some of the

scenarios explored by Salomon et al. (2010), but in a

system with open boundaries. We arbitrarily define

stable coexistence as occurring when neither species

accounts for more than 99% of the combined abun-

dance. We find that persistence of the subordinate is

possible without any externally imposed variability,

provided only that its dispersal kernel differs suffi-

ciently from that of the dominant and that the

geographical range is finite.

When the dispersal kernels are similar (i.e., l1 and r1

close to l2 and r2, respectively) and in the absence of

dispersal variability and external abundance fluctua-

tions, stable coexistence does not occur anywhere in the

model. However, a sufficient increase in l1 with respect

to l2 will eventually drive the dominant species to

FIG. 2. Long-term average abundance of the subordinate relative to that of the dominant as a function of (a) decorrelation
timescale s, and (b) mean dispersal distance l, for a range of subordinate mortality rates. The percent difference between the
mortality rates of subordinate and dominant are denoted on each curve. In panel (b), the lightest gray line corresponds to the case
of periodic boundary conditions. Each of the curves represents an ensemble average from 50 distinct stochastically forced
simulations.
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extinction, allowing the subordinate to persist; for a

fixed subordinate dispersal kernel defined by l2¼ 0 and

r2 ¼ 5, extinction of the dominant occurs for l1 . 4

(Fig. 4a). This amounts to a reversal of competitive

hierarchies driven solely by biased dispersal and the

finiteness of the habitat. When l1 falls between these

two limiting values (i.e., in the range 0–4), coexistence

of dominant and subordinate is possible under a range

of values of r1 (Fig. 4a). The removal of the

dominant’s competitive advantage is due to the greater

larval loss through the edges of the domain that it

experiences when either l1 or r1 are increased. As such,

coexistence occurs when the fitness reduction of the

dominant due to increased larval waste is sufficient to

allow the subordinate to persist at one or both edges of

the domain. Unlike the previous two cases, the

resulting coexistence through variation in dispersal

shape is spatially structured (coexistence does not occur

throughout the metapopulation) and time independent.

In the case of nonzero l, the dominant is found

predominantly in the center and downstream extent of

the habitat, and the species coexist locally in a

transition zone leading from the upstream edge to the

center of the habitat (Fig. 4b). That is, stable

coexistence at the metapopulation level ensues once

the subordinate is able to stably occupy the site located

furthest upstream. The critical importance of the open

boundaries is confirmed by the fact that coexistence

ceases if periodic boundaries are used and further

demonstrates that this coexistence mechanism is

essentially different from the classic competition–

colonization trade-off or settlement aggregation effects

FIG. 3. Example of the evolution of the dominant (gray, m1 ¼ 0.1) and subordinate (black, m2 ¼ 0.11) species in the
stochastically forced metacommunity model with (a) time-varying dispersal (l ¼ 0, r ¼ 5, s ¼ 10) and (d) constant spatially
asymmetrical dispersal (l¼ 10, r¼ 5). For each of these simulations the corresponding exponential growth rate k and maximum
instantaneous growth rate q of each species at each point in time are shown in panels (b) and (c), and (e) and (f ), respectively. As
described in Appendix B, growth rates above zero indicate the possibility for the species abundance to increase. The units of time
are arbitrary and of abundance are the percentage of the maximum population.

CHRISTOPHER M. AIKEN AND SERGIO A. NAVARRETE2296 Ecology, Vol. 95, No. 8



(Amarasekare 2003). Coexistence of species in our
model is of the type documented by Salomon et al.

(2010) in the scenarios where net propagule contribu-
tion of the dominant varies over space with respect to

the subordinate.

