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Sex-specific dispersal behavior has been documented in a wide range of different species. Avoidance of inbreeding and kin
competition as well as different benefits of philopatry have been invoked as explanations for these patterns. All of these
factors have, however, focused on explaining why dispersal behavior differs between the sexes. In this paper, we make the
case that dispersal causes an increase in spatial variability in the sex ratio which can reduce the local availability of mates,
and thus feed back to influence the evolution of sex-specific dispersal and lead to more, rather than less, similar dispersal
behavior in the sexes. We investigate this mechanism in two different models, first in a conceptually simple case showing
why the coevolutionary effect arises, second in an individual-based model where we model a population in explicit space
with dispersal implemented as dispersal kernels. While our mechanism is not expected to completely remove sex-bias in
dispersal, it can act alongside other selection pressures to reduce such biases. Our model thus shows that dispersal of one
sex can have an effect on the selective pressures on the opposite sex, without implementing inbreeding avoidance or dif-

ferential benefits or costs of dispersal.

The evolution of dispersal is driven by every organism’s need
to adjust their distribution in space in response to environ-
mental fluctuations. Fluctuations of biotic or abiotic condi-
tions which are external to the population require the ability
to disperse to track favorable conditions and to assure global
persistence. Factors intrinsic to populations can also create
sufficient variation in space for dispersal to evolve. The semi-
nal paper by Hamilton and May (1977) showed that related-
ness structure (which amounts to spatial variation in whether
an individual competes with kin) is sufficient to promote
dispersal even under the absence of external environmental
fluctuation. Dispersal evolution in response to the risk of
inbreeding (Gandon 1999) and demographic stochastic-
ity (i.e. variance in individual reproduction and mortality;
Cadet et al. 2003) can similarly be understood as responses
to these types of spatiotemporal variation.

Dispersal itself can be the cause of further spatial varia-
tion. Inevitably, each movement of individuals in space
affects local densities which can potentially feed back on
the evolution of dispersal. This phenomenon is well studied
in examples including density-dependent dispersal, where
individuals react in response to relative differences in popu-
lation densities (Bowler and Benton 2005), and dispersal
evolution in source—sink systems (Morris 1991, Schmidt
et al. 2000).

Spatial variation in external environmental conditions,
level of inbreeding, and kin competition have also been

considered in the extensive literature on evolution of
sex-specific dispersal (Gandon 1999). The main focus of
this literature is solely to explain the sex bias in dispersal.
Thus, typically, factors that vary between the sexes have been
brought forward as an explanation for the sex bias in dis-
persal, including sex-specific fitness consequences due to the
genetic architecture of the sexes (Hedrick 2007), the differing
importance of philopatry for local mating success between
sexes (Greenwood 1980), and the difference in dispersal
and mating success (Handley and Perrin 2007). However,
most studies on evolution of sex-specific dispersal consider
space only implicitly, possibly losing some of the complexi-
ties (Ronce 2007). Tacitly they all assume a constant sex
ratio and density across the entire population (although they
often do account for relatedness structure).

This assumption of zero variation in sex ratio and density
can become problematic in situations where reproductive
opportunities are not distributed uniformly in space. A spa-
tially non-uniform distribution of the sexes will increase the
variance in local sex ratio, with consequences for the repro-
ductive success of each sex (Fisher 1930, West 2009). For
example, local mate limitation is known to constrain repro-
duction (South and Kenward 2001, Berec and Boukal 2004,
Robinet et al. 2008, Contarini et al. 2009). At the extreme,
assuming a life history where the local presence of both sexes
is necessary for reproduction, any local population will go
extinct if one sex is completely missing.
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To our knowledge only four models on the evolution
of sex-specific dispersal have included variation in local sex
ratio. Hirota (2007) compared the evolution of sex-specific
dispersal strategies when dispersal was conditional on either
local density or sex ratio, and found that sex-specific timing
of dispersal evolved differently depending on which of these
two cues was used by individuals as a trigger of dispersal.
Thus individual sex-specific responses to the local sex ratio
can alter the course of dispersal evolution from what would
be predicted by responses to demographic stochasticity that
do not differentiate between males and females. The other
three models are individual-based models (Gros et al. 2008,
2009, Bonte et al. 2009) which account for spatial varia-
tion in kin-competition, and asymmetric (i.e. sex-specific)
dispersal costs, demographic stochasticity, spatial variation
in sex ratio, and except for the first model they also account
for spatial variation in inbreeding. These models aim to pre-
dict the sex bias in dispersal, to then study how this bias is
affected by the type of spatial variation. Bonte et al. (2009)
investigated sex-specific dispersal evolution when local sex
ratio becomes female biased due to a male killing endosym-
biont. Kin-competition therefore increased for males rela-
tive to females and selection lead to male-biased dispersal,
decreasing the extinction risk in this sex-biased population.
In Gros et al. (2008), the bias in dispersal between the sexes
evolved to be less pronounced with spatial variation in sex
ratio, compared with analytical solutions that lacks all demo-
graphic stochasticity (including spatial sex-ratio variation).
The last model (Gros et al. 2009) comments on the different
resource demands of the two sexes: males require females to
breed with, females compete over vacant breeding resources,
and thus the variance of reproductive success differs between
the sexes. The sex bias in dispersal disappears if the between-
patch variance in reproductive success becomes similar for
the two sexes (Gros et al. 2009).

