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a b s t r a c t

We apply an evolutionary game theoretic approach to the evolution of dispersal in explicitly spatial

metacommunities, using a flexible parametric class of dispersal kernels, namely 2Dt kernels, and study

the resulting evolutionary dynamics and outcomes. We observe strong selective pressure on mean

dispersal distance (i.e., the first moment), and weaker, but significant, one on the shape of dispersal kernel

(i.e., higher moments). We investigate the effects of landscape topology and spatial heterogeneity on the

resulting ‘optimal’ dispersal kernels. The shape—importantly the tail structure—and stability of

evolutionarily optimal dispersal strategies are strongly affected by landscape topology or connectivity.

Specifically, the results suggest that the optimal dispersal kernels in the river network topology have

heavier tails and are stable, while those in the direct topology, where organisms are allowed to travel

directly from one location to another, have relatively thin tails and may be unstable. We also find that

habitat spatial heterogeneity enables coexistence and controls spatial distribution of distinct groups of

dispersal strategies and that alteration in topology alone may not be sufficient to change such coexistence.

This work provides a tool to translate environmental changes such as global climate change and human

intervention into changes in dispersal behavior, which in turn may lead to important alterations of

biodiversity and biological invasion patterns.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Dispersal has long been recognized as a major controlling
mechanism that shapes and explains many observed ecological
processes and patterns, such as biological invasions (Kot et al.,
1996; Méndez et al., 2004), survival of metapopulation (Hanski and
Gilpin, 1997; Hanski, 1999), and biodiversity patterns (MacArthur
and Wilson, 1967; Hubbell, 2001; Muneepeerakul et al., 2008a).
Accordingly, the study of the evolution of dispersal strategies has a
long history (e.g., Hamilton and May, 1977; Hastings, 1983; Levin
et al., 1984, 2003; Cohen and Levin, 1991; McPeek and Holt, 1992;
Travis and Dytham, 1998; Hovestadt et al., 2001; Rousset and
Gandon, 2002, to name a few). Many factors influence the evolution
of dispersal strategies, including fluctuations in environment,
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competition and foraging for resources, inbreeding avoidance,
and kin competition, among others; the different effects of these
factors have been a fertile ground for interesting research (see, e.g.,
Nathan and Muller-Landau, 2000; Clobert et al., 2001; Levin et al.,
2003, and references therein).

The term ‘dispersal strategy’ refers to a number of different, but
related, notions. For example, in models with implicitly spatial
landscapes (e.g., Hamilton and May, 1977; Levin et al., 1984; Cohen
and Levin, 1991), it often refers to the fraction of reproductive
agents (e.g., offspring, propagules, or seeds) that actively or
passively disperse away from their birth locations (i.e., organisms
may move by their own energy or be moved by various ecological or
physical mechanisms as in plant seeds). In many studies, these
dispersing ‘offspring’ (which hereinafter we will use to generically
refer to the reproductive agents) are assumed to be distributed
evenly throughout the landscape, i.e., global dispersal. Such
simplifying assumption allows for elegant analytical results that
have yielded numerous useful insights (e.g., Hamilton and May,
1977; Levin et al., 1984, 2003; Cohen and Levin, 1991; Ezoe, 1998;
Levin and Muller-Landau, 2000). More recently, along with the
increasing interest in explicitly spatial processes and patterns, a
dispersal strategy now often refers to a dispersal ‘kernel,’ which
characterizes in more detail the fractions of offspring that disperse
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to different distances (e.g., Kot et al., 1996; Clark et al., 1999;
Hovestadt et al., 2001; Rousset and Gandon, 2002). Yet, most
studies on distance-dependent dispersal kernels have been con-
ducted on one- or two-dimensional lattices; real landscapes are
more complex in that communities do not always interact and
occupy space isotropically, but follow some constrained ecological
corridors and pathways.

