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Summary

1. Although dispersal requires context-dependent decision-making in three distinct stages

(emigration, transit, immigration), these decisions are commonly ignored in simple models of

dispersal. For sexually reproducing organisms, mate availability is an important factor in dis-

persal decisions. Difficulty finding mates can lead to an Allee effect where population growth

decreases at low densities.

2. Surprisingly, theoretical studies on mate finding and on sex-biased dispersal produce

opposing predictions: in the former, one sex is predicted to move less if the other sex evolves

to search more, whereas in the latter, mate-finding difficulties can select for less sex bias in

dispersal when mate finding occurs after dispersal.

3. Here, we develop a pair of models to examine the joint evolution of dispersal and settle-

ment behaviour.

4. Our first model resolves the apparent contradiction from the mate search and dispersal lit-

eratures. Our second model demonstrates that the relationship between mating system and

sex-biased dispersal is more complex than a simple contrast between resource defence monog-

amy and female defence polygyny.

5. Our results highlight that a key factor is the timing of mating relative to dispersal (before,

during, or after). We also show that although movement has the potential to alleviate a mate-

finding Allee effect, in some cases, it can actually exacerbate the effect.

Key-words: context-dependent dispersal, mate searching, mating system, movement, philopa-

try, settlement, sperm competition

Introduction

Dispersal, the movement of an individual between habitat

patches, is a fundamental characteristic of organisms that

links individuals and populations. Individuals disperse,

influencing the spatial, genetic, social and demographic

structure of populations, which can in turn change the

dispersal strategies favoured by selection (Starrfelt &

Kokko 2012). Understanding both the causes and

consequences of dispersal is central to being able to

understanding spatial population dynamics and predicting

how species will respond to environmental change (Bowler

& Benton 2005). For sexually reproducing species,

developing proper insight also necessitates understanding

sex-specific dispersal rates and distances and the conse-

quent prospects of mate finding (Thomas, Hill & Lewis

1998; South & Kenward 2001; Miller et al. 2011).

There is currently a mismatch between our empirical

and theoretical understanding of the complexity of dis-

persal (Travis et al. 2012). Empirical evidence suggests

that during dispersal, individuals make context-dependent

decisions at three stages: when to leave, where and how

far to travel, and when and where to settle (Bowler &

Benton 2005). Furthermore, individuals face different

costs and trade-offs associated with each of these stages

(Bonte et al. 2012). However, models of dispersal tend to

be extremely simplified, often depicting it as a one-shot

movement (Travis et al. 2012). While every model must

present a simplified perspective (by definition), consis-

tently building models with the same types of assumptions

restricts our ability to understand the processes described*Correspondence author. E-mail: ashaw@umn.edu
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by those models. A more detailed theoretical exploration

of the various dispersal stages could provide a great deal

of insight into the causes and consequences of dispersal.

Settlement is perhaps the least studied of the three

stages (Travis et al. 2012), yet research that has included

this stage has found settlement rules to be important.

Theory predicts that selection favours settlement rules

that are based on local density (Poethke, Gros & Hoves-

tadt 2011), conspecific breeding success (Boulinier & Dan-

chin 1997) or time spent dispersing (Baker & Rao 2004),

over naive settlement rules. Density-dependent settlement

rules can act to both stabilize population dynamics (Rux-

ton & Rohani 1998) and cause density-dependent varia-

tion in dispersal kernels (Gilroy & Lockwood 2012).

Although the causes of sex bias in dispersal have

attracted extensive theoretical attention, much of these

studies focus on the evolution of sex differences in emi-

gration rates (i.e. whether individuals leave their natal

area). Asymmetric costs of dispersal, either to the dispers-

ing individuals themselves (Gros, Hovestadt & Poethke

2008) or to their parents (Liberg & von Schantz 1985),

can lead to sex bias in emigration rates. Two key aspects

of the cost of staying vs. emigrating are the relative

strength of resource competition compared with mate

competition (Perrin & Mazalov 2000) and the relative

variance in reproductive success between the sexes (Gros,

Poethke & Hovestadt 2009). Inbreeding avoidance also

favours emigration by one sex and philopatry by the

other, but inbreeding alone does not indicate which sex

should leave and which should stay (Perrin & Mazalov

1999).

Intriguingly, settlement rules are not typically evaluated

with respect to mate availability (for a rare exception see

Gilroy & Lockwood 2012), even though the availability of

potential mates should be a key determinant of fitness for

sexually reproducing organisms. An individual’s ability to

find mates has repercussions both for the individual and

for the population. Mate-finding difficulties can lead to

an Allee effect (reviewed in Gascoigne et al. 2009; Kramer

et al. 2009; Fauvergue 2013) where individual fitness and

population growth rate decrease at low densities (Ste-

phens, Sutherland & Freckleton 1999). Allee effects influ-

ence a number of key ecological processes, such as the

spread of invasive species (Taylor & Hastings 2005; John-

son et al. 2006; Krko�sek et al. 2012), control of pest spe-

cies (Liebhold & Bascompte 2003; Tobin, Berec &

Liebhold 2011) and the viability of endangered species

(Wells et al. 1998; Courchamp, Berec & Gascoigne 2008).