The above three studies hint at consequences of explicit
spatial variation in sex ratio for the evolution of sex-specific
dispersal. However, none of these studies have explicitly
pointed out that dispersal itself can cause an increase in spa-
tial variability of the sex ratio, which can reduce the local
availability of mates for a non-disperser (although Gros et al.
2009 make a brief comment about a female’s male relatives
being selected to avoid dispersal if this is likely to make their
sister mate-less). This means that if one sex disperses much,
then this can feed back to increase selection for dispersal in
the other sex. This potentially introduces a new and thus far
unexplored selective force influencing the evolution of sex-
specific dispersal.

If one sex becomes locally scarce due to low levels of
immigration, an individual of this less dispersing sex, if it
reaches this location, would have more potential mates than
a member of the opposite sex. The less dispersing sex could
thus be expected to evolve towards longer or more frequent
dispersal. Assuming (as we do throughout this paper) that
the presence of a mate is required for each reproductive bout,
each sex can be interpreted as a necessary resource for the
opposite sex, required for achieving reproduction. Therefore
we might expect the sexes to ‘track’ each other, by which we
mean a coevolutionary process that tends to reduce sex dif-
ferences in the dispersal kernel (not active tracking of; say,
scent or pheromone trails). Coevolution between the sexes’
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dispersal traits should lead to a better matched distribution
between individuals of either sex, lowering the frequency of
failing to locate a mate.

In this line of thinking, individuals of the opposite sex
can be thought to be the resource that reproduction depends
on, which means that the equalizing process bears simi-
larities to the way ideal free distributions are predicted to
arise through individuals secking best resource levels (Holt
and Barfield 2001). The analogy is incomplete, of course:
the resource is not a static ‘habitat’ but it evolves, move-
ment is typically not free, and reproduction does not always
increase linearly with mate availability (it obviously requires
other resources too, and mate availability beyond one mate
does not always increase reproductive output, especially for
females). Our aim here is to test if mate limitation due to
an uneven distribution of the different sexes across space
constitutes enough selection pressure to induce coevolu-
tion among the sexes towards more similar dispersal kernels
when space is explicitly considered. First, we illustrate with
a simple thought experiment how minimal the requirements
are for such a coevolutionary mechanism to play a role in
dispersal evolution. Second, we present a spatially explicit
individual-based simulation model to investigate if we find
coevolution in this setting.

Model 1. The potential for coevolution

In our first model, we will not provide a full description of
any evolutionary or population dynamic process. Instead
our aim is to provide a thought experiment by giving a
snapshot of a process that can make individuals of one sex
disperse more if the opposite sex (for any reason) does so.
We wish to illustrate how the dispersal of one sex increases
the selection for the opposite sex to co-adapt. To best illus-
trate this point, our ‘snapshot’ of a population deliberately
does not consider any kin structure or any other mecha-
nism that may promote or hinder dispersal evolution. By
reducing complexity to a minimum, we intend to show
how a specific factor can impact on spatially variation in
sex ratio and on sex-specific fitness in isolation from all
other effects.

We consider a population inhabiting a landscape of 1000
habitat patches, initially with n = 30 individuals per patch.
On average the sex ratio is 1:1, thus with probability 0.5
an individual is female or male (i.e. a binomial distribution
within each patch). We assume that patches differ in quality
with respect to a patch-specific survival rate g;. The expected
population size of a patch is n X (1-q;) and the exact num-
ber varies among patches due to demographic stochasticity
(i.e. each patch is initially assumed to contain 30 individu-
als, then each is assigned a sex, then each individual survives
with probability q,). In our first example, q; is uniformly dis-
tributed between 0 and 1 (later we will relax this assumption
which so far creates very strong variation in patch quality).
Because of habitat quality variation, some patches contain
many males as well as many females, while others contain
few individuals of either sex, with some demographic varia-
tion around this expectation (thus there can be male-only or
female-only patches prior to dispersal).

Next, we allow one sex, the females, to disperse. We define
female dispersal rate (0 < dp < 1) as the probability with



which each female disperses globally, i.e. to any other patch
than her natal patch. In this simple thought experiment we
ignore costs of dispersal and assume that any non-natal patch
in the population is reached with equal probability.