In this paper, we investigate the evolution of a class of dispersal
kernels in idealized versions of realistic landscapes, represented by
metacommunities. A metacommunity is a collection of local
communities connected to one another in a certain configuration
(see, e.g., Hanski and Gilpin, 1997; Hanski, 1999). We focus in
particular on river networks. Note that the dendritic, i.e., tree-like,
structure of river networks has been shown to affect various spatial
ecological patterns (e.g., Grant et al., 2007; Muneepeerakul et al.,
2007, 2008b; Rodriguez-Iturbe et al., 2009) and we hypothesize
that it will strongly affect the evolutionary outcomes of dispersal
kernels as well. We focus on a class of dispersal kernels that yields a
wide range of shapes, including a heavy-tailed structure. Note that
heavy-tailed dispersal has been observed in nature (e.g., Nathan
and Muller-Landau, 2000; Clark et al., 1999; Nathan et al., 2002)
and proved crucial to biodiversity patterns (Muneepeerakul et al.,
2008a) and spreading of species (Kot et al., 1996). We then
investigate the resulting evolutionary paths and the ‘optimal’
dispersal kernels; the term optimal will be explained and clarified
later. Thus, this analysis framework can address the interesting and
important interplay between the spatial structure of the landscape
and the dispersal process.

This paper is organized as follows. Section 2 describes our
methods, including the characterization of dispersal and its
associated costs, the numerical simulations used to find the
optimal dispersal kernels, and the underlying landscapes.
Section 3 reports the results. We conclude and discuss our findings
in Section 4.
2. Methods

In this section, we describe the components of the model,
namely dispersal kernel characterization, dispersal cost, the evolu-
tion dynamics of the dispersal kernels, and different landscapes
employed to examine the effects of various factors. In the following,
the terms ‘dispersal kernel’ and ‘dispersal strategy’ are used
interchangeably.

2.1. Characterizing dispersal kernels

In this study, we focus on one parametric class of dispersal
kernels, namely the 2Dt kernels (Clark et al., 1999). A 2Dt dispersal
kernel can be written as

Kij ¼ Cj
p

pl20 1þ
Lij

l0

� �2
" #pþ1

, ð1Þ

where Kij is the fraction of offspring produced at local community
(LC) j and arriving at local community i after dispersal; Lij the
distance between the two locations (in km), measured along the
shortest path allowed by a given topology; p and l0 can be thought
of as the shape and scale parameters, respectively, of the kernel;
and Cj is the normalization constant to satisfy the conditionP

iKij ¼ 1. One may gain some intuition regarding l0 by considering
the following relationship: K(l0)/K(0) ¼ 2�(1 +p). That is, l0 is the
distance where, after the dispersal, the ratio between its offspring
and those at the origin location is 2�(1 + p). As the 2Dt kernel is
characterized by two parameters, the intuitive meaning of l0 is
inevitably linked to p. Note also the subscript j in Cj: it indicates that
the dispersal kernels are location-dependent. As the landscapes in
this study are discrete, finite, and closed, the normalization
condition dictates that, while having the same general shape,
dispersal kernels (i.e., Kij) with the same parameters p and l0 differ
slightly in their actual numerical values, depending on where the
origins of offspring are.

The 2Dt kernels are chosen because they can exhibit a wide
range of different behaviors from the heavy-tailed Cauchy kernel
when p approaches 0 to the thin-tailed Gaussian kernel when p

approaches1 and others in between: the lower the value of p, the
heavier the tail of the dispersal kernel (Clark et al., 1999). Hence, p is
termed the ‘shape’ parameter. Additionally, each 2Dt kernel is
characterized by only two parameters, p and l0: this is a useful
characteristic, which allows for detailed analysis and convenient
visualization of how dispersal strategies evolve through the
parameter space.

