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Evolution of dispersal in 
metapopulation 
¢ Ecologically: Dispersal important for 

maintaining a species in a spatially 
subdivided population. 

¢ Evolutionarily: Dispersal comes at a 
cost of decreasing local fitness. 



Evolution of dispersal in a 
metacommunity 

¢ What selection pressures exist on 
species dispersal rates at the 
metacommunity level? 

¢ Dispersal repeatedly shown to 
increase with local extinction rate in 
metapopulations 

•  Van Valen (1971), Levin and Olivieri (1984), 
Comins et al. (1981), Olivieri et al. (1995) 



¢ Want to measure how evolutionary 
stable (ESS) dispersal will change 
with increasing extinction rates 
caused by unstable interaction 
between a prey and predator 

Evolution of dispersal 
Research Question 
 



Evolution of dispersal 
Background theory:  
Importance of dispersal  
 

¢  Eg. Huffaker, 1958 
 

T. occidantelis 

E. sexmaculatus  
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Evolution of dispersal 
Metacommunity framework for studying 
dispersal evolution 

¢ Use a patch-dynamic 
metacommunity approach to model 
spatially structured populations of 
interacting predator and prey 
species.  



Evolution of dispersal 
Metapopulation dynamics 

"population of populations which go extinct 
locally and recolonize.“ (Levins 1970)  
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Evolution of dispersal 
Model framework and assumptions  

¢ Model based on Jansen and Vitalis 
(2007) 

¢  Increased dispersal between patches 
comes at cost of decreasing local 
fitness 

¢ Need to have a link between local 
within-patch dynamics (i.e., fitness) 
and regional metacommunity-level 
processes (colonization-extinction)  



Evolution of dispersal 
Model framework and assumptions  

Regional 
metacommunity scale 

Local within-patch 
scale 
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response. For metacommunity-scale dynamics, the model
we use is based on Levins’s (1969) formulation of a patch-
dynamic metapopulation that has been extended to ac-
count for trophic interactions (Pillai et al. 2010). The
model tracks the changing patch occupancy of various
species and interactions and assumes an infinite number
of homogeneous habitat patches. At the metacommunity
scale, dynamics involve colonization of new patches and
extinction of local subpopulations within occupied sites;
local within-patch dynamics are assumed to occur at much
faster rate than the colonization-extinction dynamics oc-
curring at the metacommunity scale. This means that local
populations are assumed to be either present at equilib-
rium or absent from local sites and that successful colo-
nization of patches by migrants results in local populations
instantly reaching equilibrium. As per classic metapopu-
lation assumptions, it will also be assumed that migration
of dispersers is rare enough so as to not affect the local
dynamics of already occupied patches receiving colonizers.
Although they operate at different time scales, metacom-
munity and local dynamics are linked by the fact that
metacommunity scale rates of colonization and extinction
for both predator and prey are dependent on the average
local densities of predators and prey within patches.

Our method of investigating evolutionary dynamics
within this metacommunity is an extension of Jansen and
Vitalis’s (2007) approach to studying the evolution of dis-
persal in a single species metapopulation. It defines the
fitness of a mutant strategy by measuring its ability to
invade a metacommunity (similar to the measure inR m

Metz and Gyllenberg 2001). At the metacommunity scale
this involves calculating the average number of dispersers
that will be produced by a site colonized by a single mutant
invasive colonizer. At the local level this involves tracking
the dynamics and changes in local population sizes that
occur when mutant and resident strategies compete within
patches.

The Predator-Prey Metacommunity Model

Our predator-prey metacommunity model is a mean-field
infinite patch model where the proportion of occupied
predator patches P and total proportion of prey resource
patches R are tracked and where dispersal between patches
occurs in a well-mixed manner. Prey are capable of col-
onizing any habitat patch not already occupied by another
prey population, while predators require their prey to be
present in a patch before colonization and are thus re-
stricted to colonizing only prey patches where a predator
is not already present. We assume that prey colonization
rates depends on whether a predator is present, , orcRP

absent, . If is the proportion of prey patches with ac RR P0

predator and is the proportion prey-only patches, thenR 0

the total prey colonizer production will be given by the
sum of and . Similarly, total predator colonizerc R c RR P R 0P 0