The lack of studies on sex-specific settlement rules is

not the only rationale behind our study; we have also

identified a curious mismatch between two sets of litera-

ture, both containing two-sex movement models. Con-

tradictions in the literature make it difficult to form

general predictions of sex biases based on evolutionary

studies of mate finding and dispersal. One movement pat-

tern is found in theory on active mate searching. This

field has long sought to understand why one sex searches

more than the other (Hammerstein & Parker 1987; Kokko

& Wong 2007), and why this sex is often (but not always,

McCartney et al. 2012) the male. These studies show

unambiguously that if one sex takes on a greater search

effort, the other is selected to reduce risky mate-finding

activities. This suggests that we should often find great

sex differences in mobility as well as dispersal (if mate-

searching mobility occurs at a scale that is interpretable

as dispersal). A second predicted pattern arises from the

literature on dispersal distances and shows the opposite: if

dispersal is influenced by mate-finding prospects, then

there is selection for the two sexes to have similar dis-

persal kernels (Meier, Starrfelt & Kokko 2011). This

appears to contradict the findings from the mate search

literature. Finally, taxonomic differences in dispersal sex

biases have been hypothesized to reflect differences in

mating systems (Greenwood 1980), but explicit consider-

ations of the mating system in formal models of dispersal

distance appear very rare (most theory uses the simplify-

ing assumption of asexual reproduction).

Our aim is twofold. First, we aim to resolve the appar-

ent contradiction that arises when contrasting the evolu-

tionary predictions from the mate search literature with

those of sex-specific dispersal distances, by asking whether

movement of males and females is positively or negatively

correlated (i.e. does mate finding lead to amplified or

diminished sex biases in dispersal). For maximum clarity,

this is done in a simplified setting (a toy model). Second,

we relax several unrealistic assumptions of the toy model

(e.g. no evolution in the settlement rules of one of the

sexes). Building a more complete individual-based model

allows us to relate sex biases in dispersal to varying

assumptions regarding multiple mating, sperm competi-

tion and the timing of matings relative to dispersal (prior

to, during or after dispersal). We also show that increased

movement can act to either exacerbate or alleviate the

mate-finding Allee effect present in our model.

Model 1: Linking mate searching to dispersal

rationale: two sets of literature do not add
up

In the mate search literature, Hammerstein and Parker

(1987) developed a game-theoretic model to determine

search strategies for males and females. They showed that

there are two alternative evolutionarily stable strategies:

one where only males search and another where only

females search. In other words, if one sex searches, the

other is favoured to not search. Empirical evidence sug-

gests that male-search is more common than female-

search across species, an asymmetry that is left unex-

plained by this model. A more recent study by Kokko

and Wong (2007) used a time-in/time-out modelling

framework to consider the evolutionarily stable search

efforts for both females and males. They assume that mat-

ing rate is a function of both female and male search, and
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that individuals incur a mortality cost proportional to

their searching effort. The results of Kokko and Wong

(2007) match those of Hammerstein and Parker (1987)

when similar assumptions are made, but also demonstrate

that including sperm competition (females mate multiply)

creates an asymmetry favouring male movement over

female movement. McCartney et al. (2012) extend this

model to include benefits to multiply mating females,

which can lead to more mobile females and less mobile

males. Again, the feedback between the sexes takes the

form that one sex can move less if the other moves more.

In the dispersal distance literature, Meier, Starrfelt and

Kokko (2011) developed a dispersal model to explore the

co-evolution of male and female dispersal kernels. They

showed that when individuals inhabit a landscape of

patches that differ in quality (i.e. have patch-specific sur-

vival rates), emergent local variation in sex ratio can

select against sex-specific dispersal rates or distances. For

example, if females disperse more than do males, this cre-

ates selection on males to disperse more. This result stems

from the fact that, due to environmental heterogeneity,

individual-rich patches will have a surplus of the less dis-

persing sex after individuals of the more dispersing sex

have departed (and this is not fully compensated for by

immigration, as patches were assumed to vary in produc-

tivity). The results hold whether space is modelled as

patches or as continuous variation in habitat quality

(Meier, Starrfelt & Kokko 2011).

These two types of models generate opposite predic-

tions about the way sex biases in dispersal emerge. Are

these sex biases an almost unavoidable consequence of

the mate finding process as mate search models seem to

imply, or does mate finding instead diminish sex biases

(which then have to have other causes) as the dispersal

models by Meier, Starrfelt and Kokko (2011) suggest?

model 1

Our model is based on settlement rules rather than using

a predefined dispersal kernel, dispersal rate or mate search

efficiency. Consequently, dispersal characteristics such as

emigration rate and the number of dispersal steps are

emergent properties in our model. Individuals inhabit a

world of discrete patches. All individuals (both males and

females) make dispersal decisions by choosing to stop dis-

persing and settle in a patch based on that patch’s sex

ratio. Note that since an individual can potentially choose

to ‘stop’ before leaving its natal patch, the possibility of

no dispersal is included as an option. Our model does not

include any of the dispersal complexities of social species:

we assume individuals are solitary, non-territorial, and do

not form groups.

As the aim of this first model is to make a simple con-

ceptual point, we assume that female settlement rules are

given (do not evolve), and we track the evolution of male

rules. Male fitness is equal to the sex ratio (mate-to-com-

petitor ratio) in the patch where the male stops; we do

not make any further assumptions about mating and

reproduction; we consider these in our second model

below.

During dispersal, an individual evaluates the mate-

to-competitor ratio of its current patch (the ratio of

males, nM, to females, nF, for female dispersal and the

ratio of females to males for male dispersal) and either

settles (with probability given below) or moves to another

patch within the world, chosen at random (i.e. dispersal is

global). An individual will not exceed a maximum number

of dispersal steps (smax).