2.2. Dispersal cost

We postulate that there should always be some cost associated
with dispersal, regardless of whether active and passive dispersers
are being considered. Such cost is perhaps more obvious for active
dispersers who spend their own energy in dispersing and therefore
have less energy to compete with others. Even for passive
dispersers such as plants, despite the fact that, say, plant seeds
are energy-subsidized by wind and animals, costs exist, including
the possibility of being lost en route or landing on an unsuitable
site. For example, seeds of larger size tend to have competitive
advantage and disperse to shorter distances, whereas seeds of
smaller size tend to be less competitive but can disperse to greater
distances (e.g., Levin and Muller-Landau, 2000).

In this paper, we assume that the cost of dispersal from local
community j to local community i, cij, increases linearly with the
distance between them. That is,

cij ¼
Lij=LM if LijrLM ,

1 otherwise,

(
ð2Þ

where LM is the critical distance beyond which the dispersers have
no competitiveness.

2.3. Evolutionary dynamics

Prior to describing the dynamics, it is useful to note that there
are two timescales in this model: ‘timestep’ and ‘generation.’ One
timestep corresponds to the period over which a unit dies; a ‘unit’
can be thought of a subpopulation with the same dispersal strategy
(see a similar use in, e.g., Muneepeerakul et al., 2008a). One
generation is the average lifetime of a unit: it basically corresponds
to the period over which N units have died, with N being the total
number of units in the system.

In particular, the dynamics proceeds as follows. At the begin-
ning of each generation, a fixed number y of units, randomly
selected, slightly alter their dispersal kernels. Since we are dealing
with asexual species, this process may be interpreted as evolu-
tionary change within a population, where new types arise by
mutation, or as competitive displacement, where new types arise
by invasion from outside the system. It is important to emphasize
that the current study strictly addresses the competition among
dispersal ‘strategies,’ irrespective of their interpretation. Now, each
of these y units randomly changes its dispersal parameters p and l0
by Dp¼�0:5, 0, or 0.5 and Dl0 ¼�10, 0, or 10 km, respectively.
Note that, for simulation purposes, lower bounds are prescribed for
the two dispersal parameters: pZ0:5 and l0Z10. For a dispersal
strategy represented by an interior point, there are a total of eight
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Fig. 1. Illustration of the idealized representation of the Mississippi–Missouri river

system (MMRS). Each dot represents a local community in the MMRS metacom-

munity and the size of the dot its habitat capacity. The east–west zoning is based on

the spatial heterogeneity in climate, e.g., annual precipitation or runoff production.

The dispersing agents can travel only along the lines representing the river network;

a different topology in which every local community is directly connected is also

investigated (see Section 2.5).
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possible changes, constituting the strategy’s ‘neighborhood’ in this
discretized parameter space. Note that oftentimes these changes
simply result in a switch from one existing strategy to another.

Dispersal then follows (Eq. (1)), which determines the prob-
abilistic rules governing the ensuing competition for sites through-
out this generation. Specifically, the competition for empty sites is
assumed to be of the lottery type: the probability of an offspring
using strategy k successfully colonizing an empty site at local
community i, Pi

(k), is proportional to its relative abundance there.
This can be written as

PðkÞi ¼

P
jN
ðkÞ
j K ðkÞij ð1�cijÞP

s

P
jN
ðsÞ
j K ðsÞij ð1�cijÞ

, ð3Þ

where K(k)
ij is the fraction of offspring of strategy k produced at local

community j and arriving at local community i after dispersal (i.e.,
Eq. (1) with strategy k’s dispersal parameters, p(k) and l0

(k)), and Nj
(k)

is the abundance of units using strategy k at local community j. An
implicit assumption here is that of neutral infinite fecundity: all
units produce the same, and very large, number of offspring. The
numerator of Pi

(k) can be interpreted as the ‘competitive bid’ of
strategy k for an empty site at local community i and its denomi-
nator the sum of competitive bids of all strategies. The set {Pi

(k)} thus
encapsulates the rules for the competition among all dispersal
strategies, which remains unchanged throughout that particular
generation.