production is given by . Local predator populationsc PP

can also becoming extinct at a rate . The presence of itse P

required prey in a patch means that a local predator pop-
ulation cannot survive in a patch once its prey becomes
locally extinct. Local prey populations in the absence of
predators will become extinct at a rate . Because of aeR0

predator’s top-down effects on local prey population size,
local prey populations in the presence of a predator will
experience an added top-down extinction rate given by m
(Bascompte and Sole 1998; Pillai et al. 2010), which can
be understood as the difference between the prey’s ex-
tinction rate in the presence of a predator, , and theeRP

extinction rate when no predator is present (m p e !RP

). The differential equations for the occupancy of botheR0

the prey resource R and the predator P are given by

dR
p (c R " c R )(1 ! R) ! e R ! mP (prey), (1a)R P R 0 RP 0 0dt

dP
p c PR ! e P ! (e " m)P (predator). (1b)P 0 P R0dt

Solving for the equilibrium patch occupancy of both
the prey and predator ( , ) when gives˜ ˜ ˜R P P 1 0

1 e " mRR̃ p 1 ! " G[ ( ) ]2 cRP

2

1 e " m m ! DcR R!" 1 ! " G " 4 (e " e " m), (2a)P R[ ( ) ] ( )2 c c cR R PP P

(e " e " m)P R˜ ˜P p R ! . (2b)
c P

Here , andDc p (c ! c ) G p [Dc (e " e " m)/R R R R P RP 0

. If , then .˜c c ] P p 0 R p 1 ! (e /c )R P R RP 0

Local (Within-Patch) Predator-Prey Dynamics

We follow local prey size x using a simple continuous
logistic growth function with intrinsic growth rate r and
carrying capacity K. Although the local prey size is a dis-
crete and not continuous variable, we assume variation in
demographic parameters (birth and death) can lead to
variation in local size; this allows us to approximate local
population abundances using the mean ensemble of local
population sizes and thus to track local population size as
a continuous variable using a deterministic logistic equa-
tion (Parvinen et al. 2003; Jansen and Vitalis 2007). We
also assume that growth in predator population size y
arises from a linear predator functional response:

, where a represents the attack rate and q thef(x) p aqx
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Measuring fitness in a metacommunity 

¢ Utilize this framework to study 
evolution of dispersal, γ, in a 
metacommunity. 



Evolution of dispersal  
Measuring fitness in a metacommunity 

¢ Follow the fate of a single single 
mutant invasive individual, with 
dispersal strategy γmutant, invading a 
metacommunity with a resident prey 
with dispersal rate, γresident, while both 
resident predator, P, and prey, R, 
patch-occupancies are at equilibrium. 



Evolution of dispersal  
Measuring fitness in a metacommunity 

¢ Measure the total lifetime reproductive 
output of the focal invasive after it has 
landed in a patch, before going 
extinct, or being competitively 
displaced.  

¢ Use RM as a measure of fitness (Metz 
and Gyllenberg, 2001; similar to R0). 
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Figure A1: State transition diagrams of a mutant invasive prey patch. A, State transition diagram for an invasive patch before
recolonization by a resident prey. The invasive prey patch exists in one of two states over time: in a patch without a predator
( ) or in a predator-occupied patch ( ). It moves between these two states through extinction of local predators in a predator-X X0 P

occupied patch (at frequency ), or by colonization of a prey-only patch by predator colonizers (at frequency ). It ceases to˜e cPP

be a strictly mutant invasive patch through either patch extinction (with frequencies or ) or by conversion to a mixed-e eR R0 P

strategy patch through recolonization by resident strategy colonizers (with frequency ). B, State transition diagram for an˜Ac RSR

invasive patch after recolonization by a resident prey. After recolonization by a resident prey, the patch will once again exist in
one of two states: a mixed-strategy patch without a predator ( ), or a mixed-strategy patch with a predator ( ). Transitions arex x0 P

similar to those described in A; see text for details.