The range of mortality rates over which the two
species coexist increases slightly with increasing dispar-

ity in l (Fig. 4c). That is, it can be possible for a
subordinate to offset increased competitive disadvan-

tages in the adult phase by increasing the disparity in the

larval dispersal kernels. While stable coexistence is
possible in the absence of dispersal variability, it is

confined to particular choices of kernel shapes and
relative mortality rates. Addition of dispersal variability,

however, broadens substantially the parameter range

over which stable coexistence is possible (Fig. 4d).
Indeed, as shown above, a sufficient level of dispersal

variability can promote coexistence independently of the
differences in the dispersal kernels, only dependent upon

the relative mortality rates and amplitude of the external

FIG. 4. (a) Green indicates the region of l–r space in which stable coexistence is possible in the unforced metacommunity
model with constant dispersal, when m1¼ 0.1, m2¼ 0.11, l2¼ 0, and r2¼ 5; (b) fractional abundance of the dominant (yellow) and
subordinate (blue) at each site when m1¼ 0.1, m2¼ 0.11, l1¼3, r1¼ 4, l2¼ 0, and r2¼ 5; (c) fractional abundance of species 2 as a
function of m2 and l2 (m1 ¼ 0.1, l1 ¼ 5, r1 ¼ 5, r2 ¼ 5); (d) as in panel (c) but with the inclusion of dispersal variability with
decorrelation timescale s ¼ 1.
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forcing. As a result, dispersal shape processes may only

be of primary importance in the absence of dispersal

variability.

DISCUSSION AND CONCLUSIONS

The complexity of the ecological interactions in the

real world, where space is finite, the range is limited, and

environmental conditions are variable, as occurs in all

marine benthic ecosystems, provides a variety of

mechanisms by which coexistence between competitors

may occur. Here we have shown that even a very simple,

homogeneous, spatially limited metapopulation model

can support coexistence of unequally matched species in

the absence of life-history trade-offs, which commonly

drive coexistence in homogeneous competitive environ-

ments (Amarasekare 2003), without resource partition-

ing and limiting similarity (MacArthur and Levins 1967,

Adler et al. 2007) and with no distinction between each

species’ response to the environment or between

inter- and intraspecific competition (Chesson 1985,

Snyder and Chesson 2004). Our results therefore

confirm recent theoretical developments on dispersal-

based coexistence (Berkley et al. 2010, Salomon et al.

2010, Bode et al. 2011), expand (though sometimes

restrict) their generality to situations that should be

commonly encountered in the ocean or other advective

systems, and identify new mechanisms of competitive

coexistence. We synthesize these findings into three

distinct mechanisms of dispersal-based coexistence in

spatially homogeneous environments, which are illus-

trated in schematic form in Fig. 5a–c. If spatial variation

in the advective environment is allowed, then a fourth

coexistence mechanism can emerge, as shown by

Salomon et al. (2010).

The first coexistence mechanism, dispersal variability,

was driven solely by fluctuations in connectivity,

representative of that associated with the ubiquitous

fluctuations in the ocean circulation. The stochastic

variability in the advective medium ensures that the

realized dispersal of each species differs at each instant,

even when both species have larval dispersal kernels that

are identical when averaged in time. This mechanism

FIG. 5. Schematic representation of the four dispersal-mediated coexistence mechanisms, following Leibold et al. (2004). In
each case, the three gray squares represent three sites, and A and B represent the presence of the two species. The fact that A
appears in a box indicates that it is the dominant competitor to B (in circles) in all locations. The arrows indicate the direction of
larval flows between populations. Dashed lines indicate time-varying dispersal.
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was previously explored in the groundbreaking work of

Berkley et al. (2010) and was shown there to be

equivalent to a spatial storage effect (Warner and

Chesson 1985), with the distinction that the ephemeral

spatial niche partitioning requires no underlying spatial

heterogeneity. Here we show that environmental fluctu-

ations in the dispersal phase provide occasional oppor-

tunities in which the subordinate can locally out-recruit

the dominant, as evidenced by the intermittent superior

exponential growth rate of the subordinate (Fig. 3b).

The color of the stochastic dispersal is also important.

By increasing the decorrelation timescale of the dispersal

variability, which is equivalent to increasing the eddy

scales of the advective medium, favorable events become

longer and provide more time for the subordinate

abundance to increase in the transiently less competitive

environment, although a longer-lasting buffering stage is

required to prevent extinction during the correspond-

ingly longer unfavorable events.