At each timestep within the generation, a randomly selected
unit dies and frees up an empty site it previously occupied. This site
is immediately colonized by an offspring of some dispersal
strategies; therefore, the system is always saturated and these
dispersal strategies must compete for the limited space. The
outcome of such competition for an empty site is dictated by
{Pi

(k)}. This is repeated for N¼
P

j

P
kNðkÞj times, i.e., a generation. At

the beginning of the next generation, {Pi
(k)} is updated. The process

is then repeated until there is no directional change, on average, in
the dispersal parameter space.

The dynamics described above asymptotically approach a
phenotype termed a convergence stable (CS) strategy (e.g.,
Geritz et al., 1997; Dieckmann, 1997; Levin and Muller-Landau,
2000); this essentially defines the sense in which the term ‘optimal’
is used in Section 1 and throughout this study. It is important to
note, however, that this strategy may not be evolutionarily stable,
but may be invadable by nearby strategies, leading to a branching
analogous to what is seen in the formal theory of adaptive
dynamics. Although we cannot always distinguish from our
simulations whether the convergence stable point is indeed
evolutionarily stable, we do find that more generally the process
is attracted to a limit set of strategies, which we call the
convergence stable zone (CSZ) (more details below), and which
appears to be evolutionarily stable in a generalized sense.
2.4. Landscape

We implement the evolutionary game of dispersal in an
idealized representation of a real system, namely the Missis-
sippi–Missouri river system (MMRS) (Fig. 1), which consists of
824 local communities. We introduce the east–west zoning in
habitat capacity, based on the known sharp climatic gradient, for
example, in annual precipitation (see, e.g., Henning, 1989;
Dingman, 2002): dry in the west and wet in the east. The habitat
capacity of local community i, Hi, is the number of units of
organisms of interest that can be sustained in local community i.
Note that this climatic gradient is also reflected by the coinciding
sharp gradient of species richness of trees and fish (see, e.g., Master
et al., 1998; Muneepeerakul et al., 2008a).
For this baseline case, we simply assume that all local commu-
nities west of the 97.51W meridian have the same habitat capacity
of 5 units and the habitat capacity of those in the wet eastern half is
15 units, resulting in a total of 9040 units for the whole system. This
simplification helps facilitate the interpretation of our results. Note
also that these relatively low numbers are selected due to
computational reasons: the numerical simulations of the evolu-
tionary dynamics of dispersal strategies take a long time to reach
the steady state and we explore several settings. Given the large
number of simulations performed, we believe that the findings and
conclusions reported here are reasonably robust and applicable as
general trends.
2.5. Simulation settings

To investigate the effects of landscape topology and spatial
heterogeneity on optimal, or convergence stable, dispersal strate-
gies, we implement the described evolutionary dynamics in the
following four combinations of two topologies (river network and
direct, see below) and two habitat capacity distribution (east–west
zoning and uniform). In all settings, the number of units changing
their strategies in each generation ðyÞ and the critical distance (LM)
are fixed at 5 and 1000 km, respectively.
(a)
 Heterogeneous river network topology. This is our baseline
case; see the preceding section and Fig. 1.
(b)
 Homogeneous river network topology. This setting is designed
to investigate the effects of spatial heterogeneity. The east–
west zoning is replaced by the homogeneous habitat capacity,
in which every local community has the same habitat capacity
of 11 (the total number of units is 9064); all else remains the
same as in the baseline case.
(c)
 Heterogeneous direct topology. This setting is designed to
investigate the effects of landscape topology. The river network
topology is replaced by what we call ‘direct’ topology, with all
else remaining the same as in the baseline case. In the direct
topology, the locations of all local communities remain the
same, but the offspring are allowed to travel directly from one
local community to another without being confined to the river
network pathways. Two immediate differences are: that the
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distances between local communities become closer (see
Fig. 2); and that the branching structure no longer exists.
(d)
 Homogeneous direct topology. In this setting, all local com-
munities have the same habitat capacity of 11 and dispersers
can travel directly between them; that is, both river network
topology and spatial heterogeneity are removed from the
baseline case.
3. Results

