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It is well-known that dispersal is advantageous in many different ecological situations,
e.g. to survive local catastrophes where populations live in spatially and temporally
heterogeneous habitats. However, the key question, what kind of dispersal strategy is
optimal in a particular situation, has remained unanswered. We studied the evolution
of density-dependent dispersal in a coupled map lattice model, where the population
dynamics are perturbed by external environmental noise. We used a very flexible
dispersal function to enable evolution to select from practically all possible types of
monotonous density-dependent dispersal functions. We treated the parameters of the
dispersal function as continuously changing phenotypic traits. The evolutionary stable
dispersal strategies were investigated by numerical simulations. We pointed out that
irrespective of the cost of dispersal and the strength of environmental noise, this
strategy leads to a very weak dispersal below a threshold density, and dispersal rate
increases in an accelerating manner above this threshold. Decreasing the cost of
dispersal increases the skewness of the population density distribution, while increasing
the environmental noise causes more pronounced bimodality in this distribution. In
case of positive temporal autocorrelation of the environmental noise, there is no
dispersal below the threshold, and only low dispersal below it, on the other hand with
negative autocorrelation practically all individual disperses above the threshold. We
found our results to be in good concordance with empirical observations.
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Loránd Univ., Pázmány P. sétány 1/C, HU-1117 Budapest, Hungary. � I. Scheuring,
Dept of Plant Taxonomy and Ecology, Hungarian Academy of Sciences and Eötvös
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Dispersal is one of the most important life-history traits

� it influences the dynamics and persistence of popula-

tions, the distribution and abundance of species, the level

of genetic diversity and community structure (reviewed

by Dieckmann et al. 1999, Ferrière et al. 2000, Clobert

et al. 2001). Dispersal is costly for the individual (Hanski

1998), but it can give evolutionary benefit for several

reasons. Dispersal helps avoiding kin competition

(Ronce et al. 1998, Gandon and Michalakis 2001,

Lambin et al. 2001, Perrin and Goudet 2001) and

prevents inbreeding (Hamilton and May 1977, Motro

1991, Gandon and Michalakis 2001, O’Riain and

Braude 2001, Perrin and Goudet 2001). Furthermore it

can be evolutionary favourable if the environment varies

both spatially and temporally (McPeek and Holt 1992);

dispersal then helps populations to escape local cata-

strophes (Olivieri et al. 1995, Gyllenberg and Metz 2001,

Metz and Gyllenberg 2001, Parvinen et al. 2003).

To make the model analytically tractable, theoretical

investigations of the evolution of dispersal rates gener-

ally use two important assumptions. First, it is fre-

quently assumed that dispersal is unconditional (i.e. a

constant fraction of individuals disperse, regardless of

the local population density and/or the environmental
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conditions, Paradis 1998, Travis and Dytham 1998,

Parvinen 1999, Mathias et al. 2001, Gyllenberg et al.

2002, Kisdi 2002, Cadet et al. 2003, Parvinen et al.

2003). Naturally, this unconditional dispersal is an over-

simplification. In reality, most organisms will follow

more sophisticated conditional dispersal rules. They may

be sensitive to such factors as local population size,

habitat quality, age, social status, sex and behaviour

(Johnson 1990, Motro 1991, McPeek and Holt 1992,

Ronce et al. 1998, Ims and Hjermann 2001, Scheuring

2001, Buddle and Rypstra 2003). Second, as Travis and

Dytham (1998) pointed out, almost all theoretical

investigations of the evolution of dispersal employed

spatially structured metapopulation models (Johst and

Brandl 1997, Paradis 1998, Parvinen 1999, Mathias et al.

2001, Gyllenberg et al. 2002, Kisdi 2002, Cadet et al.

2003, Parvinen et al. 2003, Poethke et al. 2003), in which

local patches are connected to each other, and they are

located at the same distance from all other patches. In

contrast to this spatially implicit representation, spatially

explicit models (Jánosi and Scheuring 1997, Travis and

Dytham 1998, 1999, Travis et al. 1999, Travis 2001,

Poethke and Hovestadt 2002) implement patches ar-

ranged on a 2D lattice: the distance of two patches is thus

determined by their position on the lattice. Travis and

Dytham (1998) also suggested that the evolution of

dispersal should be studied with spatially realistic

models, which are both spatially explicit and incorporate

spatial and/or temporal heterogeneity. While a number

of studies investigated the effect of environmental

variation (McPeek and Holt 1992, Parvinen 1999,

Mathias et al. 2001, Kisdi 2002, Poethke et al. 2003),

these employed spatially implicit models. However,

Poethke and Hovestadt (2002) found that their results

did not change if they employed a spatially implicit

model instead of the spatially realistic one.