The probability that an individual settles in a patch (for

steps below the maximum number) is given by

PF ¼ 1

1þ e
a RF�nM

nF

� � for females; eqn 1a

and

PM ¼ 1

1þ e
a RM� nF

nM

� � for males; eqn 1a

both being logistic functions of the mate-to-competitor

ratio in a patch, which equals nM/nF for females and nF/

nM for males (Fig. 1a). The settlement probability states

that an individual is more likely to stop dispersing if it

encounters a patch with a favourable mate-to-competitor

ratio; the shape of the function is described by parameter

a, which we assume not to vary across individuals. The

potentially evolving parameter is R (RF for females and

RM for males), which indicates the mate-to-competitor

ratio that is sufficient to yield 50% settlement probability.

(Negative values of R indicate that an individual is more

than 50% likely to settle for any sex ratio it encounters.)

R is interpretable as a measure of ‘restlessness’ during dis-

persal: small values of R lead to very little movement as

almost any mate-to-competitor ratio is sufficient to

prompt settlement (leftmost curve in Fig. 1a), intermedi-

ate values lead to discriminating behaviour where high

mate-to-competitor ratios prompt settlement but low val-

ues do not (Fig. 1a, middle curve), and high values of R

mean the individual keeps moving unless it encounters

extremely favourable mate-to-competitor ratios (Fig. 1a,

rightmost curve), or if a maximum number of dispersal

steps have already been taken (smax = 5). We sum up the

effect of R as the average number of dispersal steps. A

value of 0 indicates that individuals generally do not leave

their natal patch, a value of smax indicates that individuals

generally disperse blind-to-sex ratios, and a value between

0 and smax indicates that individuals generally choose to

stop dispersing and settle in a patch in response to its

mate-to-competitor ratio.

The model is run in a world made up of 1000 patches

and one of two sets of initial conditions: homogeneous

(each patch starts with exactly 15 individuals) and hetero-

geneous (each patch starts with a random number of
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individuals, drawn from a uniform distribution between 0

and 30). The sex of each individual is assigned at random,

such that the overall population contains equal numbers

of males and females. Individuals disperse serially, in ran-

dom order, with all females in the world dispersing first,

then males, one at a time.

We calculate the fitness of each male immediately after

it finishes dispersing. The evolution of the male strategy

was examined iteratively as follows. We initialized simula-

tions with a population where the female strategy was

fixed, and all males played the same resident strategy of

RM = 0. We then calculated the expected fitness of a

mutant male playing either this resident strategy or a

slightly different mutant strategy (for each residential RM

value, we tried five different mutant strategies: RM � 0�1,
RM � 0�05, RM, RM + 0�05, RM + 0�1). The mutant strat-

egy with the highest average fitness (across all males in

the population) was set to be the new resident strategy.

This process was iterated 25 times. During the last itera-

tion, we quantified the average number of dispersal steps

taken by males and females. We ran simulations for

different ‘female restlessness’ values: RF ranged from �4

to 6, with 100 replicates for each value.

results

Unsurprisingly, the average number of dispersal steps

taken by females increased as a function of female rest-

lessness in both homogeneous and heterogeneous environ-

ments (Fig. 2, grey lines). Low female restlessness

(RF ≤ 0) produced a probability of settling that was close

to 1 for essentially all possible patch sex ratios (Fig. 1a),

so females typically stopped in their natal patch (0 dis-

persal steps). Female restlessness values that exceeded 2

led to a near-zero probability of settling for most sex

ratios likely to be experienced (Fig. 1a), so females typi-

cally travelled as long as possible before stopping (smax).

(a)

(b)

Fig. 1. The probability that an individual settles in a given patch

for (a) Model 1 and (b) Model 2. In both panels, the shape

parameter is a = 5. (a) The settlement probability is a function of

the local mate-to-competitor ratio. An individual’s ‘restlessness’,

R, is defined by the location of the mid-point of this probability

function (indicated by the dots); three examples are shown here

(R = �0�5, 1�5, and 3�5). (b). The settlement probability is a func-

tion of the local number of males and females, where females are

more likely to settle for more males and fewer females (shown)

and males are more likely to settle for fewer males and more

females (not shown). An individual’s strategy R1 and R2 are

defined by the location of the mid-point of this probability func-

tion with respect to females and males, respectively.

(a)

(b)

Fig. 2. The number of dispersal steps taken by females (grey

lines) and males (black lines) as a function of female strategy

(RF) at the end of evolutionary simulations (25 iterations) of

Model 1 with a = 5 and smax = 5, in (a) homogeneous and (b)

heterogeneous environments. Male strategy (‘restlessness’) evolves

in response to different fixed female strategies (see Fig. S1, Sup-

porting information). Points show the average number of dis-

persal steps across 100 replicates with bars showing standard

deviation.
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If female restlessness was either very low (RF < 0) or

very high (RF > 2), the results mainly depended on

whether the environment was homogeneous or heteroge-

neous (Fig. 2). In homogeneous environments (Fig. 2a),

males evolve to use c. 40% of the maximum permitted

number of dispersal steps (c. 40% of smax) either when

females disperse very little or when they are maximally

dispersive. This pattern is different in heterogeneous envi-

ronments (Fig. 2b) where males dispersed longer when

females dispersed longer. This shows that our model is

able to replicate a central result of Meier, Starrfelt and

Kokko (2011): if the environment is spatially variable,

and dispersal blind-to-local sex ratios, then dispersal by

females selects for males not to be ‘left behind’. If the

environment is constant across space, this particular cost

to staying in one patch does not arise, because departing

females will be (on average) replaced by arriving females.