After females have dispersed and distributed themselves
across patches, for each male, the expected reproductive suc-
cess at each of the two possible dispersal options (no other
males actually disperse so that expected reproductive success
is independent of the action the other male might take):

(1) Stay in the natal patch
(2) Disperse and land in any other patch than the natal
patch

Male expected reproductive success in patch k is calculated
as the expected number of females in patch k divided by the
number of males in patch k (self + competitors). The num-
ber of females / male is a good measure of the expected payoff
(reproductive output) of dispersing or non-dispersing males,
as long as we ignore intergenerational complications such as
autocorrelated patch quality across years (which would gen-
erate predictable differences in the reproductive success and
thus value of females). The incentive for the average male
to disperse depends on the difference in payoff between the
strategy (2)—(1) across all males in the population. If this
payoff is positive, the male can increase its reproductive suc-
cess by dispersing.

When females are immobile (d; = 0), males, on average,
do not benefit from dispersing (Fig. 1A). Males already tend
to occur on high-quality patches where there are, on average,
many females as well, and moving will not increase the odds of
finding a female-rich patch. Moreover, despite no explicit costs
of dispersing included in the model, the overall payoff differ-
ence between the strategies (2)—(1) is negative and disfavors
dispersal: dispersing males can end up in patches that had no
females, while males in their natal patch experience this fate
less often (because males tend to coexist with females in high-
density localities). However, the situation is different if females
disperse. Random dispersal tends to reduce the number of
females in patches that originally had many females (emigra-
tion exceeds immigration when there are many potential emi-
grants), and increase the number of females in patches that had
few (the above argument reversed). If males do not disperse but
females do, then patches with many individuals will end up
with a surplus of males — and, consequently, fewer females per
male than what a male would gain, on average, by residing in
any other randomly chosen patch in the population.

It follows that a male would benefit from leaving if they
can assess that they are in a male-surplus patch, which is
in line with the findings of Hirota (2007). But it is a more
exciting finding that the male would also benefit, on average,
if he leaves regardless of such information (Fig. 1B—C). The
benefit becomes larger with increasing female dispersal.

Patches that had a surplus of females before females depart
tend to lose the most females, whereas patches with a surplus
of males most likely remain having a deficit of females. This
explains why an average male is selected to move away from
his natal patch tofollow’, probabilistically speaking, females
that have departed (Fig. 1). Obviously the selection on male
dispersal behavior depends on female dispersal, and gets
stronger as the rate of female dispersal increases.
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Figure 1. The expected payoff difference between the philopatric
and the dispersal strategy for males in model 1 with uniformly
distributed patch quality (between 0 and 1) and 30 individuals per
patch to start with. When females dispersed either not at all,
with probability of 0.1, or with probability of 0.8, the mean
payoft for males across 50 simulations was —0.054, 0.018 and
0.538, respectively.

Even though our model is exceedingly simple, it already
involves assumptions that could and should be relaxed: e.g.
the uniform distribution of survival across habitats implies
very high variance in survival, and distributions with smaller
variance might make the effect milder. Indeed, repeating
the above exercise with normally distributed (with L = 0.5,
6 = 0.2, and truncated to fall between 0 and 1) habitat qual-
ities q; leads to a markedly smaller change in the difference in
payoff between (1) and (2), although the process still works
in the qualitatively identical direction. In Fig. 1 the means in
difference in payoff shifts from —0.054 to 0.018 and 0.538
when female dispersal changes from 0 through 0.1 to 0.8,
while with the normal distribution the corresponding num-
bers are —0.016, 0.005 and 0.186; when patches vary even
less (0 = 0.1), these numbers become very small, —0.005,
0.003 and 0.009. It thus appears that the process is not
dependent on the shape of the distribution per se but it does
require sufficient spatial variation in demography, without
which sex ratio variation would be too small to have a dis-
cernible effect.

Our simple example gives rise to many caveats to discuss.
First, to make our conceptual point as clear as possible, our
model excludes many factors known to influence dispersal
evolution. It firstly examines the potential for coevolution,
and shows that a selection for male dispersal depends on
how much females disperse — but without examining how
soon this selective pressure diminishes as other males begin
dispersing too as a result of a higher dispersal rate. We thus
do not derive the eventual game-theoretic equilibrium of the
dispersal rate (which would necessitate additional assump-
tions about reproduction, kin structure and possibly other
sources of stochasticity, making the model immediately less
general). Our model instead simply shows that too low (zero)
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male dispersal is selected against even in the absence of kin
competition, when females, for any conceivable reason, dis-
perse more than males. Details of, say, kin competition will
then obviously interact with the above process to determine
the final outcome. It is conceivable, however, that other fac-
tors, such as kin-structure, might be more important in the
long run and override the selective pressure for one sex to
adapt to the dispersal behavior of the opposite sex such that
coevolution never becomes important. Second, so far, we
only investigated the process from a male perspective. It is
unlikely to operate identically for both sexes. For females,
the number of males/female is rarely a good proxy for repro-
ductive output of a female, nonetheless avoiding complete
matelessness may be a significant selective pressure for both
sexes. Third, it might be that few dispersers are sufficient to
reduce the spatial variation in sex ratio. We are interested
in if this selective pressure can have an effect that remains
visible when dispersal of an individual can feed back on the
behavior all other individuals in the population.