The aim of this study was to investigate the evolution

of density-dependent dispersal with the help of a

spatially realistic population model. To our knowledge,

in the context of the evolution of dispersal rates the only

spatially explicit model preceding our study was the

model presented by Poethke and Hovestadt (2002). The

topic is one of great theoretical interest (Travis

and French 2000, Armsworth and Roughgarden 2005,

Bowler and Benton 2005) and mainly unexplored. While

there are ample examples of density-dependent dispersal

in nature (Gaines and McClenaghan 1980, Hurd and

Eisenberg 1984, Denno et al. 1991, Bengtsson et al. 1994,

Herzig 1995, Denno et al. 1996, Fonseca and Hart 1996,

Gaona et al. 1998, Aars and Ims 2000, Albrectsen

and Nachman 2001, French and Travis 2001, Rhainds

et al. 2002, Lecomte et al. 2004, Moksnes 2004,

Matthysen 2005), theory lags behind in elucidating the

mechanism behind it. Albeit there were other theoretical

studies which incorporated density-dependent dispersal

(Jánosi and Scheuring 1997, Ruxton and Rohani 1999,

Travis et al. 1999, Poethke and Hovestadt 2002,

Amarasekare 2004a, 2004b), they used very rigid shapes

for the dispersal function. These studies either employed

a predefined function whose parameters were not subject

to evolutionary change (Ruxton and Rohani 1999,

Amarasekare 2004a, 2004b), or, while allowing some

parameters of the dispersal function to change during

the course of evolution, they restricted the shape of

the dispersal function (Jánosi and Scheuring 1997, Travis

et al. 1999, Poethke and Hovestadt 2002).

In this study we used a general density-dependent

dispersal function which can follow many qualitatively

different shapes, and thus allows selection to choose the

optimal shape for the dispersal function. The selected

dispersal function allows us to interpret empirical

observations and to test the robustness of former

theoretical studies.

The model

Assumptions of the model

Dispersers have the same fecundity after dispersal as

non-dispersers

This assumption is based on some field observation:

Johanessen and Andreasen (1998) found that the repro-

ductive output and mortality rates of immigrant and

resident female root voles (Microtus oeconomus ) were

not significantly different. In a review of the cost of

migration in insects, Rankin and Burchsted (1992) found

that in some species dispersers actually had a higher

reproductive output, but they also presented cases to the

opposite (Roff 1977, 1984).

Evolution was modelled as a succession of competition

events between a resident population and an initially rare

mutant population

This assumption implies that mutation is infrequent, and

the population can settle to an ecological equilibrium

before the next mutational event takes place. These

assumptions are generally applied in adaptive dynamics

(Metz et al. 1992, 1996, Dieckmann 1997).

The phenotypic trait was inherited asexually

Genetic variation for migratory traits have been docu-

mented and selection experiments were successful in

inducing changes in dispersal traits (Roff and Fairbain

2001). The actual genetic background of a condition-

dependent dispersal trait is unknown. Thus, inclusion

of sexual inheritance would unduly complicate the

model and would not add to its realism. The assumption,

that an offspring has the same phenotype as its parent

is employed in most strategic models (McPeek and

Holt 1992, Jánosi and Scheuring 1997, Paradis 1998,

Travis and Dytham 1998, Dieckmann et al. 1999,
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Parvinen 1999, Travis et al. 1999, Cadet et al. 2003,

Parvinen et al. 2003, but see Poethke et al. 2003).

Population dynamics

We applied a coupled map lattice model to the study

of the evolution of density-dependent dispersal rates.

The square lattice contained 100 rectangular patches.

Following the standard techniques the boundaries were

wrapped-around (torus), to preclude edge effects.

The equations governing the inter patch population

dynamics were the same at each site. At each time step

the population first experienced growth and then a

fraction of the local population dispersed according to

a dispersal function defined by the ‘‘pre-dispersal’’ local

population. Dispersal was assumed to be local, and

individuals dispersed to the four closest neighbouring

patches with equal probability. Dispersal events took

place simultaneously for all populations. We considered

the following dynamics at site (x,y) and time t for

the resident (/N(res)
t (x; y)) and for the mutant (/N(mut)

t (x; y))
population.