Although this mechanism has been referred to as

turbulent coexistence by Berkley et al. (2010), as noted

by those authors deterministic, even periodic, dispersal

variability can foster coexistence in the same way,

provided only that the dispersal phase gives opportuni-

ties for a subordinate to sufficiently differentiate the

timing of settlement. In a stochastically varying ocean,

offset recruitment timing can occur even when repro-

duction timing is synchronous, and relatively subtle

differences in larval behavior can also be sufficient to

guarantee asynchronous settlement. Therefore, the need

for offset reproduction times between competitors,

highlighted by Berkley et al. (2010) as the main

mechanism for coexistence in these environments, can

in fact be relaxed. This is an important point since

empirical tests designed to evaluate this mechanism

cannot be based on reproductive patterns of competing

species.

The second coexistence mechanism, dispersal bias, did

not require dispersal variability, but rather a finite

geographical range combined with a dispersal phase in

which advection dominates diffusion. Under these

circumstances, self-recruitment is low, and downstream

populations are strongly subsidized by those located

further upstream. As a result, the stochastic fluctuations

of the adult abundances at the upstream edge of the

range control the downstream population dynamics.

Small changes to the abundances upstream are magni-

fied as they propagate downstream. In a strongly

advective environment, the addition of a very few

subordinates, or the removal of a very few dominants,

at the upstream edge of the range can create a bloom of

the subordinate downstream that, although transient,

can reach large amplitude (e.g., Fig. 3b). Sufficiently

frequent excitation of the transient blooms by the high

levels of variability ubiquitous in the environment can

allow the subordinate to persist. Weak self-recruitment

is increasingly likely for propagules with long dispersal

times. In the marine context, mean along-shore flow is a

feature common to virtually all coastlines (Largier 2003)

such that, save for larvae with extremely sophisticated

swimming behaviors and comparatively large body size,

there is very low possibility for self-recruitment over

small to moderate spatial scales with long larval

durations.

While both the dispersal variability and dispersal bias

scenarios depend on the continued presence of environ-

mental variability, only the former occasionally satisfies

the invasibility criteria (Fig. 3b, e). In the dispersal

variability case, the dynamics of the metacommunity

change in time such that the competitive rankings

occasionally reverse, making possible intermittent inva-

sion of a subordinate. For dispersal bias, however, the

dynamics do not change, and hence neither do the

competitive rankings, and the exponential growth rate

of the subordinate is never positive (Fig. 3e). Nonethe-

less, when the dynamical operator is reactive (Neubert

and Caswell 1997), as occurs when dispersal is

sufficiently biased (asymmetrical), episodes of transient

growth of the subordinate (and of transient decay of the

dominant) may occur frequently enough to mediate

coexistence. As shown in Appendix B, the maximum

instantaneous (rather than asymptotic) growth rate is a

more appropriate metric for quantifying the possibility

for coexistence in reactive systems (Fig. 3f ). The

transients can in fact occur over sufficiently long times

as to be relevant, or indeed dominant. In contrast, the

exponential solution may emerge on such long time-

scales as to be irrelevant in practice (see examples for

single populations in Hastings and Higgins 1994). This

is especially true when metacommunities are not

hermetic, as sporadic arrivals of potential colonizers

from outside the metacommunity may be sufficient to

sustain the transients.

Finally, we demonstrated that, whenever the section

of coastline occupied by the species is finite, differences

in dispersal kernel shape alone may permit coexistence,

even when the dispersal environment is homogeneous

and time invariant. This time-independent stable coex-

istence is a direct consequence of the finite extent of the

available geographic range, which has the effect of

altering the larval source–sink relationship (sensu Iwasa

and Roughgarden 1986), only at the edges of the

habitat, and introducing spatial heterogeneity into the

otherwise homogeneous connectivity matrix. Even

though the dispersal kernels of each species are uniform

across the metapopulation, consistent with a homoge-

neous dispersal environment, larval fluxes towards the

edges of the domain differ from those in the center.