Instead of expanding this simplistic global dispersal model
further, we opted to examine whether the basic prediction that
coevolution between the dispersal trait of males and females
also occurs if we follow a single spatially explicit population
in detail over time. We make space explicit by examining a
population where the density varies from high (in a core area)
to low (near the edge of the species’ range) (Fig. 2). Within
this population the two sexes have to be sufficiently close in
space to find each other for a mating. The question is if this
selects the sexes to have more similar dispersal kernels (the
only way evolution in our model can influence the distribu-
tion of each sex in space), analogous to model 1 where disper-
sal rates were likely to become more similar.

Model 2. Coevolution in a population with spatially
explicit dynamics

Overview

Our model 2 is two-sex, individual-based, in continuous
space and in continuous time. The model thus accounts for
demographic stochasticity and stochasticity in the spatial

Density

Space

Figure 2. The distribution of individuals in a hypothetical popula-
tion where the spatial distribution of males and females overlap, but
males disperse on average further than females. At the center of the
population there is a surplus of females. Males would benefit from
a dispersal strategy that distributes them less often to the edge where
they remain unmated.
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distribution of individuals, which inevitably creates varia-
tion in the local sex ratio. Variation in the spatial distribu-
tion of individuals and the local sex ratio is further increased
by assuming the environment to be heterogeneous due to an
external factor that affects the mortality of individuals dif-
ferentially depending on their location.

Individuals in this population experience all their life
events stationary at a location (x, y) except for a single dis-
persal event immediately after birth (i.e. natal dispersal).
Dispersal distance is controlled by a sex-specific alleles Dy, in
females and D, in males which have the potential to evolve

(below).

Space

The area inhabited by the population is in principle limit-
less. However, mortality increases linearly with distance from
the origin (x = y = 0). In practice, persistence far from the
origin is, therefore, impossible. The mortality function lim-
its population growth across space such that the population
stabilizes in size at a dynamic equilibrium after a few genera-
tions. At the same time this spatial heterogeneous mortality
generates individuals with different reproductive success at
locations along a (two-dimensional) gradient.

Reproduction

Reproduction is initiated by females with rate of r = 1 (see
section Time, below, for how rates are implemented). If a
female is about to reproduce, the program checks if she has
an available mate; if not, reproduction fails to materialize.
Mating is possible on a local scale and because space is con-
tinuous, we simply define a radius within which individuals
are able to find a mate. We specify that a male is ‘present’
if his distance from the focal female is less than d, . (thus
the female is at the centre of a circle of radius d,_,..). When
at least one male is present, a female can produce a brood.
If the female has several possible partners within her reach
she always mates with the closest. This resembles a mating
system with monogamy, though a female can possibly mate
again, even with other males, if she survives long enough to
reproduce again.

Brood sizes (n,,gq,,,) are drawn from a Poisson distribu-
tion which introduces demographic stochasticity (Travis and
Dytham 1998, Travis et al. 1999, Kendall and Wittmann
2010). The mean of this distribution reflects the maximum
available breeding resources (constant and set to 40 in our
examples), decreasing with the number of competitors n
that use these resources:

comp

~ Poisson

(1)

n .
offspring
pring n

comp

The n_,,, is the number of all individuals independent
of their sex (including the mate) that compete with the
focal female. Individuals are competitors if they reside
within a radius d,,,, (here d.,,,, = d,,,.) from the focal
female. Note that because competitors decrease the num-
ber of offspring that a female produces, these conditions
inevitably create selection for dispersal through avoidance

of kin-competition.



Dispersal

Offspring are randomly assigned to be male or female (with
primary sex ratio 1:1). At birth they inherit two haploid dis-
persal alleles Dy and Dy, each from either the mother or the
father with equal probability. Of these alleles Dy, is expressed
in females and Dy in males, and they specify the mean disper-
sal distance for a dispersal kernel of negative exponential shape.
Newborn individuals disperse in a random direction (angle)
with the distance drawn from their individual-specific disper-
sal kernel. The exponentially shaped dispersal kernel produces
long distance dispersal with a low frequency (Cousens
et al. 2008). Note that despite dispersal being manda-
tory, the distances are free to evolve towards negligibly small
values, thus de facto philopatry (non-dispersal) is included as
a possible dispersal strategy.

Before the offspring actually disperse, there is a small
probability m for each allele to mutate. We mimic a muta-
tion process of a polygenic trait by assuming that most
mutations have a small effect, with a small probability for
very large mutations. We use a log-transformation to make
sure that dispersal distances cannot become negative:

D. = e(1n(DF)+a) ()

© _ (in(Dy)+e)
. and D, =e¢
Here € is a random number from a normal distribution
with mean 0 and variance 62 and it is the same for both
sexes.