Growth

The local dynamics were governed by a generalised

logistic growth equation employed by Maynard-Smith

and Slatkin (1973) as follows:

N(res)
t�1(x; y)�N(res)

t (x; y)

�
� j(s; x; y; t)l

1 � [a(N(res)
t (x; y) � N(mut)

t (x; y))]g

�

N(mut)
t�1 (x; y)�N(mut)

t (x; y)

�
� j(s; x; y; t)l

1 � [a(N(res)
t (x; y) � N(mut)

t (x; y))]g

�
(1)

where l, a and g are the parameters of the population

dynamics, and a�
l1=g � 1

K
; where K is the carrying

capacity of a site. Depending on l and g, Eq. 1 may settle

to a fixed point, follow a limit cycle or can be chaotic for

other parameters. Chaotic local population dynamics

behave qualitatively similar to noisy local population

dynamics, as both create many different local densities in

the population. The only important difference is that

the level of variance can be tuned precisely in the

stochastic model, thus chaotic dynamics � without loss

of generality � were not considered here. On the other

hand, both fixed point and limit cycle dynamics were

considered in the simulations. Furthermore, for the

majority of the simulations, we employed parameter

combinations that results in contest competition (g5/1),

but scramble competition (g�/1) was also studied.
/j(s; x; y; t) is a random perturbation on l with

magnitude s, at site (x,y) and time t. We investigated

three scenario: (1) spatially heterogeneous and tempo-

rally constant environment; (2) spatially and temporally

heterogeneous environment, with uncorrelated environ-

mental noise; and (3) spatially and temporally hetero-

geneous environment, with temporally correlated

environmental noise. In all cases, we assumed that the

spatial correlation length of the environmental variation

corresponds to the size of the patches (in essence the

extent of environmental variation defines the patches).

Consequently environmental noise was spatially uncor-

related.

(1) In a temporally constant environment j(s; x; y)
was independently set for each site to j(s; x; y)�
(8�s�1) where 8 is a random number chosen

from a standard normal distribution. j(s; x; y) was

not allowed to be less than 0, so random values less

than 0 were set to 0. j(s; x; y) was set before the

first time step, and was left unchanged afterward,

thus creating a spatially heterogeneous, but tempo-

rally constant environment.

(2) In an environment with uncorrelated environmen-

tal noise, j(s; x; y; t) was independently set for each

site at each time step t to j(s; x; y; t)�(8�s�1);
where 8 and constraints on values of j is as above.

(3) We have created correlated environmental noise

with the method presented in the study of Ripa

and Lundberg (1996), see also Petchey, et al.

1997, Heino 1998, Cuddington and Yodzis

1999). Namely, j(s; x; y; t�1)�(j(s; x; y; t)�1)/

k�8�s
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�k2

p
�1; where k governs the degree

of autocerrelation, 8 is a random number chosen

from a standard normal distribution, and s is

scaled by
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�k2

p
so the magnitude of environ-

mental fluctuation is constant for any value of k.

Because we employed a 100 time steps initial phase

(see below) the asymptotic level of variance can be

used without unduly affecting the outcome (Heino

et al. 2000).

Dispersal

N(mut)
t�1 (x; y)�N(mut)

t (x; y)�N(mut)
t (x; y)�D(mut)(x; y)

�
1

4
(1�s)

X4

i�1

D(mut)(xneigh:;i; yneigh:;i)

�N(mut)
t (xneigh:;i; yneigh:;i) (2:1)

N(res)
t�1(x; y)�N(res)

t (x; y)�N(res)
t (x; y)�D(res)(x; y)

�
1

4
(1�s)

X4

i�1

D(res)(xneigh:;i; yneigh:;i)

�N(res)
t (xneigh:;i; yneigh:;i) (2:2)

where s is mortality during dispersal (05/s5/1); and

D(x,y) is the dispersal function for the resident

(/D(res)(x; y)) or the mutant (/D(mut)(x; y)) population.

During dispersal Nt(x; y)�D(x; y) individuals disperse
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from the site at (x,y). Each of the neighbouring sites

can be the destination of the emigration with equal

probabilities. Similarly, -considering four neighbouring

patches � one fourth of the dispersing individuals from

each neighbouring patch head toward the site at (x,y)

(third term of the equations). s portion of the dispersing

individuals die during dispersal, and only (1�/s) portion

arrive to their destinations.

Density dependent dispersal

We chose a general density-dependent dispersal function

D(N(x; y)) (Eq. 3.), that measures the fraction of

individuals dispersing from a patch at co-ordinates

(x,y) as function of population density.