3.1. Evolutionary paths

Fig. 3 shows the evolutionary paths of the dispersal kernels in
the baseline case starting from two very different initial
kernels—one thin-tailed and local (l0 ¼ 10, p ¼ 10), the other
heavy-tailed and widespread (l0 ¼ 500, p ¼ 0.5). The paths are
generated by keeping track of the weighted average dispersal
strategy at each snapshot. A weighted average dispersal strategy is
represented by coordinates ðl0,pÞ, where

l0 ¼
X

k

lðkÞ0 NðkÞ=N, p ¼
X

k

pðkÞNðkÞ=N,
300 400 500

200180
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N(k) is the number of units employing strategy k at a given snapshot,
and N is the total number of units in the entire system. The figure
also includes the contours of mean dispersal distance, D, which is
computed as the follows:

D ¼
X

j

X
i

KijLij=M,

where M is the total number of local communities (¼ 824 in
this case).

The two paths converge to the same region in the parameter
space, where there are no more directional changes on average.
This region is what we call the convergence stable zone (CSZ). Also
of interest is how they converge. A common feature in both
evolutionary paths is that the dispersal kernels evolve, rather
rapidly, toward a narrow strip in the parameter space characterized
by similar values of D. Once in this strip, the rate of directional
changes slows down: the paths even appear to go back and forth at
times. A longer-timescale observation shows that the dispersal
strategies still exhibit directional changes, drifting slowly toward
and finally reaching the CSZ. We term this narrow strip in the
parameter space the ‘convergence valley.’

While very useful and informative in revealing the structures
described above, the evolutionary paths represented by the
weighted average dispersal strategy may give a false impression
that the evolutionary changes occur in a smooth fashion. As shown
in Fig. 4, this is not necessarily the case. Fig. 4 shows four snapshots
during the initial stages of a simulation of the evolutionary
dynamics. In generation 4000 of this particular simulation, only
strategies in the vicinity of the starting strategy (l0 ¼ 10, p ¼ 10) are
present in significant numbers (exceeding 9, about 0.1% of the total
0 100 200 300
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15
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0 100 200 300
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l0 (

p

Fig. 4. Four snapshots taken at various generations illustrate more details of the evoluti

those whose abundances exceed 9 (about 0.1% of the total population) are shown and

represents the weighted average strategy, indicating where the generation is relative t
population). In generation 10 000, another group of strategies
ðl04 � 70Þ starts to emerge. Recall that a strategy can only change
to one of its eight neighborhood strategies (Section 2.3). This means
that before the emergence of this second group, there must be some
intermediate strategies. However, these strategies were never
present in significant numbers, hence the gap between the two
groups.

In generation 16 000, the two groups of dispersal strategies are
clearly identified. Note that in this case the weighted average
strategy is located between the two groups, but the strategy
ðl0,pÞ ¼ ðl0,pÞ itself is not significantly abundant. By generation
24 000, the original group around the starting strategy becomes
practically extinct. Therefore, during this period, the weighted
average strategy moves not because the entire population evolves
together as a whole, but because one group of strategies replaces
another. Interestingly, at this generation, the next group ðpo5Þ
already emerges, again, with a gap between it and the existing
dominating group.

3.2. Convergence stable dispersal kernels

Fig. 5a and c show the temporal evolution of the weighted
average shape parameter p and the standard deviation of p, sp,
respectively, in four settings studied. The latter can be written as

sp ¼
X

k

pðkÞ
2
NðkÞ

N
�p2

" #1=2

:

Fig. 5b depicts the convergence stable zones (CSZs) in the para-
meter space. Fig. 5d shows the frequency distributions of p
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corresponding to the CSZs. Note that while sp in Fig. 5c measures
the degree of scatter of p in a given snapshot, the distribution in
Fig. 5d exhibits the fluctuation of the weighted average p over many

generations; in other words, they both capture the uncertainty in
the shape parameter p, but at very different timescales.