Death

Reflecting our assumption that the environment is of high-
est quality near the core (origin), the mortality rate varies
between individuals depending on the distance from the ori-

gin d

Origin:
U (x,y) = 1, +o dOrigin (3)

This equation specifies that mortality rates reaches its lower
limit, W,, when an individual resides at x = 0, y = 0. We
assume [, > 0 to ensure that no individual can live forever.
Mortality increases concentrically from the point of origin
with a linear gradient o.. Implicitly, this generates a distance-
dependent dispersal cost, because far-dispersing individuals
are, on average, more likely to end up far away from the
origin where mortality is higher.

Time
Individuals can disperse, reproduce and die. Dispersal is
not treated as an independent event; instead we assume that
offspring perform natal dispersal immediately after being
born. Our simulation computes events of reproduction and
death in a mixed order to avoid systematic prioritizing of an
event of one type. We modeled all events in continuous time
(denoted t) as a Gillespie process (Gillespie 1977, 1992),
where the order of events is not pre-defined and any event
has an instantaneous influence on local dynamics.

For every individual we specify the mean waiting
times for this individual to be involved in an event (death
or reproduction), according to the individual-specific rates

of mortality U and reproduction r. The Gillespie process
assumes that the rate with which events occur is constant
over time until an event has actually occurred which changes
the state of the population; from this it follows that all wait-
ing times obey a negative exponential distribution around
the mean waiting time. Thus, we can find the actual waiting
time for all currently possible events by drawing values from
the exponential distribution. These are denoted T}, the wait-
ing times until death (for all individuals) and Ty, all times
until reproduction (for all females, because only they can ini-
tiate a reproduction event):

4)
T, ~ Exp(p_(x,y)) Ty ~ Exp(r)

Here Exp() denotes the exponential distribution, [L(x,y)is the
mortality rate for all individuals at their current locations
and r is the reproductive rate of females, which we set at 1.

From all waiting times (death and reproduction) we pick
the shortest value (At) and this determines when the next
event, and of which type, occurs in the entire population.
Timekeeping is then updated from t to t + At. The indi-
vidual, who “produced” the shortest time At, is the focal
individual to whom the next event happens. Thereafter we
need to create a new distribution of waiting times for all
events and all individuals of the entire population, as the
location and number of individuals has now changed. At is
on average shorter in large populations with a large number
of events.

Three coevolutionary scenarios

We ran all simulations under three different scenarios (I-11I).
In scenarios I and II, we intended to find out if the dispersal
distance of one sex constitutes a selective pressure that affects
the dispersal distance of the opposite sex. We have to test
this for each sex separately because the sexes in our model
are different: only females give birth. In scenario I, we fixed
the dispersal kernel of females, so that only the male dis-
persal kernel was allowed to evolve. If male dispersal tracks
the local availability of females, they should respond to the
(fixed) female kernel such that selection acts against dispers-
ing very far when females do not distribute themselves very
widely in space. We can detect such a response as a positive
correlation between the fixed (female) and the freely evolv-
ing (male) trait across simulations. In scenario II the roles
were reversed: the female trait could evolve, whereas male
dispersal kernel was fixed.

Scenarios I and II allow us to test if a reduction (or
increase) in mean dispersal distance in one sex is enough to
create some selection for the other sex to evolve towards a
similar dispersal kernel. In scenario III, we assumed no such
artificial fixation of one sex to particular trait value for the
dispersal kernel; instead both sexes evolve their dispersal ker-
nels simultaneously.

We were not entirely certain which pattern we should
expect from this third scenario. If the two sexes evolve
independently of each other, we would see no correlation
between the dispersal kernels of the two sexes. However, the
same outcome could be result of the two sexes coevolving,
but external environmental conditions selecting so strongly
for specific optima of the trait values Dy and D, that the
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correlation between these two values across all simulations
would also be zero. In that case we would have to rely on
the information of the first two scenarios, to decide if dis-
persal distances in one sex create a selection pressure on the
opposite sex. However, in scenario I it is also possible that a
third pattern might arise. If stochasticity is strong and coevo-
lution of the two sexes continually keeps responding to this
stochasticity at a fast timescale, we could see a correlation
between the trait values D and Dy, despite the expecta-
tion that both approach a (coevolved) single point as their
respective optima. Thus, if we find a positive correlation in
all three scenarios, we will have found a very strong signature
of coevolution.

Initial values

We ran 500 replicates for each of the three scenarios I (males
evolve), II (females evolve) or III (both evolve). Across sce-
narios we used the same sets of parameter values. Within
scenarios, the 500 replicates used identical parameter values
except that we varied the initial values for the sex specific
dispersal trait Dy and D,.

The initial values of Dy for females and D,; for males
were drawn from a uniform distribution between 0 and 10
for each sex (values higher than 10 diffused the initial popu-
lation so widely that the population usually went extinct).
For a most effective exploration of the parameter space of
Dy and D, across replicates we used the latin hypercube
(McKay et al. 1979) design of MatLab. Individuals were
initially monomorphic for Dy and D,;, and variation was
introduced by mutation during the simulation, if they were
allowed to evolve.