Because the two species’ mean dispersal kernels are

distinct, the amount by which the recruitment rate

reduces towards the domain edges also differs. When the

recruitment rate reduction of the dominant exceeds that

of the subordinate at the edges and is sufficient to

overcome the homogeneous difference in mortality

rates, then the local competitive rankings (considering

mortality and arrival of individuals) reverse, allowing
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the (global) subordinate to be locally dominant, i.e.,

regional-scale processes that drive changes in the

number of individuals overcome the local process of

competitive exclusion produced by per capita differences

(see Leibold et al. [2004] for a review of metacommunity

models and terminology). At the habitat edge, a

subordinate with strong self-recruitment can out com-

pete a species that is dominant away from the edge, but

whose dispersal is more diffuse and/or asymmetrical.

This coexistence effect is similar to the spatial source–

sink competitive dynamics identified in similar models

(Iwasa and Roughgarden 1986, Pulliam 2000) and to the

advection-mediated coexistence discussed in Cantrell et

al. (2007) and Salomon et al. (2010), except that here

heterogeneity is not imposed explicitly, but rather is a

consequence of the spatially limited geographical range

of the species and species-specific dispersal kernels. A

number of recent studies have addressed the possibility

for differences in the time-mean dispersal kernel to

mediate coexistence. Bode et al. (2011) demonstrate how

heterogeneous patch spacing can open a niche for a

subordinate whose mean dispersal distance is better

matched to at least one pair of patches. In a series of

studies, Salomon, Connolly, Bode, and coworkers

develop a powerful theory for predicting the coexistence

outcome for unequal competitors with differing fixed

dispersal patterns (Salomon et al. 2010, Bode et al. 2011,

Figueiredo and Connolly 2012). They characterize

dispersal in terms of the spatial asymmetry of the

connectivity matrices, which refers to an uneven

distribution of viable settlers among the patches within

a closed metacommunity. This interpretation differs

from the asymmetrical connectivity matrices that results

in our study due to biased (asymmetrical) but spatially

homogeneous dispersal. While there is substantial

support for the existence of spatially variable dispersal

kernels under realistic ocean flows (Aiken et al. 2007),

Salomon et al.’s (2010) approach makes it difficult to

isolate the effects of noncentered dispersal from spatially

variable dispersal kernels. Yet, a number of their results

anticipate the dispersal shape coexistence shown here.

As in Salomon et al. (2010), increasing asymmetry of

propagule contribution among patches of the dominant

and/or increasing self-recruitment of the subordinate

tend to favor coexistence. However, in contrast to

Salomon et al.’s proposition 4, we find that increasing

self-recruitment of either species can inhibit persistence

of the other when its dispersal is biased. This difference

owes to the fact that the increased larval waste of edge

patches is explicitly incorporated into our connectivity

matrices. The result of the process is similar to that

which would occur for species with overlapping ranges

and spatial niche partitioning. However, the model

contains no explicit heterogeneity, and the spatial

partitioning is solely a consequence of the interaction

of the geographically finite species range with the

distinct dispersal kernels.

An important characteristic of each of the mecha-

nisms for coexistence produced in our simple model is

that the subordinate differentiates itself from the

dominant through dispersal strategies alone. A subor-

dinate can avoid the direct competition that would

guarantee its extinction by possessing a dispersal phase

that differs in space and/or time from that of the

dominant, even in an otherwise homogeneous environ-

ment. If the dispersal environment is heterogeneous over

space, as might be the case in most real systems, then

more venues for dispersal-based coexistence can arise

(Salomon et al. 2010). In this way, the dispersal phase

can represent a niche axis through which species may

differentiate themselves to promote their chances of

survival. Until recently, these types of coexistence

mechanisms had not been considered in existing

metacommunity models, summarized by Leibold et al.