If the result of Meier, Starrfelt and Kokko (2011) was

the only factor at play, we would predict a pattern where

Fig. 2a shows no response of males to female restlessness,

and Fig. 2b shows an increase. Intermediate female rest-

lessness values, however, produced a clear dip in male

restlessness: males evolved to remain relatively stationary

in the only region of female behaviour where female set-

tlement is sensitive to the number of males per female in

a patch (in other regions, females are either sedentary or

move always as much as the model permits them). As

females are assumed to disperse first, and R values close

to 1 mean that they settle in response to the local mate-

to-competitor ratio, the correct interpretation of this sce-

nario is that they move to where the males are, that is,

perform the ‘searching’ for males. Consequently, males

evolve to become sedentary (very low restlessness).

As a whole, therefore, the toy model combines a large-

scale pattern where males become more dispersive when

females disperse longer (but only when habitats are heter-

ogeneous), as well as the opposite response in the part of

the parameter region where female behaviour leads

females close to males. Whether the scenario in Meier,

Starrfelt and Kokko (2011) applies or that of mate search

models, depends on whether the female movement strat-

egy is easily interpretable as searching (in a manner that

removes males’ need to move to locate females). The

female strategy is only sensitive to the local male-to-

female ratios in the middle part of Fig. 2a,b, and here,

the predictions from the mate search literature hold.

The results of this toy model indicate that there is no

contradiction between the theoretical predictions of dis-

persal theory and mate search theory. However, this

model only presents part of the picture. To gain deeper

understanding, we must look at the co-evolution of male

and female strategies.

Model 2: Coevolutionary simulations

Our toy model above did not inspect the possibility that

models can also produce different conclusions due to

differences in where, and when, matings and reproduction

happen relative to dispersal. Mate-finding models assume

that mating rate is an increasing function of time or effort

spent searching. Meier, Starrfelt and Kokko (2011)

assume individuals travel a fixed dispersal distance before

settling and mate with any available individuals of the

opposite sex near their final location; mating success is

thus not necessarily higher if an individual has moved

more. Given the general appeal of the idea that the mat-

ing system can impact sex differences in dispersal (Green-

wood 1980; Dobson 1982; Clarke, Sæther & Røskaft

1997), it appears necessary to investigate several alterna-

tive temporal arrangements of dispersal and mating, and

multiple mating by females and/or males.

model 2

In order to fully understand the interaction between mat-

ing and movement, our second model incorporates the

actual processes of mating and reproduction. To do this,

we left several features of the toy model unchanged: the

world consists of 1000 patches as before; we now consid-

ered them all to be homogeneous. As above, each individ-

ual has a settlement strategy that determines its

probability of settling in a patch. However, this probabil-

ity now depends separately on the number of females (nF)

and males (nM) in a patch rather than just the sex ratio

as in Model 1. The probability that an individual settles

in a patch (for steps below the maximum number) is

given by

PF ¼ 1

1þ 0�5e�aðRF1�nFÞ þ 0�5eaðRF2�nMÞ for females

eqn 2a

and

PM ¼ 1

1 þ 0�5eaðRM1�nFÞ þ 0�5e�aðRM2�nMÞ for males

eqn 2b

with an example shown in Fig. 1b. Each individual’s

strategy now consists of two parameters (RF1 and RF2 for

females and RM1 and RM2 for males). Since both sexes

are free to evolve, we are now interested in evolved differ-

ences between average female and male parameters, and

between female and male dispersal step number, as indica-

tors of sex-biased dispersal.

We explored three sets of possibilities for the mating

system and its interaction with dispersal, with a total of

nine different mating ‘scenarios’:

1 SET #1, post-dispersal mating: Mating occurs after all

individuals have settled, with two options:

#1.1 Reproduction occurs in monogamous pairs that

form randomly within the settlement patch. In

the case of an unequal sex ratio, some individuals

of the surplus sex do not reproduce.
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#1.2 Reproduction occurs polygynandrously; every off-

spring produced in a patch has a mother and a

father randomly drawn from the individuals

present. There is no reproduction in any patch

that ended up with individuals of only one sex.

2 SET #2 mate en route: Each individual (male or

female) mates during dispersal, with up to one mate

per patch visited, and offspring are produced in the

patch in which the mother settles. Paternity follows

one of three options:

#2.1 The first male sires all the offspring of a female

(first male sperm precedence).

#2.2 Each offspring produced by a female has its sire

randomly drawn among all the males that the

female has mated with (shared paternity).

#2.3 The last male sires all the offspring of a female

(last male sperm precedence).

3 SET #3, pre-dispersal mating: Each female mates in

her natal patch prior to dispersal and deposits eggs

later, with four options:

#3.1 She mates with one male and deposits a fraction

(set to 1
1þsmax

) of her eggs in each patch she visits

during dispersal and deposits the remaining eggs

in the patch where she settles.

#3.2 She mates with up to 3 males (if available) and

deposits eggs as in #3.1; sire of each egg is ran-

domly drawn among the males she has mated

with.

#3.3 She mates with one male and deposits all eggs in

the patch where she settles.

#3.4 She mates as in #3.2 but deposits eggs as in #3.3.