D(N(x; y))�
D0

1 � Exp[�(N(x; y) � b) � a]
(3)

where, N denotes the total population size (/N�N(res)�
N(mut)) in a patch at co-ordinates (x,y); D0 is the maximal

dispersal rate (/D0 � (0; 1)); b is the inflection point of the

function (/b � (0:01; 30)); and a governs the sharpness of

the increase at the inflections point (/a � (10�4; 10));
however a and D0 together determine the slope of the

function at the inflection point, which is
aD0

4
: Similar

density-dependent dispersal function was used in the

study on population dynamics by Ylikarjula et al.

(2000). Please note that the restriction on the values of

a, b are dictated either by biological reality or by the

technical constraints of the simulation. Resident and

mutant each have three parameters (D0, a and b) to

determine the shape of the dispersal function.

With the right set of parameters the dispersal function

can have the shape of a saturating curve, exponential

growth, sigmoid curve or be (nearly) linear (Fig. 1) in the

range of densities that are realized by the population.

Also the function can be both positively and negatively

density-dependent, depending on the sign of a (Fig. 1c).

Since reproduction success is the greatest when popula-

tion density tends to zero in Eq. 1 we assumed that

dispersal increases with density (a�/0). Negative density-

dependence is possible if low population density causes

social dysfunctions or makes finding a mating partner

difficult. However, the Allee effect (Stephens and Suther-

land 1999) is not included in our model.

Evolutionary dynamics

We followed the evolutionary change of the three

parameters of the dispersal function (D0, b, a). Each

round of evolution consisted of (a) an initial phase,

during which the resident population could reach

equilibrium; (b) the introduction of a rare mutant; and

(c) the competition between the resident and the mutant.

The winner of the competition was resident in the next

round, and a new mutant was chosen (d). In either case

evolution continued with a new evolutionary step, until

the values of the evolving traits settled to a non-

invadable optimal value.

This ‘‘end-point’’ is a global evolutionary stable

dispersal function (ESDF), as mutant can have arbitrary

trait values from the trait space.

(a) Initial phase

Initially all patches contained K resident individuals.

The resident was allowed to grow and disperse alone for

100 time steps. In the first evolutionary step the traits of

the resident (D0
(res), b(res), a(res)) were determined ran-

domly.

(b) Introduction of a rare mutant

Mutant individuals were introduced into one of the

patches in a number equal to 10% of the resident

subpopulation in that patch (see part (d) below for the

method of creating the trait values of the new mutant).

The number of mutants introduced is equivalent to 1%

of the whole population. Introducing exactly 1 mutant

results in the quantitatively same result, but simulation

progresses more slowly.

(c) Competition

The simulation of the population dynamics was con-

tinued until either the size of the mutant population

became negligible (less than 10�15), the size of the

resident population fell below 1, or the 50 000th time

step was reached, whichever occurred first.

(d) Outcome of competition

If the mutant won the competition, i.e. the population

size of the resident fell below 1, then the mutant became

the new resident. The new mutant was then generated by

repeating the mutation that generated the successful

mutant in the previous round: the trait affected by the

successful mutation was modified further by the same

degree and in the same direction as in the previous

mutational step. For example, if the winning mutant was

generated by reducing D0 by 0.1, then the D0 of the next

mutant was again decreased by 0.1 compared to the

winning mutant. This rule was implemented for practical

reasons, as it speeds up the course of evolution, but has

no effect on the final outcome. (Please note that allowing

more than one parameter to mutate does not change the

result, albeit it takes more evolutionary steps to reach

the ESDF. The slowing-down of evolution is due to the

fact, that in this case the above rule of ‘‘make a

mutational step in the previously successful direction’’

cannot be implemented.)

On the other hand, if the resident won the competi-

tion, then the new mutant was chosen randomly.

Compared to the resident, only one of the parameters

of the dispersal function was changed in the mutant.
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The parameter to mutate was chosen randomly, and the

given parameter was modified according to the applic-

able equation from Eq. 4.1.�4.3. The other two para-

meters remained unchanged. We used the following

equations to generate the mutant traits:

D(mut)
0 �D(res)

0 �8�0:02 (4:1)

a(mut)�10Log10(a(res) )�8 (4:2)

b(mut)�10Log10(b(res) )�0:8�8 (4:3)

8 is drawn from a standard normal distribution.