We also investigate a number of important statistics of the
convergence stable (CS) dispersal kernels, namely the mean, variance,
and kurtosis of dispersal distance. The kurtosis, representing the
fourth moment of dispersal distance, is selected because it is an
indicator of the heavy-tail character: a low value indicates a broad,
squat distribution, whereas a high value a peaked, heavy-tailed one
(see, e.g., Lemons, 2002). For example and as a reference point, the
kurtosis of a 1-D Gaussian distribution is 3. The mean (D) contours are
included in Fig. 5b, and the variance and kurtosis contours are shown
in Fig. 6. Note that due to the discrete and finite nature of the
metacommunities and the normalization of the kernels, the same set
(p, l0) corresponds to different values of these statistics in different
topologies. Therefore, the interpretation of the dispersal parameter
space is topology-dependent.

These results clearly show strong effects of topology on the CS
dispersal kernels. They suggest that, with all else being equal, the
kernels in the direct topology tend to have thinner tails as indicated by
larger p (Fig. 5b) and smaller kurtosis: � 2:7210 and � 202150 in the
direct and river network topologies, respectively (see Fig. 6b and d). It is
worth noting that the interplay between the inherent nonlinearity of
the 2Dt kernels (Eq. (1)) and the topology-specific pairwise distance
distribution (Fig. 2) is quite striking here: the seemingly much smaller
CSZs of the river network topology (Fig. 5b) correspond to substantially
wider ranges of variance and kurtosis (Fig. 6).

The temporal evolution of sp is shown in Fig. 5c. sp is generally
larger in the direct topology, with large sp values often arriving in
bursts of random magnitudes. Note also that, in both topologies,
this feature is more pronounced in their respective heterogeneous
settings.

Another important difference that distinguishes the two topolo-
gies is the multimodality of the frequency distributions of p char-
acterizing the CS kernels in the direct topology versus the unimodality
in the river network topology (Fig. 5d). (Plotting at a higher resolution
confirms the unimodality, results not shown.) Note that, as the CSZs
are confined in narrow strips in the parameter space (Fig. 5b), the
multimodality of p implies the multimodality of l0 as well.

Interestingly, despite their different shapes, as indicated by
different ranges of p, variance, and kurtosis, the CS dispersal kernels
in both topologies correspond to similar values of D (Fig. 5b).
Within the same topology, the CS kernels in heterogeneous land-
scapes (i.e., with the east–west zoning of habitat capacity) are of
somewhat larger D primarily due to their thicker tails (rather than
the scale parameter).
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As in Fig. 4, the actual distribution of dispersal strategies in the
parameter space associated with a weighted average strategy
provides further insights. Fig. 7a shows a snapshot of the baseline
case—the river network with the east–west zoning of habitat
capacity—after the weighted average dispersal strategies arrive in
the CSZ. This CSZ snapshot exhibits the cluster structure in the
parameter space: there appear to be distinct groups of dispersal
strategies. Fig. 8a further shows that these strategy groups are also
clustered spatially. The spatial distribution of the dispersal strate-
gies clearly illustrates the constraints imposed by both habitat
heterogeneity and topology. The group of dispersal strategies with
generally shorter D but heavier tails (the top-left group in Fig. 7a,
appearing in orange in the color version) dominates the eastern half
of the landscape, while the group with generally greater D but
thinner tails (the bottom-right group in Fig. 7a, appearing in green
in the color version) is almost exclusively confined in the western
half—this clearly results from the habitat spatial heterogeneity.
The topology also plays important roles: for example, the boundary
of the pocket of ‘blue’ strategy and the boundary between the
orange and green groups in the western half essentially coincide
with watershed boundaries imposed by the river network topology
(refer to the color version for color reference).