Each mated female produces Poisson(b) offspring,

where b is a fecundity parameter; each offspring devel-

ops randomly as a female or male. All parents die

along with all but n of the offspring produced in each

patch (competition occurs at the patch level). Mating

and dispersal occur in the temporal order specified

above. Individuals move one at a time in random

order, not separated by sex (unlike in Model 1). Note

for set #3 simulations, this means that immigrant males

can be mates for any females who have not yet dis-

persed, potentially allowing males to mate in multiple

patches. We assume the probability of surviving dis-

persal decreases with the number of steps taken, accord-

ing to an exponential distribution with mean s. The

parameter s then describes the expected ‘safe’ number

of steps that an individual can disperse and still survive.

Note this means that females who deposit eggs during

dispersal (scenarios #3.1–3.2) are able to deposit some

eggs, even if they die before settling. In our examples,

we set s equal to 20 smax (100) for both sexes unless

otherwise indicated, which corresponds to c. 5% risk of

dying for individuals dispersing the maximum number

of dispersal steps, smax.

To simplify inheritance, we use haploid genetics where

offspring inherit all four alleles (RF1, RF2, RM1 and RM2)

from the same parent (full linkage) at random with a

small mutation in value (a Gaussian random number

with mean 0 and standard deviation 0�05). For each sim-

ulation, we specified the starting values of RF1, RF2, RM1

and RM2 in the population and then evolved male and

female strategies simultaneously for 500 generations

(enough to typically ensure convergence). We then quan-

tified the evolved strategies and the number of dispersal

steps taken by males and females during the last simu-

lated generation. We ran simulations under each of the

nine mating scenarios above with four different sets of

initial conditions for each (starting values set as: RF1 =
RF2 = RM1 = RM2 = 1; RF1 = RM1 = 1, RF2 = RM2 = 0;

RF1 = RM1 = 0, RF2 = RM2 = 1; RF1 = RM2 = 2, RF2 =
RM1 = 0). These represent a range of conditions where

individuals prefer to settle with at least 0–2 potential

mates present (values for RF2, RM1) and not to settle with

more than 0–2 potential competitors present (values for

RF1, RM2). Initial conditions chosen outside of this range

were generally unviable for at least one of the nine mat-

ing scenarios. (Full model code is available from Dryad,

Shaw & Kokko 2014).

results

Post-dispersal mating favours unbiased dispersal

Set #1, where both mating and reproduction occurred

after dispersal in each individual’s settlement patch, led to

unbiased dispersal. Both males and females dispersed a

relatively few number of steps, indicating a settlement

strategy sensitive to patch sex ratio (Fig. 3a, squares).

Both males and females travelled slightly longer under

polygynandry than monogamy (Fig. 3a, filled and open

squares). The evolved dispersal strategies are shown in

Fig. S2a,b (Supporting information).

Mating en route favours male-biased dispersal

In set #2, where mating occurred during dispersal, males

travelled longer than in set #1, while females dispersal

was not very different than in set #1 (Fig. 3a). Thus, mat-

ing en route clearly selects for male-biased dispersal.

Details of sperm competition matter when matings occur

en route

The specific paternity pattern used to sire offspring (first

or last male sperm precedence, or shared paternity) influ-

enced male strategy and the resulting movement pattern

in set #2. First male sperm precedence maximized male

movement (Fig. 3a, triangles), and shared paternity led to

only slightly less male movement (Fig. 3a, circles). In both

of these cases, the probability of males settling in any

patch was essentially zero, regardless of patch sex ratio
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(Fig. S2c,d, Supporting information). Last male sperm

precedence led to least dispersive males, and almost no

sex bias in movement (Fig. 3b, diamonds; Fig. S2e, Sup-

porting information); not too surprising as last male

sperm precedence is equivalent to post-dispersal mating

(set #1) whenever there is at least one male in the patch

where a female settles.

Pre-dispersal mating can favour female-biased dispersal

In set #3, where mating occurred prior to moving, and

females deposited eggs during dispersal, both males and

females travelled longer than in set #1 (Fig. 3). The spe-

cific egg deposition pattern used (females deposit in all

patches or last patch visited) influenced both the number

of female dispersal steps as well as whether dispersal was

male or female biased. When eggs were deposited en

route, females dispersed as long as our modelling

assumptions permitted them to do (Fig. 3b, circles),

resulting in female-biased dispersal. Here, the probability

of females settling in any patch was essentially zero,

regardless of patch sex ratio (Fig. S2f,g, Supporting

information). In contrast, if females could only deposit

eggs once they settled, they settled sooner and the overall

dispersal pattern was slightly male biased (Fig. 3b, dia-

monds). (Note that male dispersal is favoured since each

female mates immediately prior to dispersing, allowing

males who dispersed ‘early’ within the population order

to increase mating opportunities by settling in a patch

with a female-biased sex ratio.) Whether females mated

with a single male or multiple prior to dispersal did not

influence movement pattern (Fig. 3b, open vs. filled).

Mortality differences can amplify or diminish sex biases

in dispersal

If dispersal is costlier for one sex than the other, this can

potentially either amplify or diminish sex-biased dispersal,

depending on the starting point (which may include a pre-

existing bias due to all factors described above). For

example, the ‘deposit eggs en route’ option of set #3.2

leads to female-biased dispersal, but increasing female dis-

persal mortality decreases female dispersal (while not

affecting male dispersal), which diminishes this bias and

(a)

(b)

Fig. 3. The relationship between mating, reproduction and move-

ment determines sex bias in dispersal. Each point shows the aver-

age number of dispersal steps (across the population) taken by

females (x-axis) and males (y-axis) after 500 simulated genera-

tions of evolution with n = 4 offspring surviving per patch, a = 5,

and b = 10. Scenarios where a single female’s offspring are sired

by single and (potentially) multiple males are indicated by open

and filled symbols, respectively. Symbols in (a): Post-dispersal

mating (squares), mating en route with first male sperm prece-

dence (triangles), shared paternity (circles), and last male sperm

precedence (diamonds); in (b): pre-dispersal mating with egg

deposition in all patches visited (circles) or only in the last patch

where the female (diamonds). The four different initial conditions

per set of assumptions are each indicated by a separate symbol.