In the infrequent case when the two populations still

coexisted after 50 000 time steps (since the fitness

difference is extremely small), the roles of the resident

and the mutant were reversed to determine which

of them were the fitter. If the two populations still

persisted in coexistence then the one with the higher

mean population size (computed from the last 1000 time

steps) was considered the winner of the evolutionary

step. Then a new mutant was chosen randomly (see

above).

We considered that evolutionary dynamics to reach an

ESDF if in the last 2000 evolutionary steps, the trait

values changed only insignificantly. The mean trait

values were computed from the last 2000 evolutionary

steps. Averaging is necessary as there is a very small

region in the parameter space within which our model

cannot reliably detect differences in fitness. Accordingly,

ESDF should be viewed as a small spread around the

indicated values for the parameters.
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Fig. 1. Dispersal function. Panels (a)�(c) show the effect of parameters on the dependence of dispersal probability on the
population density. (a) a�/0.1; b�/1.0; D0 varies as shown beside the curves. (b) a�/0.1; D0�/0.75; b varies as shown beside
the curves. (c) D0�/0.75; b�/1.0; a varies as shown beside the curves. (d) Various shapes can be attained by varying the parameters
of the dispersal function. Curve 1 is a nearly constant function (a�/10�4; b�/1.0; D0�/1); curve 2 is nearly linear (a�/0.01; b�/1.0;
D0�/0.5); curve 3 is a step function (a�/1; b�/1.0; D0�/0.45); and curve 4 is approximately exponential in the [0,2K] interval
(a�/0.07; b�/1.8; D0�/1).
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Results

First we investigated the evolutionary stable dispersal

function (ESDF) in a spatially heterogeneous, but

temporally constant environment. We both varied the

magnitude of environmental variation and dispersal

mortality. In all investigated cases the evolved dispersal

functions were such that no individual dispersed. In

most of the cases the value of the parameter D0 quickly

evolved toward 0. In the other cases both a and b
reached its maximum value. This results in an ESDF

that is non-zero only at very high population sizes that

are not realised in the population. Consequently, in all

cases there is practically no dispersal in the ESDF.

In a temporally and spatially heterogeneous environ-

ment, we investigated the effect of dispersal mortality

on the ESDF. The population dynamics were such, that

the local population sizes fluctuated around a fixed

point (l�/2, K�/1.0 and g�/1). We used dispersal

mortality values from very low (s�/0.2) to very high

values (s�/0.8). In this simulation environmental fluc-

tuation was assumed to be rather low (s�/0.6), thus

according to the Gaussian distribution the probability of

an environmental catastrophe (Nt�1�/0) in any one

patch was 0.04779.

Figure 2 summarizes our results. The mean percentage

of the population dispersing from the local patches

increased non-linearly (in an accelerating manner) with

decreasing dispersal mortality (Fig. 2a). The maximal

dispersal rate (D0) decreased linearly with dispersal

mortality (Fig. 2b) (R2�/�/0.98). The inflection point

(b) of the dispersal function was always above the

carrying capacity and correlated positively with dis-

persal mortality (Fig. 2c) (R2�/�/0.97). The sharpness

of the dispersal function at the inflection point

(a) slightly decreased with increasing dispersal mor-

tality (Fig. 2d) (R2�/�/0.71). As both D0 and a
decreased with increasing dispersal mortality, the slope

of the dispersal function at the inflection point (aD0/4)

also decreased.
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Fig. 2. The evolutionary stable dispersal traits as function of dispersal mortaility (s). Each point represents the mean values
calculated from five repetitions. (a) Mean percentage of individuals dispersed; (b) maximal dispersal rate (D0); (c) intercept of the
dispersal function (b); and (d) sharpness at the intercept (a). In all cases l�/2, K�/1 and g�/1.
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The evolved dispersal functions (Fig. 3) were such that

below the carrying capacity the number of emigrants was

always rather low, but the number of emigrants sharply

increased when the population size increased above the

carrying capacity.

At high dispersal mortality the evolved dispersal

function was close to linear at the density range where

dispersal events did occur, and the population size

distribution (Fig. 3) was unimodal, with the mode below

the carrying capacity. Both the shape of the dispersal

function and the population size distribution changed

with decreasing dispersal mortality. The dispersal func-

tion became more and more non-linear, and the popula-

tion size distribution became skewed. Only a small

fraction of the patches contained populations with size

above a threshold. Also at lower dispersal mortality most

patches contained populations with sizes just below a

threshold. Accordingly, at moderate dispersal mortality

the population size distribution was weakly bimodal (for

example at s�/0.5, Fig. 3).