State transition diagram for an invasive prey patch prior to extinction 
  or reinvasion by a resident 
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Evolution of dispersal  
Measuring fitness in a metacommunity 

¢  Involves measuring the output of a 
mixed strategy patch (when both 
resident and invasive strategy are 
present).  
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Figure A1: State transition diagrams of a mutant invasive prey patch. A, State transition diagram for an invasive patch before
recolonization by a resident prey. The invasive prey patch exists in one of two states over time: in a patch without a predator
( ) or in a predator-occupied patch ( ). It moves between these two states through extinction of local predators in a predator-X X0 P
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State transition diagram for an mixed-strategy prey patch  
   prior to extinction 
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G = 
residentmutant

m γγ
γ

=
∂

∂W

Evolution of dispersal 
Gradient of selection and 
evolutionarily singular strategy 

= 0 

Evolutionary singular strategy:   γ* (Critical value of dispersal) 



dG
dγ γ=γ*

Evolution of dispersal 
Condition ESS and CSS 

< 0 γ* is an evolutionary attractor  
If 

If ∂W
∂γm γmutant=γresident

< 0 
2 

2 γ* is ESS stable 
      (not a potential evolutionary           
branching point) 
                                                                                    

If both of the above, then Continuously Stable Strategy 
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Figure 3: Response of prey evolutionarily stable strategy (ESS) dis-
persal when strong predator-prey interactions have little or no added
effect on prey extinction rates (very low values). Curves showzx

effect of progressively removing the effects of top-down extinction
on prey as interaction strength increased. Curves shown for pzx

0.01 (circles), 0.08 (triangles), 0.1 (squares), 0.15 (dots). When iszx

very low such that prey extinction is not significantly affected by
decreases in local prey size arising from predation, the effects of local
fitness determines ESS dispersal rate. The effects of extinction only
take effect as m increases to sufficiently high levels (as can be seen
by the hump-shaped portion of curve). After the predator becomes
extinct at the metacommunity scale, prey dispersal rates level off and
remain constant at the prey-only ESS. As determines how localzx

population sizes affect extinctions, higher values of cause the prey’szx

ESS dispersal to respond more to the effects of top-down extinctions
and less to the decease in local fitness as the strength of trophic
interactions increase. All other parameters same as in figure 1B.

Figure 4: Coevolution of predator and prey dispersal. The joint evo-
lutionarily stable strategy (ESS) dispersal strategies, , for in-ˆ ˆ(g , g )x y

creasing top-down predator effects. Example curves shown for dif-
ferent coevolving predator-prey systems. Arrows give direction of
increasing predator-induced extinction rates. Note how most evo-
lutionary change occurs along the predator’s trait gradient. Parameter
values: hashed line, ; solid line, ; dashed line,z p 0.4 z p 0.8 z px x x

. All other parameter values: r p 10, K p 200, q p 0.45, m p1.2
0.3, , , , ,a p 0.001 b p 0.01 z p 0.025 (e ) p 0.01 (e ) py R min P min

, and range of a values used: 0.05 to 20.0.001

because of the decreased local fitness it entails and there-
fore leads to the observed rapid drop in ESS dispersal rates.
As the prey’s dispersal rate drops, its metacommunity
abundance drastically declines, which drives the predator
toward lower metacommunity abundances and eventual
extinction, at which point the prey’s ESS dispersal rate can
begin to recover upward to its prey-only ESS. Notice for
the response curves in figure 3, that continuously increas-
ing the extinction rate eventually allows the effects of pred-
ator-induced extinction, as described in the previous par-
agraph, to begin to take effect near the end and overwhelm
the effects of local fitness declines due to low population
size. This leads to the curve, just before the dispersal rate
returns to its prey-only ESS value, displaying a small hump
shape similar to that observed in figure 1B.