Fig. 4. Increasing asymmetry in mortality (indicated by the

arrow) can either increase or decrease sex bias in dispersal. The

average number of dispersal steps taken by females and males

after 500 simulated generations of evolution with a = 5, b = 10,

n = 6, using assumptions of set #3.2. The average number of

‘safe’ dispersal steps was held constant for males (at 20 smax,

where smax = 5) and was varied for females (0, smax, 2 smax, and

20 smax) as shown. Going from no asymmetry in mortality to a

small asymmetry (from 20 smax to 2 smax) decreases the sex bias

in dispersal, whereas increasing the asymmetry further (2 smax to

smax) increases the sex bias.

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology, 83, 1256–1267

1262 A. K. Shaw & H. Kokko



even flips it to a male bias if the asymmetry in dispersal

mortality is strong enough (Fig. 4).

Evolution can lead to movement that minimizes the

Allee effect

We examined the influence of different movement strate-

gies on the mate-finding Allee effect, by running a set of

simulations where female and male strategies were held

constant throughout the entire simulation, under mating

scenarios #1.1 and #1.2. We ran two sets of simulations

for each: one where male strategies (RM1 RM2) were set to

be the evolved values and female strategies were fixed at a

range of different values (�2�5 ≤ RF1, RF2 ≤ 3�5) and sec-

ond one where female strategies were set to be the evolved

values and male strategies were fixed at a range of differ-

ent values (�2�5 ≤ RM1 RM2 ≤ 3�5). At the end of 200

generations (these simulations were shorter since they did

not include evolution), we quantified the fraction of

mated females during the last generation, as a metric of

strength of the mate-finding Allee effect (Calabrese & Fa-

gan 2004). This reveals a pattern where too much or too

little dispersal by one or both sexes renders the popula-

tion unviable (Figs 5 and S3, Supporting information).

Under monogamy, the proportion of unmated individuals

varied more with respect to the strategy parameter corre-

sponding to potential competitors (females in Fig. 5a,

males in Fig. 5b) than with respect to the potential mates

parameter (males in Fig. 5a, females in Fig. 5b). This can

be understood intuitively: suboptimal decisions with

respect to potential mates could result in individuals land-

ing in a patch with no mates, leading to population col-

lapse (white areas). In contrast, suboptimal decisions with

respect to potential competitors could result in individuals

landing in a patch with too many competitors, leading to

a lowered mating probability, but probably not a popula-

tion collapse. Under polygynandry, any female that

landed in a patch with at least one male would mate,

thereby removing this second effect in Fig. S3 (Supporting

information). Evolution led the population towards the

region of parameter space with the largest number of

mated females (evolved male and female strategies from

evolutionary simulations, white stars in Figs 5 and S3,

Supporting information), thereby minimizing the mate-

finding Allee effect.

Discussion

Theoretical studies of dispersal are surprisingly often

developed in a one-sex context, and our understanding of

sex biases in dispersal has not typically been linked to the

details of mate-finding strategies. Our two-sex models link

the processes of mate finding and dispersal by using dis-

persal settlement rules that depend on local sex ratios. We

use our first model to demonstrate that a careful consider-

ation of dispersal settlement rules resolves the apparent

contradiction from the mate search and dispersal litera-

tures: male and female dispersal can be either negatively

or positively correlated, depending on whether the move-

ment of one sex makes it easier or harder for the other to

find mates. If easier, selection on the other sex to move is

relaxed; if harder, the converse is true.

In our second model, we demonstrate that the relation-

ship between mating system and sex-biased dispersal is far

more complex than often considered. At the broadest

scale, our results support the idea that sex bias in dis-

persal emerges only when there are asymmetries in the

costs and benefits of dispersing between the sexes. How-

ever, we expand on the ways that costs and benefits have

so far been accounted for. We find that sex bias in dis-

persal is more closely tied to the temporal relationship

between dispersal and mating (and reproduction) than the

number of males that a female mates with. This lends

support for the importance of dispersal timing within the

life-history cycle as a selective pressure on life-history

traits (Johst & Brandl 1997; Wild & Taylor 2004).

Our results suggest that male-biased dispersal should be

common in species where individuals mate while dispers-

ing, and female-biased dispersal should be common in

(a)

(b)

Fig. 5. The fraction of mated females in the 200th generation

from simulations where female and male dispersal strategies were

held constant: where (a) male strategies set as evolved values,

female strategies fixed at different values and (b) female strategies

set as evolved values and male strategies fixed at different values.

Simulations were run with a = 5, b = 10, n = 4 with assumptions

corresponding to set #1.1. The population was not viable in the

white regions. The white star indicates the average evolved (a)

female and (b) male strategy from equivalent evolutionary simu-

lations.