Across all replicates the initial population was fixed at
1000 individuals with an even sex ratio. For the initial spa-
tial population configuration we always used the same spatial
distribution (Supplementary material Appendix 1, Fig. Al).
To improve the chance that the initial distribution of indi-
viduals became a viable population, we placed the individuals
at coordinates which we had stored beforehand from a ‘pilot
simulation’, i.e. a preliminary run. To reduce the influence
of this initial population configuration we let the individuals
die, reproduce and disperse for 20 time units before any evo-
lutionary change in the trait value could happen (one unit
corresponds roughly to generation time because we scaled
birth rate as r = 1). In the following we refer to this as the
settlement period.

The spatially explicit equation for mortality (Eq. 3) was
the main factor in our model determining the size of the
simulated population. The computational resources we had
at hand allowed us to simulate a population size of approxi-
mately 10 000 individuals. With this constraint in mind we
chose i, = 1.5 and a0 = 0.05. These values produced a large
population with a mild spatial gradient in mortality such
that extensive areas of high and low density could emerge at
different locations within the same population.

We chose the simulation time (number of time units that
t is allowed to increase to) based on a visual examination of
the simulation for trends in population growth and change
in trait values Dy and D,,. We observed no systematic trend
in these values after the first 100 time units. To make sure
that the simulations have sufficient time to converge, we
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let the populations evolve for a total of 1000 time units (in
addition to the settlement period).

To reach further confidence that our simulation had con-
verged, we conducted a statistical test where we repeated the
simulation twice for each scenario using 30 different starting
values for Dy and D). For scenarios I and II the trait value
of the fixed sex was the same as in the original run, however,
the evolving sex started with a different initial value for mean
dispersal distance. In scenario III both sexes started with a
different trait value from the original run. In all 30 repeti-
tions we ranked at the beginning and at the end of 1000
time units whether the evolving sex in the 2nd run evolved
to a longer mean dispersal distance than in the Ist run. We
used a %2 test to decide if the beginning ranking had any
systematic influence on the rank in the end, which would
indicate that the trait values are not yet independent from
the initial value and thus had not reached convergence.

Reported values
At the end of each simulation run, i.e. settlement time and
1000 time units evolving time, we recorded whether the
population had gone extinct. For persisting populations, we
recorded the means, computed across individuals, of sex-
specific dispersal traits Dy and D,;. To detect coevolution
between the sexes we performed a Spearman rank correlation
analysis between the Dy and D, across all persisting popu-
lations and for each of the three scenarios. The reason for
using Spearman rank correlations is that the uniform distri-
bution of resulting values Dy and D, inherently violates the
assumption of a bivariate normal joint distribution of these
two variables, which underlies all correlation analyses that are
not based on rank coefficients (Quinn and Keough 2002).
For the simulation and the statistics we used MatLab ver-
sion R2009a (MathWorksTM 2009), the simulation model
was then compiled for the programming language C and run
on the Murska computer cluster at CSC Finland.

Results

After the settlement the sexes had a characteristic distribution
in space according to their initial dispersal kernel (the higher
the mean dispersal distance the more they spread out), and
this created the opportunity to study whether coevolution
between the sexes in dispersal trait value occurs (Fig. 3; for a
thorough analysis of the spatial distribution of the individu-
als in our simulation, see Appendix 1).

The 2 test confirmed that there was no correlation
between the initial dispersal trait value and the evolved
trait value within the evolving sex and across all scenarios,
thus evolution of these traits converged in our simulations
(scenario I for males p = 0.564, scenario II for females
p = 0.700, scenario III for males p = 0.702 and females
p = 0.240).

We initiated 500 replicates for each of the three coevolu-
tionary scenarios and at least 2/3 of these persisted for 1000
time units (333, 391 and 386, respectively; Fig. 4). Non-
persisting populations usually went extinct already during
the settlement period (50.9, 77.1, and 78.1% respectively).
In all three scenarios, extinctions of these populations were
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Figure 3. The spatial structure of a population with a strong bias in
sex-specific dispersal distances after a settlement period of 20 gen-
erations (model 2). To produce this figure neither males (o) nor
females (o) were allowed to evolve to deviate from initial values
which were set at D; = 9.82, Dy, = 0.82. The upper figure shows
the distribution of females (dotted line) and males (solid line) along
the x-coordinate. Other parameter values: d,,. = dmp = 1,
1, = 1.5, 0 = 0.05, m = 0.01, 62 = 0.3.

associated with one of the sexes starting with a too short
mean dispersal distance. There was also an asymmetry
between the sexes: when males initially did not disperse far
but females did, populations were more likely to go extinct
than when females initially did not disperse far but males
did. Populations that went extinct past the settlement period
were mostly cases where females were forced to disperse too
far without a possibility for them to evolve shorter distances.
In these cases extinction was largely independent of the dis-
persal distance of males (Fig. 4A).