The results presented above demonstrate how dispersal
rates of a predator or prey evolve when the dispersal strat-
egy of the other species is assumed to remain constant. If,
however, both predator and prey dispersal strategies could
coevolve together, how would the joint ESS strategy,

, respond to increasing predator-induced extinction˜ ˜(g , g )x y

rates? Solving the equations for each species’ selection gra-
dient (appendix) simultaneously as a system of nonlinear
equations for different top-down extinction rates gives us
the joint ESS strategies shown in figure 4 (which are also
convergently stable strategies when mutational processes
are assumed to have an identical and constant affect on
the speed of evolution for each species; see Marrow et al.
1996; Doebeli and Dieckmann 2000; Leimar 2009). From
this figure it can be seen that for increasing extinction-
prone interactions coevolution still leads to a consistent
increase in predator dispersal rates, while the prey’s dis-
persal strategy shows a nonmonotonic response: a small
dispersal increases for low m values, then either decreasing
or relatively constant dispersal over a large range of m
values. Note that most of the trait evolution in this co-
evolving system occurs largely along the direction of the
Y-axis representing the predator’s dispersal gradient, as
opposed to the X-axis representing the prey.

Discussion

Most theoretical studies on the evolution of dispersal in
a metapopulation have demonstrated how evolutionarily
stable dispersal rates rise with increasing patch extinction
rates (Van Valen 1971; Comins et al. 1980; Levin et al.
1984; Olivieri et al. 1995). These results were all obtained

For very low zx values. 

Curves shown for  
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zx =0.15 (dots) Pillai, Gonzalez and Loreau,  

American Naturalist, 2012 



Evolution of dispersal 
Results: Coevolution of a predator and 
prey 

212 The American Naturalist
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fitness determines ESS dispersal rate. The effects of extinction only
take effect as m increases to sufficiently high levels (as can be seen
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As the prey’s dispersal rate drops, its metacommunity
abundance drastically declines, which drives the predator
toward lower metacommunity abundances and eventual
extinction, at which point the prey’s ESS dispersal rate can
begin to recover upward to its prey-only ESS. Notice for
the response curves in figure 3, that continuously increas-
ing the extinction rate eventually allows the effects of pred-
ator-induced extinction, as described in the previous par-
agraph, to begin to take effect near the end and overwhelm
the effects of local fitness declines due to low population
size. This leads to the curve, just before the dispersal rate
returns to its prey-only ESS value, displaying a small hump
shape similar to that observed in figure 1B.

The results presented above demonstrate how dispersal
rates of a predator or prey evolve when the dispersal strat-
egy of the other species is assumed to remain constant. If,
however, both predator and prey dispersal strategies could
coevolve together, how would the joint ESS strategy,

, respond to increasing predator-induced extinction˜ ˜(g , g )x y

rates? Solving the equations for each species’ selection gra-
dient (appendix) simultaneously as a system of nonlinear
equations for different top-down extinction rates gives us
the joint ESS strategies shown in figure 4 (which are also
convergently stable strategies when mutational processes
are assumed to have an identical and constant affect on
the speed of evolution for each species; see Marrow et al.
1996; Doebeli and Dieckmann 2000; Leimar 2009). From
this figure it can be seen that for increasing extinction-
prone interactions coevolution still leads to a consistent
increase in predator dispersal rates, while the prey’s dis-
persal strategy shows a nonmonotonic response: a small
dispersal increases for low m values, then either decreasing
or relatively constant dispersal over a large range of m
values. Note that most of the trait evolution in this co-
evolving system occurs largely along the direction of the
Y-axis representing the predator’s dispersal gradient, as
opposed to the X-axis representing the prey.

Discussion

Most theoretical studies on the evolution of dispersal in
a metapopulation have demonstrated how evolutionarily
stable dispersal rates rise with increasing patch extinction
rates (Van Valen 1971; Comins et al. 1980; Levin et al.
1984; Olivieri et al. 1995). These results were all obtained
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¢ Extinctions are caused by interspecific 
(trophic) interactions  

¢ Feedback between local and 
metacommunity scale processes: 
predator-prey interactions play out 
differently at local and regional 
scales 



¢  Some patterns and processes are 
emergent at the metacommunity scale 

¢  Non-monotonic dispersal is an emergent 
property at the scale of the 
metacommunity arising from 
contradiction between local and 
metacommunity scale selection 
processes 

Evolution of dispersal 
Conclusions and Summary 



Acknowledgements 

¢ Thanks to Andrew Gonzalez (McGill 
University) and Michel Loreau 
(Station d’Ecologie Expérimentale du 
CNRS à Moulis, France) 

¢ Research funded by an FQRNT 
(Fonds québécois de la recherche sur 
la nature et les technologies) team 
grant  