Fig. 7b shows a CSZ snapshot of the homogeneous river network
setting in which all local communities have the same habitat
capacity. The figure still shows significant scatter of dispersal
kernels in the parameter space, but now we can no longer identify
distinct groups. Accordingly, instead of showing the distinct groups
of dispersal strategies, Fig. 8b shows the spatial distribution of the
variation of the scale parameters l0 of locally dominant dispersal
kernels (i.e., with the highest local abundances). The constraint
imposed by the river network topology is still clearly exhibited by
the mosaics of similar strategies within the same subbasins.

Fig. 7c shows a CSZ snapshot of the heterogeneous (i.e., east–
west zoning) direct topology setting. The presence of distinct
strategy groups is observed, but these strategies have significantly
thinner tails characterized by larger values of p and smaller kurtosis
(Figs. 5 and 6). Fig. 8c exhibits clearly the constraints on spatial
distribution of dispersal strategies imposed by the spatial hetero-
geneity of habitat capacity.

Fig. 7d shows a CSZ snapshot of the homogeneous direct topology
setting, which shows essentially one group of dispersal strategies with
relatively thin tails compared to their river network counterparts in
Fig. 8b. Fig. 8d shows the spatial variation of l0 in this particular
snapshot. Additionally, these results suggest that the weighted
average strategies, represented by ðl0,pÞ, can be considered as
representative of the strategies of overall population in cases with
homogeneous habitat capacity, and less so for the heterogeneous
cases in which there are separate groups of strategies.
4. Discussion and conclusions

In this paper, we have applied an evolutionary game theoretic
approach to dispersal strategies in explicitly spatial metacommu-
nities. We employed and focused on one flexible parametric class of
dispersal kernels, namely 2Dt kernels (Clark et al., 1999). We
studied the structure of the evolutionary paths toward the ‘optimal’
or convergence stable (CS) strategies of dispersal and investigated
the effects of topological structure (or connectivity) and spatial
heterogeneity of landscape on these CS dispersal kernels.
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Regarding the evolutionary paths, we find that initial strategies
move relatively quickly toward what we call convergence valley, a
narrow strip in the parameter space with similar mean dispersal
distances (Fig. 3). Afterward, their movement slows down as the
strategies drift toward the CSZ, a more confined region in the
parameter space where the strategies exhibit no directional
changes on average. This behavior implies that there is strong
selection on mean dispersal distance ðDÞ (i.e., the first moment of
dispersal distance), and weaker, but still significant, selection on
the details of the kernel shape (characterized by higher moments of
dispersal distance).

Changes in dispersal strategies are not smooth: that is, the
entire population does not all change in the same direction (see
Fig. 4). Rather, these evolutionary changes often come about when
emerging strategies that are sufficiently different from existing
ones, presumably with sufficiently large competitive advantages,
replace the previously dominant strategies. Interestingly, this
particular result is reminiscent of the so-called limiting similarity
effect (e.g., Tilman, 1994; Kinzig et al., 1999). That is, to coexist with
(or in this case eventually eliminate) an existing strategy, the new
strategy must be sufficiently different. (Note that some coexistence
of very similar strategies is observed simply due to the stochastic
fluctuation inherent in the model.) Further investigation is cer-
tainly needed before such connection between these effects can be
established.

We have also studied the evolutionary outcomes, namely the CS
dispersal kernels. We observe the strong control of the landscape
topology or connectivity on the shape of CS dispersal kernels as
well as their stability. Fig. 5 indicates that in all these settings the CS
dispersal kernels are of similar mean dispersal distances D’s. This
seems to suggest that the primary factor controlling D of CS
dispersal kernels is the dispersal cost as it is the only factor
common in all settings. However, these optimal D’s are achieved
differently. Specifically, the corresponding dispersal kernels in the
river network topology have significantly heavier tails than their
direct topology counterparts. Partial explanation for this difference
is simply the fact the local communities are generally farther apart
from one another within the constraints imposed by the river
network topology (Fig. 2), thereby commanding the need for more
investment in long-distance dispersal and hence the heavier tails.