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology, 83, 1256–1267

Mate finding, Allee effects, sex-biased dispersal 1263



species where females mate prior to dispersal and store

sperm for later use. To our knowledge, there are no

reviews of the empirical evidence for these patterns. A

survey of the literature reveals a number of species with

patterns matching our model predictions (Table 1). Stud-

ies with information both on the existence (or not) of sex

bias in dispersal as well as details of when mating occurs

with respect to the measured dispersal are surprisingly

rare, perhaps due to a number of factors. First, molecular

techniques are becoming commonly used to measure sex-

biased dispersal (Goudet, Perrin & Waser 2002), especially

in organisms that are difficult to track directly. In these

cases, the actual relationship between movement and mat-

ing may not even be known. Secondly, documenting the

extent to which mating occurs during dispersal can be dif-

ficult, even for species that can be tracked directly.

Thirdly, most organisms move on several spatial and tem-

poral scales and change dispersal behaviour in response

to local conditions. For example, at high density, the bog

fritillary butterfly has female-biased dispersal: females

mate soon after emerging and disperse to lay eggs (Bagu-

ette & N�eve 1994). However, at low density, the same spe-

cies has male-biased dispersal: males have to actively

search for females to mate with (Baguette et al. 1998). We

recommend that future empirical studies on sex-biased

dispersal explicitly consider the spatial and temporal

scales at which the measured dispersal is occurring and

what its relationship is to mating and reproduction.

Our point that species where females mate prior to dis-

persal should favour female-biased dispersal matches find-

ings of an earlier model (Hirota 2004). It is particularly

intriguing in the light of a recent suggestion (Miller &

Inouye 2013) that the ability of females to mate before

dispersal can increase the rate of spread of an introduced

species. Recent theoretical (Miller et al. 2011) and experi-

mental (Miller & Inouye 2013) work also suggests that

the rate of spread is high in species with female-biased

dispersal. It is therefore pertinent that our model predicts

these two conditions to often co-occur: if females first

mate and then move, this is likely to evolutionarily favour

female-biased dispersal. These pieces taken together sug-

gest that there are interesting eco-evolutionary dynamics

between sex-biased dispersal and population rate of

spread that deserve further attention.

With respect to the finding of Kokko and Wong (2007)

that sperm competition selects for more mobile males

than females, our results add the caveat that this is true

only when individuals mate while moving (an implicit

assumption of all mate search models). If individuals only

mated after dispersal or if females mated and then dis-

persed, including sperm competition did not change the

relative dispersal of males and females. The effects of sex-

specific dispersal mortality on dispersal patterns can also

be complex. While increasing the dispersal mortality for

one sex will decrease its dispersal, this does not guarantee

that this sex will disperse less than the other, if other fac-

tors promote a sex bias in the direction of the focal sex.

Our findings also have repercussions for the Allee

effect, relevant to a number of conservation issues involv-

ing low-density populations (Fauvergue 2013). Given the

number of models involving a mate-finding Allee effect

(reviewed in Boukal & Berec 2002, 2009; plus Calabrese

& Fagan 2004; Jerde, Bampfylde & Lewis 2009; Fagan

et al. 2010; Pavlov�a, Berec & Boukal 2010; Gordillo 2011;

Lee, Sæther & Engen 2011; Gilroy & Lockwood 2012),

surprisingly few consider potential evolutionary adapta-

Table 1. Examples of species with patterns of mating and dispersal behaviour that match our model findings

Species Mating Dispersal Reference

Mating before dispersal

Pieris rapae crucivora (cabbage white

butterfly)

F mate, then disperse to

oviposit

F emigrate more often than M Ohsaki (1980)

Proclossiana eunomia (bog fritillary

butterfly)

F mate once soon after

emergence

F emigrate more and travel

farther

Baguette & N�eve (1994)

Various fig wasp species M mate with F before

dispersal

Only F disperse (M wingless) Cook et al. (1997)

Paroxyna plantaginis (tephritid fly) M territorial F-biased dispersal to find egg-

laying sites

Albrectsen & Nachman

(2001)

Mating during dispersal

Bog fritillary butterfly At low density, M search for

mates

M-biased at low density Baguette et al. (1998)

Mirza coquereli (Coquerel’s dwarf

lemur)

F mate multiply M roam for F Kappeler et al. (2002)

Poecilia reticulata (Guppy) Non-territorial mating system M emigrate more and move

among F

Croft et al. (2003)

Rhinoplocephalus nigrescens (Small-

eyed snake)

M mate multiply M move twice as far as F Keogh, Webb & Shine

(2007)

Mating after dispersal

Oncorhynchus gorbuscha (Pink

salmon)

Spawn after returning from

migration

Similar tendency to stray in F

and M

Thedinga et al. (2000)
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tions to help mitigate this effect (Gascoigne et al. 2009).

Although direct empirical evidence is limited, the possibil-

ity of evolving to mitigate an Allee effect has recently

been demonstrated theoretically in two phenomenological

models (Kanarek & Webb 2010; Cushing & Hudson

2012). Our findings add to this literature, as evolved strat-

egies generally outperformed others with respect to the

efficiency of pair formation. The best strategy for this

occurred at intermediate movement; thus, although

increased movement can help to alleviate a mate-finding

Allee effect (see also Philip 1957; Berec & Boukal 2004),

too restless individuals could in principle exacerbate it

(see also Gascoigne et al. 2009). We did not find evidence

in our models that evolution leads to such extreme move-

ment.