We then investigated the effect of environmental

fluctuation on the evolution of dispersal (Fig. 4). We

found that with increasing fluctuation the maximal

dispersal rate (D0) increased, the inflection point (b)

decreased and the sharpness at the inflection point (a)

slightly decreased. The population size distribution was

mostly bimodal with a maximum around the carrying

capacity � this effect is more pronounced at higher

environmental fluctuation. The second mode appears at

very low population sizes. As the frequency of environ-

mental catastrophes increases an increasing number of

populations are just recovering from such an event, thus

more local habitats have low population sizes. This effect

does not depend on dispersal mortality.

We also investigated the effect of cyclic population

dynamics. We carried out the above investigations

considering a two-limit cycle population dynamics

(l�/5; K�/0.5; g�/2.9). The evolved dispersal function

were qualitatively the same as previously, furthermore at

higher s values the population density distribution was

skewed, again as in the previous case.

We also investigated the consequence of changes in the

competition coefficient from contest (g5/1) to scramble

(g�/1) competition (Fig. 5). Increasing g increased the

realised population sizes, and thus the inflection point of

the ESDF (b) had also increased. At the same time

ESDF increased a bit more sharply (i.e. a was higher) at

the inflection point with increasing g.
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Fig. 3. The effect of increasing the cost of dispersal. Evolu-
tionary stable dispersal function (ESDF) (solid line) and the
distribution of population sizes (grey bars) at different dispersal
mortalities. Dispersal mortalities (s) decreases from the top
panel toward the bottom panel, values of s are shown next to
the panels. Environmental fluctuation is s�/0.6 in all cases.
(l�/2, K�/1, g�/1).
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Negative autocorrelation in environmental noise se-

lects for sharper increase in dispersal propensity above

the carrying capacity (Fig. 6). As good years are unlikely

to be followed by another good year, individuals are

better off leaving favourable sites. On the other hand, at

high temporal autocorrelation the propensity to disperse

from a good site is low, and only a small fraction of

the population disperses to offset the effect of crowding

(Fig. 6). Both high and low population densities are

relatively more frequent compared to the uncorrelated

case.

We also tested the effect of dispersal distance by

comparing local dispersal to the frequently used global

dispersal rule (i.e. in the case where individuals can

disperse to every patch with the same probability). We

found that our results are robust with regard to dispersal

distance as employing global dispersal did not change

the quantitative predictions of our model. Poethke and

Hovestadt (2002) have found similar result in their

models.

Discussion

The evolution of dispersal strategies has attracted

considerable theoretical interest for years. As we empha-

sized in the Introduction, most of these works studied

spatially structured models, where the spatial structure

was generally present in an implicit manner and it was
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assumed that dispersal is density independent. Even

those models that considered density-dependent disper-

sal, used either a linear dispersal function (Travis et al.

1999), a highly nonlinear threshold-like function (Jánosi

and Scheuring 1997), or � based on the theory of ideal

free distribution � considered a fixed saturating function

of density (Poethke and Hovestadt 2002) � all of which

constrain the possible outcome of evolution.

We studied the evolution of density-dependent dis-

persal in a spatially realistic coupled map lattice model.

The employed dispersal function has three parameters,

all three of which could be varied in the course of

evolution. These varying phenotypic traits potentially

allow a wide range of possible types of density-depen-

dence for the dispersal (Fig. 1). With the help of our

model, earlier findings can be tested for their robustness,

and deeper insights into the corresponding ecological

and evolutionary processes can be established. In the

following we compare our results with the theoretical

findings of earlier studies and the results of experimental

works.

Extinction rate

The threat of extinction of a local subpopulation is one

of the driving factors promoting the evolution of

dispersal (Gandon and Michalakis 2001). In spatially

structured models it has been shown that disregarding

kin-competition and inbreeding depression, and taking

into consideration that dispersal is costly, local extinc-

tion is necessary for non-zero dispersal rate to be

evolutionary favourable (Parvinen 1999). Most theore-

tical investigations predict that dispersal rate is positively

correlated with the probability of local extinction

(Paradis 1998, Gandon and Michalakis 2001, Poethke

et al. 2003). But Parvinen and co-workers (2003)