The topology also affects the stability of these dispersal kernels.
As this is a numerical simulation-based study, it is not possible to
directly apply the analytical stability criteria established in the
literature. Rather, we must resort to inferring the stability of these
dispersal strategies from relevant observable features. Specifically,
we take as a sign of instability the multimodality of p frequency
distribution (Fig. 5), and infer that the CS dispersal kernels in the
direct topology are much less stable than those in the river network
topology.

Here let us briefly mention in passing that, in a simpler and more
analytical setting, these CS strategies could have been subject to
finer classification (e.g., Apaloo, 1997; Geritz et al., 1997;
Dieckmann, 1997; Levin and Muller-Landau, 2000). Depending
on their ability to resist and/or invade their neighborhood strate-
gies, these could be classified as evolutionarily-stable, neighbor-
hood-invader, or evolutionarily-stable–neighborhood-invader
strategies; this further classification would surely be interesting
and useful. Such ability, however, is difficult to determine in
numerical studies such as ours. Notwithstanding this limitation,
we have shown that analyzing the CS dispersal kernels, which
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represent evolutionary attractors for dispersal processes in these
complex metacommunities, can certainly yield a number of
important insights.

Now, while the habitat spatial heterogeneity does not seem to
strongly affect the CS dispersal kernels in terms of their weighted
average representation ðp,l0ÞFresulting in only slightly heavier-
tailed kernels (Fig. 5b)—it plays a crucial role in maintaining
coexistence of diverse groups of very different kernels (Fig. 7a and
c). This is in agreement with existing work on dispersal in implicitly
spatial landscapes (see, e.g., Cohen and Levin, 1991; Ludwig and
Levin, 1991). In addition, some of the bursts of large sp in the
heterogeneous settings simply stem from dispersal strategy groups
becoming more and more different from each other, i.e., farther
apart in the parameter space. It is worth mentioning that we had
initially hypothesized that the branching character of the river
network topology alone, through some degree of spatial separation,
would be sufficient to allow for distinct groups of dispersal
strategies to coexist. The present results refute this hypothesis.
This, however, does not diminish the importance of the river
network topology in dictating the spatial distribution of dispersal
kernels, confining similar ones within the same subbasins; this
effect is at work with or without the habitat spatial heterogeneity
(Fig. 8a and b, respectively).

In sum, our results suggest that the shape—importantly the tail
structure—and stability of optimal or, more specifically, conver-
gence stable (CS) dispersal strategies are strongly affected by
landscape topology or connectivity. Specifically, with all else being
equal, the CS dispersal kernels in the river network topology have
heavier tails and are stable, while those in the direct topology have
relatively thin tails and may be unstable. The results also indicate
that the coexistence of distinct groups of dispersal strategies
requires habitat spatial heterogeneity. Note that the present
framework can also be exploited in studying the impacts of global
climate change and some human intervention. Specifically, the
effects of global climate change may translate to changes in habitat
capacity, whereas some engineering projects (see, e.g., Fairless,
2008) aim at linking up natural rivers by man-made structures,
thereby altering the landscape topology. As mentioned in Section 1,
the dispersal kernel tails influence spatial biodiversity patterns
(e.g., Muneepeerakul et al., 2008a; Azaele et al., 2009; Bertuzzo
et al., 2009) and spreading of organisms (e.g., Kot et al., 1996;
Méndez et al., 2004). Therefore, via this framework, one can
translate these major changes into changes in dispersal, which
in turn lead to changes in biodiversity patterns and spreading of
organisms. Finally, while we have focused on some effects of
topology and habitat spatial heterogeneity on the dynamics and
outcomes of dispersal evolutionary game, other factors, such as
other types of topology and spatial heterogeneity as well as the
effects of dispersal cost or temporal fluctuation, are also important
and constitute promising future research directions on dispersal
processes in explicitly spatial complex landscapes.
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