(2004), or in the empirical assessment of these models

(reviewed by Logue et al. [2011]). In the case of pelagic

larvae in the highly variable ocean circulation, a species

may establish a unique dispersal niche via differences in

the larval development time, behavior in the water

column, or simply in the timing of larval release or larval

settlement at the end of dispersal, for instance, through

variable competence times (Hadfield et al. 2001). As the

amplitude of the dispersal variability or its decorrelation

timescale increases, the degree of differentiation of the

dispersal phase required for coexistence diminishes. On

the other hand, when the geographical extent of the

metacommunity is finite, very low levels of external

variability in adult abundances or differences in mean

dispersal kernel can promote coexistence in the absence

of dispersal variability.

Interestingly, our results also show that low levels of

environmental variability and net advection in the

dispersal environment can facilitate stable coexistence

between competitively and demographically identical

(neutral) species by allowing the invasion of a previously

saturated system. It is unclear to what extent these types

of mechanisms are implicit in the colonization dynamics

of neutral biodiversity models (Alonso et al. 2006) or

even whether the dispersal representation in such models

is commensurate with the model presented here. This

seems a fertile field to further theoretical research.

We explicitly address the issue of finite geographical

ranges with open boundaries and find that they can play

an important role in facilitating coexistence, either in

their own right or in concert with environmental

variability. Increased larval waste from edge populations

introduces heterogeneity into an otherwise homoge-

neous metacommunity, providing coexistence opportu-

nities such as those described in Bode et al. (2011) and

Salomon et al. (2010). In addition, a bias in the direction

of propagule transport renders the entire metacommun-

ity sensitive to fluctuations at its upstream end. For

example, Great Barrier Reef populations located at the

bifurcation of the New Caledonia jet may exert control

on the downstream dynamics. A greater examination of
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the importance of border populations is especially

relevant in a climate change context wherein species

ranges are in flux and where fishing pressures can change

dramatically at political boundaries.

Given that connectivity asymmetry is extremely

common in the ocean due to the presence of a mean

alongshore larval transport (e.g., Largier 2003, Aiken et

al. 2007, Mitarai et al. 2008), the dynamics of

populations with a dispersive life stage may commonly

be reactive and hence display a high degree of sensitivity

to environmental fluctuations. Such systems may be

especially benevolent towards subordinate competitors,

as even very small levels of stochastic environmental

variability can be sufficient to support coexistence. Our

results demonstrate that this mechanism may result in

large amplitude fluctuations in the abundances of

dominant and subordinate (e.g., Fig. 3). This implies

that observed fluctuations in metapopulation abundanc-

es may not have an immediately identifiable determin-

istic source, but rather may reflect natural variability of

the stochastically forced system. That is, it is possible

that observed changes in spatial and temporal patterns

and trends in species range and abundance may not

necessarily indicate alterations in the underlying mean

conditions. On the other hand, given the fact that

climate change is likely to affect species ranges and the

strength and variability of coastal currents (e.g., Bakun

1990), coming decades may see some degree of

reorganization in coastal metacommunities due solely

to altered larval dispersal patterns.

In summary, multiple opportunities exist in the simple

model presented by us and by others for species to

coexist by occupying distinct dispersal niches. A species

may compensate its lower fitness simply by using a larval

dispersal strategy that ensures that its own recruitment is

uncorrelated in space or time with that of its compet-

itors. Marine ecologists interested in understanding

patterns of biodiversity must therefore pay closer

attention to the dispersal stages of these species, for

the key to high biodiversity may not be in features of the

adult habitat, but in characteristics of the ocean

circulation. Unfortunately, the state of the art of

dispersal theory does not yet allow for powerful

empirical tests. However, qualitative comparisons of

model predictions and empirical patterns, as those

shown by Bode et al. (2011) for the highly diverse Great

Barrier Reef fish are highly promissory. Further

theoretical research should combine the great advances

made in recent years in modeling ocean flows with the

theory of dispersal niche to provide more powerful

empirical tests to evaluate the importance of these

mechanisms on the maintenance of biodiversity.
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SUPPLEMENTAL MATERIAL

Appendix A

Generation of the time-dependent connectivity matrices (Ecological Archives E095-203-A1).

Appendix B

A generalized invasibility criteria (Ecological Archives E095-203-A2).

Supplement

MATLAB source code of the metacommunity model (Ecological Archives E095-203-S1).
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