demonstrated that without demographic stochasticity

the adapted dispersal rate exhibits a maximum for

intermediate rates of disturbance. On the other hand,

Poethke and co-workers (2003) concluded that extinction

caused solely by demographic fluctuation has ambiguous

effect on dispersal rates. According to the results of their

model the propensity of individuals to disperse may

correlate positively, negatively or ambiguously with local

extinction rates. In our model, extinction was solely

caused by environmental fluctuation. In concordance

with most earlier studies we concluded that increasing

extinction rates increase the evolutionarily stable level

of the mean dispersal rates. The available experimen-

tal evidence also suggests that dispersal rate mostly

correlates positively with the local extinction rate

(Friedenberg 2003). Friedenberg (2003) exposed two

strains of C. elegans, where one has a higher propensity

in disperse to a patchy environment with the possibility

of local extinction. After six generations the strain with

higher dispersal rate was clearly dominant in the

population, suggesting that frequent extinction selects

for higher dispersal rate. Also in the review of Denno

et al. (1991), the percentage of macroptery in planthop-

pers was negatively correlated with habitat persistence,

indicating that extinction rate was indeed positively

correlated with dispersal propensity.
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Cost of dispersal

Dispersal is generally considered to be costly for the

individuals (Hanski 1998, Gandon and Michalakis 2001,

Ims and Hjermann 2001), mostly because of the

increased mortality during dispersal, albeit other factors

might also have some role in this cost (e.g. the metabolic

cost of dispersal ands its effect on fecundity, Roff 1977,

1984, Rankin and Burchsted 1992). While it is notor-

iously difficult to measure dispersal mortality, Hanski

et al. (Hanski et al. 2000, Petit et al. 2001) were able to

derive the dispersal mortality of two butterfly species by

analyzing mark�release�recapture data with the virtual

migration model (Hanski et al. 2000). Furthermore it is

well known that animals crossing roads experience

increased mortality (Ashley and Robinson 1996, Bonnet

et al. 1999, Carr and Fahrig 2001, Aresco 2003). It has

been shown that in the idealistic case when dispersal has

no cost, individuals would disperse unconditionally

(Parvinen 1999), while the realistic case, when dispersal

is costly, is expected to select for lower rates of dispersal.

A number of theoretical studies have concluded that

dispersal rate is a decreasing function of dispersal cost

(Travis et al. 1999, Poethke and Hovestadt 2002, Cadet

et al. 2003, Parvinen et al. 2003, Poethke et al. 2003). In

the special case of density-dependent dispersal when

individuals only disperse when the local population

density reaches a certain threshold value, this threshold

density increases with increasing cost of dispersal

(Poethke and Hovestadt 2002). When a linear dispersal

function is considered, the increase in the cost of

dispersal lowers the intercept of the line, but has no

significant effect on the slope (Travis et al. 1999). The

intercept of the linear dispersal function mainly influ-

ences the dispersal rates at very low densities. We found

in our more general model that from low densities to

densities close to the carrying capacity of the patch the

dispersal function was nearly linear (Fig. 3). The

intercept in our case was also negatively correlated

with dispersal mortality, and the inflection point (b)

of the evolved dispersal function (which is analogous to

the threshold density of the model of Poethke and

Hovestadt (2002)) was positively correlated with disper-

sal mortality (Fig. 2). So, by using a general evolving

dispersal function we were able to combine the results of

both previous models that considered density-dependent

dispersal.

Dispersal function

Density-dependent dispersal has been experimentally

demonstrated in a number of studies (e.g. Microtus

oeconomus : Aars and Ims 2000; Paroxyna plantaginis :

Albrectsen and Nachman 2001; Onychiurus armatus :

Bengtsson et al. 1994; Prokelisia marginata and

P. dolus : Denno et al. 1996; Simulium vittatum : Fonseca

and Hart 1996; Anisopteromalus calandrae : French and

Travis 2001; Lynx pardinus : Gaona et al. 1998; Trirhabda

virgata: Herzig 1995; Tendora sinensis : Hurd and

Eisenberg 1984; Lacerta viviparia : Lecomte et al. 2004;

Carcinus maenas : Moksnes 2004; Metisa plana : Rhainds

et al. 2002; reviewed by Gaines and McClenaghan 1980,

Denno et al. 1991, Matthysen 2005). Moreover, an in-

creasing number of studies are available where density-

dependent dispersal is demonstrated by measuring

dispersal rates at more than two densities, thus the

character of density-dependence can be estimated

(Denno et al. 1991, 1996, Fonseca and Hart 1996,

Albrectsen and Nachman 2001, Rhainds et al. 2002,

Moksnes 2004). The common nature of these studies is

that the observed dispersal functions were always non-

linear. Dispersal is very moderate or missing at low

density and starts to increase abruptly at a threshold

level. For example, Fonseca and Hart (1996) studied

the density dependence of the dispersal of black fly

(Simulium vittatum ) neonates. At low densities

(0�2 larvae mm�2) dispersal was hardly detectable

(Fig. 2 in Fonseca and Hart 1996), at moderate densities

(4�6 larvae mm�2) the dispersal rate began to increase,

and increased with an increasing rate at higher densities

(8�/ larvae mm�2). Albrectsen and Nachman (2001)