Signs of coevolution were found in all three scenarios.
Males evolved to disperse further when females were fixed
to use longer dispersal distances (Fig. 4A). Likewise, females
evolved to disperse further when longer dispersal distances were
imposed on males (Fig. 4B). Spearman rank correlation coef-
ficients between means of male and female dispersal kernels in
scenario I and II were positive (0.344, and 0.541, respectively,
both p < 0.001). The positive correlation between evolved
means of female and male dispersal kernels also emerged in
scenario III where both sexes were free to coevolve (Fig. 4C,
Spearman rank correlation 0.4796, p < 0.001).

Figure 4 also shows the direction of selection in sex-
specific dispersal kernels in persisting populations. Compared
with the white area, dots group closer around the diagonal

(which indicates no bias and D,; = Dy), except for the ones
that had dispersal of one sex fixed at a long distance. Mov-
ing closer to the diagonal indicates a reduction of the bias in
mean sex-specific dispersal distance.

The range of the trait values for sex-specific dispersal ker-
nel is reduced after evolution in all three scenarios (Fig. 5A—
C). In scenario I, where females were fixed, males adapted to
dispersal distances which were more similar with dispersal
distances of the females (Fig. 5A). In scenario II the same
pattern occurred with reversed roles of the sexes, but it was
less strong (Fig. 5B). Also we found an asymmetry between
scenario I and II: when males dispersed on average further
than females, females were not adapting so close to dispersal
distance of males.

Discussion

Our model shows a so far overlooked force in sex-specific
dispersal evolution: male and female dispersal kernels can
coevolve due to mate-location failures. Our thought experi-
ment shows why this should be the case in a population with
discrete habitat patches and discrete generations, while the
individual-based model shows that the effect can be visible
in a very different arrangement with continuous space and
time. Under all investigated scenarios, dispersal distances in
one sex exerted a selection pressure on the opposite sex, the
response of which is shown by the correlation between the
mean of dispersal kernels. This coevolution occurs because
more similar sex-specific dispersal kernels lead the sexes to
match each others distribution better when individuals
spread across space. This benefits each individual in a manner
analogous to ideal free distribution theory (Holt and Barfield
2001). A kernel that evens out male and female distributions
reduces the variance in the local sex ratio which has positive
fitness consequences for both sexes. Tracking the dispersal
distance of the opposite sex lowers the risk for a dispersing
individual to end up at a location of unfavorable sex ratio, or
at the extreme, at a location with no potential mates at all.

Coevolution of the sexes might attenuate any extreme bias
in sex-specific dispersal distances. It does not mean that sexes
are predicted to have identical dispersal kernels — indeed, our
models rarely produced an outcome this strong. Factors like
inbreeding, kin competition avoidance or sex-specific ben-
efits of philopatry are well acknowledged explanations for
sex biases in dispersal (Motro 1991, Lehmann and Perrin
2003, Handley and Perrin 2007, Bonte et al. 2009). As we
show here, coevolution between the sexes in dispersal kernel
is another factor which tends to reduces sex bias in dispersal,
and thus, it has the potential to mitigate such bias-promoting
factors.

To show that it is important for both sexes to adapt
towards more similar dispersal kernels we ran three scenarios.
Within two of these we artificially imposed a fixed dispersal
kernel on females or males and let the other sex evolve. In
both scenarios, when males or females were forced to use a
fixed dispersal kernel, it had an effect on the evolved disper-
sal distances in the opposite sex. Given that many authors
describe a hierarchy where the spacing of females follows
the spacing of breeding resources (not males) and males seek
females (Emlen and Oring 1977, Shuster and Wade 2003),
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Figure 4. Results of 500 simulations for each of three scenarios: males could adapt to the fixed dispersal kernel of females (A), females could
adapt to the fixed dispersal kernel of males (B), and both sexes were free to evolve (C). Simulations were run for a single set of parameters

(dpeee = d

=1,U, = 1.5,00=0.05, m = 0.01, 6 = 0.3); they differed only in the combination of initial mean of the dispersal kernels

of males and females. Symbols indicate the initial mean of the dispersal kernels of populations that went extinct during the settlement
period (+), during the time we simulated evolution (x), and the evolved means of the population that persisted (¢). The smaller the bias in
sex-specific dispersal in a population the closer the symbols are to the diagonal (solid line). The white areas (where + and x are missing)

show the parameter space where populations were viable.

it may appear surprising that in our results both sexes adapt
in relation to the dispersal kernel of the opposite sex. This is
explicable: after most dispersal moves females may not expe-
rience much mate-finding difficulties at a new location in
reality. Yet, if we consider dispersal kernels that include long
distances too, we find conditions where also females run into
risk of remaining mate-less: active mate searching by males
will not help females if no such males exist nearby. Newer
studies have indeed pointed out that spatiotemporal varia-

tion associated with dispersal can easily create conditions in
which females too run the risk of remaining mateless (Calabrese
et al. 2008, Fagan et al. 2010).