Our results contribute new perspectives to the discus-

sion on sex-biased dispersal and mating systems. Since

Greenwood’s seminal 1980 paper, many studies have

sought to draw connections between a species’ mating

system and the presence and direction of sex bias in dis-

persal. Across birds and mammals, the predominant pat-

tern is female-biased dispersal associated with resource

defence monogamy and male-biased dispersal associated

with female defence polygyny (Greenwood 1980; Dobson

1982; Clarke, Sæther & Røskaft 1997) although this is

not uniformly true (Lawson Handley & Perrin 2007).

Studies from other taxonomic groups have shown the

pattern to be less clear (Consuegra & Garc�ıa de Le�aniz

2007). Our results take a broader look at the problem, by

introducing a more diverse set of arrangements than

monogamy and polygyny. Our results cast doubt on a

universal link between monogamy and female-biased dis-

persal and between polygyny and male-biased dispersal.

Instead, the existence and direction of sex bias can be

strongly dependent on whether matings happen before,

during or after dispersal, and whether females leave off-

spring along the route or only in the habitat where they

settle.

We have made a number of simplifying assumptions

that could be further unpacked in future studies. First,

we assume that individuals are solitary and ignore any

social complexities that influence the likelihood of dis-

persal and sex differences in dispersal behaviours (see

Lawson Handley & Perrin 2007). Future studies could

build on our work here to look at interactions between

social systems and timing of mating with respect to dis-

persal. This could include a range of complexity from

simple territoriality to the formation of social groups.

Secondly, in our model, two separate aspects of dis-

persal influence the evolved dispersal strategy: the total

time spent dispersing (driven by mating and breeding

opportunities) and conditions of settlement patch (dri-

ven by post-dispersal mating and competition). The rel-

ative importance of these two aspects likely differs

greatly among species. Studies (particularly empirical

ones) that estimate the strength of these selective pres-

sures will be quite useful in improving our understand-

ing of dispersal and mate finding. Finally, we assume

that individuals have immediate knowledge of the cur-

rent sex ratio of each patch they visit. In many cases,

individuals either know little about their local condi-

tions or must invest time and/or energy to gain such

information. Both of these scenarios have been shown

to influence dispersal decisions in one-sex models (Boc-

edi, Heinonen & Travis 2012) but have not been

explored in the context of sex-specific dispersal strate-

gies.
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Fig. S1. The male ‘restlessness’ strategy that evolves in Model 1

as a function of female ‘restlessness’ strategy for (a) homogeneous

and (b) heterogeneous environments.

Fig. S2. The probability of stopping as a function of number of

females and males in a patch for each females and males based on

the settlement strategies in the population after 500 generations of

simulated evolution.

Fig. S3. The fraction of mated females in the 200th generation from

simulations where female and male dispersal strategies were held

constant: where (a) male strategies set as evolved values, female

strategies fixed at different values and (b) female strategies set as

evolved values and male strategies fixed at different values.
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Figure S1. The male ‘restlessness’ strategy that evolves in Model 1 as a function of female 

‘restlessness’ strategy for (a) homogeneous and (b) heterogeneous environments. The number of 

dispersal steps taken by males under each of these strategies is shown in the dark lines in Fig. 2. 

 

  



Figure S2. The probability of stopping as a function of number of females and males in a patch for each females and males based on 

the settlement strategies in the population after 500 generations of simulated evolution. The values of RF1 and RF2 (female strategy 

parameters) and RM1 and RM2 (male strategy parameters) that evolved were averaged across the 4 different replicates and used to 

generate these functions. 

 

 

a) #1.1 Mating after dispersal, in monogamous pairs 

 

RF1 = 2.28          RF2 = -0.44 RM1 = -0.15 RM2 = 2.25 

b) #1.2 Mating after dispersal, polygynandrously 

 

RF1 = 2.15          RF2 = 0.20          RM1 = 0.28          RM2 = 2.19 

  



c) #2.1 Mating during dispersal, first male sperm precedence 

 

RF1 = 2.19          RF2 = -0.60          RM1 = 0.43          RM2 = -1.31 

 

e) #2.3 Mating during dispersal, last male sperm precedence 

 

RF1 = 2.11          RF2 = -0.35          RM1 = 0.25          RM2 = 2.10 

d) #2.2 Mating during dispersal, shared paternity 

 

RF1 = 2.40          RF2 = -0.86          RM1 = 1.21          RM2 = -0.54 

 

 



f) #3.1 Female mates once before dispersal, deposits eggs as 

she disperses 

 

RF1 = 0.06          RF2 = 0.13          RM1 = 2.18          RM2 = 2.67 

h) #3.3 As #3.1 but deposits all eggs in final patch 

 

RF1 = 1.95          RF2 = -0.58          RM1 = 2.04          RM2 = 2.58 

g) #3.2 Female mates with up to 3 males before dispersal, 

deposits eggs as she disperses 

 

RF1 = -0.38          RF2 = -0.31          RM1 = 2.15          RM2 = 2.67 

i) #3.4 As #3.2 but deposits all eggs in final patch 

 

RF1 = 2.09          RF2 = -0.35          RM1 = 1.89          RM2 = 2.24 



Figure S3. The fraction of mated females in the 200th generation from simulations where female 

and male dispersal strategies were held constant: where (a) male strategies set as evolved values, 

female strategies fixed at different values and (b) female strategies set as evolved values and 

male strategies fixed at different values. Simulations were run with a = 5, b = 10, n = 4 with 

assumptions corresponding to set #1.2. The population was not viable in the white regions. The 

white star indicates the average evolved (a) female and (b) male strategy from equivalent 

evolutionary simulations.  

 

 

 