obtained similar results in their investigation of the

dispersal of the females of the tetripid fly, Paroxyna

plantaginis (the dispersal of the male flies was not

density-dependent). They measured the dispersal rate

at densities of 10, 40 and 100 flies per patch. The

equilibrium density of the female flies was 12.009/3.86

individual per patch. The dispersal rate increased

exponentially above the equilibrium density (see Fig. 3

in Albrectsen and Nachman 2001). The density-dispersal

of juvenile shore crabs (Carcinus maenas ) also exhibit a

marked increase at higher densities (Fig. 3 in Moksnes

2004). At densities of 2 and 6 individuals per mussel

patch around 20% of the crabs emigrated, whereas

proportional emigration increased to 45% at a density

of 18 crab/mussel patch. Furthermore, in certain

planthopper species (Homoptera : Delaphidacidae ) the

females exhibit density-dependent dispersal, where the

percentage of macroptery (and thus dispersal rate) either

depends exponentially on density (for example for

Sogatella furcifera , Fig. 3C in Denno et al. 1991), or

in other planthoppers (Nilaparvata lugens, Javsella

pellucida , Laodelphax stritellus ) the dispersal function

exhibits a threshold, above which dispersal rates increase

at a higher rate (Fig. 3C in Denno et al. 1991).

Our results are in a remarkably good agreement with

these experimental findings. Thus it is of paramount

importance to use such a flexible dispersal function in

the study of the evolution of dispersal rates. The existing

models that employed density-dependent dispersal func-

tions were able to capture some of the features of the

evolved dispersal function. Travis and co-workers (1999)
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demonstrated in their model, which allowed for linear

density-dependent dispersal, that individuals tend not to

disperse if local population density is below the equili-

brium, and always disperse if the local population

density is above twice the equilibrium density. Because

dispersal is costly, it is worthwhile to disperse only if

local conditions are very bad (in this case because of

crowding). Poethke and Hovestadt (2002) put this theory

into their model, by assuming a dispersal function which

had zero dispersal rate below a threshold density, and

then it was a saturating function of density. In some

cases such saturating dispersal functions were also

demonstrated experimentally (for females of Prokelisia

marginata and both sexes of Prokenisia dolus (Fig. 2 in

Denno et al. 1991) and for Anisoptermalus calandrae

(French and Travis 2001)). Furthermore, Rhainds et al.

(2002) found similar trends in the ballooning rate of

bagworm larvae. But in these experiments the steep

increase in dispersal rate occurred at very low densities,

well below the carrying capacity of the habitat, and

thus probably demonstrates a different phenomenon.

Accordingly, assuming such a dispersal function a priori

unduly restricts the evolutionary outcome. Poethke and

Hovestadt (2002) and Metz and Gyllenberg (2001)

derived the above mentioned saturating dispersal func-

tion from the theory of ideal free distribution (IFD).

IFD theory assumes that individuals’ dispersal strategy

leads to equal fitness for all local habitats. However the

limited information about the environment frustrates the

emergence of IFD. Ranta et al. (1999) showed that with

limited knowledge of the environment populations could

not achieve ideal free distribution. Furthermore, good

patches will be underpopulated (population size will be

below the actually carrying capacity), and bad patches

will be overpopulated (Kennedy and Gray 1993, Ranta

et al. 1999). We experienced the same in our model where

individuals only sense the local density, but not informed

about the actual carrying capacities of the sites they

disperse to.

While we have considered a wide range of possible

environmental and life-history traits, some types of

environment was left out of the current investigation.

Most notably spatially correlated and temporally and

spatially correlated environment remains to be studied in

the future.

To summarize, we corroborate that in constant

environment it is generally unfavourable to disperse. In

a noisy environment, we found that the key feature of the

evolved dispersal function are that (1) below a certain

threshold the propensity of individuals to disperse is very

low, (2) above this threshold the dispersal rate grows in

an accelerating manner (exponentially in our model)

with further increase in density. This result proved to be

robust to changes in the type of population dynamics

(fixed point vs limit-cycle); local competition (contest vs

scramble) and temporal autocorrelation of the environ-

mental noise.
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