We incorporated minimal sex differences in our model
as the life history of each sex was largely identical. However,
there is an important difference in how easily mate avail-
ability guarantees reproduction in each sex. Mate availability
only begins to limit female reproduction in our model when
n, .. = 0, whereas for males n__ . > 0 does not yet guarantee
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Figure 5. The number of viable (black bars) and extinct populations during settlement period (grey bars) and during the time we simulated
evolution (white bars) across the bias in sex specific dispersal (D—D,,) for the three scenarios (A—C). The range of the bias in sex specific
dispersal for populations that are viable after settlement period is —8.67 to 7.83, —8.67 to 7.39, and —8.67 to 6.76 for the three scenarios
(upper plots) and it is reduced after evolution: —3.97 to 5.13, —7.19 to 0.84, —3.06 to 1.69 in all three scenarios (lower plots). Parameter

values as in Figure 4.
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a mating because another male may be located closer to the
female and this male will mate with her instead. (There are
also other reasons why an individual might fail to reproduce —
e.g. dying before a reproductive event is scheduled to take
place in the Gillespie process — but these other reasons have
no built-in sexual asymmetry). This sexual asymmetry does
not prevent coevolution of the sexes, however, it means that
population persistence is less dependent on well adapted
dispersal behavior of males than females (among persisting
populations we observed long fixed mean dispersal distances
in males but not in females). Obviously, we have to keep in
mind that a different mating system than the one we used
could lead to somewhat different predictions. However, it is
not clear why variations would destroy the need to co-adapt,
although mating systems where mate searching occurs before
dispersal, or systems with facultative asexuality, form clear
exceptions.

Why has this selective force, which pulls dispersal kernels
closer together, not been discussed in studies of sex-biased
dispersal so far? As Ronce (2007) pointed out, dispersal
models still often, somewhat paradoxically, do not include
an explicit consideration of space, and this may lead to
important processes remaining hidden. Many models (start-
ing from the classic study of Hamilton and May 1977)
assume an island population model and treat dispersal as
movement from a natal patch to ‘elsewhere’. These models
assume patches to be identical across space in terms of den-
sity. This kind of treatment is common in models predicting
sex-biased dispersal too (Perrin and Mazalov 2000, Leturque
and Rousset 2003). Because the local sex ratio cannot vary
in such models, it is perhaps not surprising that the interde-
pendency of selection has not been discovered in the litera-
ture so far. Our findings indeed rest on explicitly considering
the variation in local sex ratio in our model, and thus, we
observed a different evolutionary outcome for the evolution
of the shape of the dispersal kernel.

There are many empirical examples where a population-
wide constant sex ratio does not hold. Bird populations often
exhibit strongly male-biased sex ratios in small habitat frag-
ments (Dale 2001, Ahlering and Faaborg 2006) or areas near
the edge of the species range (Steifetten and Dale 2006). This
pattern arises easily (and without the need to have biased
primary sex ratios) because most bird populations have
female-biased mortality (Liker and Szekely 2005) leading to
male-biased adult sex ratios (Donald 2007). Beside system-
atic life history differences between the sexes, spatial varia-
tion in sex ratio can also be increased by mere demographic
stochasticity.

Our findings also call for a greater integration of stud-
ies of dispersal and mate-location. While dispersal and mate
searching are not synonymous (Langellotto and Denno
2001), they share certain characteristics: at the very least
both involve locomotion. Thus, while our model, in which
individuals move in random directions, does not consider
mate-searching explicitly, it highlights potential intriguing
interactions between dispersal and mate location: if one sex
mate-searches very efficiently then this reduces selection in
the other sex to spend effort in searching (Kokko and Wong
2007). This tendency for the sexes to diverge rather than
converge in movement traits is in stark contrast with our
current findings, and highlights that the answers depend on

scale and also on whether reproduction is allowed to occur
during the movement phase of an individual’s life (as in
mate-searching models) or not (as in dispersal models like
ours). In other words, a far moving individual in our current
model was assumed not to gain reproductive success along
the way, while this can happen in mate-searching models
where movement rates increase mate encounter rates (Kokko
and Wong 2007, Kiorboe and Hirst 2008).

Future work that combines global movement (dispersal)
with local interactions that determine how mating pairs
form (mate searching) could prove interesting, not only
because of the interacting spatial scales, but also because the
relevant traits may be genetically linked. An individual with
good locomotory capacity can conceivably reduce its disper-
sal costs and simultaneously perform efficient mate search,
and such correlations may have intriguing consequences for
mobility in the opposite sex. We thus encourage more work
to be conducted to combine these spatiotemporal scales,
both empirically and theoretically.

Further, we suggest that our mechanism should be inves-
tigated in combination with factors that promote the evolu-
tion of biases in sex-specific dispersal. In the present work
our intention was to prove the principle that coevolution
between the two sexes can happen and that it has the poten-
tial to reduce dissimilarity in the dispersal behavior of the two
sexes. A next step would include an analysis of how much it
counteracts factors like inbreeding, kin competition avoid-
ance or different benefits of philopatry, which are known to
promote sex differences in dispersal traits.
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