Downloaded from https://royal societypublishing.org/ on 23 February 2022

PROCEEDINGS B

royalsocietypublishing.org/journal/rspb

)

Research

updates

Cite this article: Hewison AJM et al. 2021
Sex differences in condition dependence of
natal dispersal in a large herbivore: dispersal
propensity and distance are decoupled.

Proc. R. Soc. B 288: 20202947.
https://doi.org/10.1098/rsph.2020.2947

Received: 25 November 2020
Accepted: 12 February 2021

Subject Category:
Behaviour

Subject Areas:
ecology, behaviour

Keywords:
body mass, individual optimization, philopatry,
roe deer

Author for correspondence:
A. J. M. Hewison
e-mail: mark.hewison@inrae.fr

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
€5316322.

THE ROYAL SOCIETY

PUBLISHING

Sex differences in condition dependence
of natal dispersal in a large herbivore:
dispersal propensity and distance are
decoupled

A. J. M. Hewison!, J.-M. Gaillard?, N. Morellet!, F. Cagnacci®, L. Debeffe’,
B. Cargnelutti’, B. Gehr*, M. Kroschel’, M. Heurich®, A. Coulon’?,
P. Kjellander®, L. Borger'® and S. Focardi™

niversité de Toulouse, INRAE, CEFS, 31326 Castanet Tolosan, France; and LTSER ZA PYRénées GARonne,
31320 Auzeville Tolosane, France

2Univ Lyon, Université Lyon 1; CNRS, Laboratoire de Biométrie et Biologie Evolutive UMR5558,
F-69622 Villeurbanne, France

3Department of Biodiversity and Molecular Ecology, Research and Innovation Centre, Fondazione Edmund Mach,
Trentino, ltaly

“Department of Evolutionary Biology and Environmental Studies, University of Zurich, Zurich, Switzerland
SForest Research Institute of Baden-Wuerttemberg, FVA-Wildlife Institute, WonnhaldestraB3e 4, 79100 Freiburg;
and University of Freiburg, Faculty of Environment and Natural Resources, Chair of Wildlife Ecology and
Management, Tennenbacher StraBe 4, Freiburg, DE 79106, Germany

®Faculty of Environment and Natural Resources, University of Freiburg, Freiburg, Germany

“Centre d'Ecologie et des Sciences de la Conservation (CESC0), Muséum national d'Histoire naturelle, Centre
National de la Recherche Scientifique, Sorbonne Université, CP 135, 57 rue Cuvier 75005 Paris, France
8CEFE, Univ Montpellier, CNRS, EPHE-Université PSL, IRD, Univ Paul Valéry Montpellier 3, MNHN, Montpellier,
France

“Grimso Wildlife Research Station, Department of Ecology, Swedish University of Agricultural Sciences,
Riddarhyttan, Sweden

1ODepartment of Biosciences, College of Science, Swansea University, Swansea SA2 8PP, UK

Mistituto dei Sistemi Complessi, CNR, via Madonna del Piano 10, Sesto Fiorentino 50019, Italy

=/ AJMH, 0000-0002-2276-4154; NM, 0000-0002-4274-7044; BG, 0000-0002-1044-9296

Evolution should favour plasticity in dispersal decisions in response to
spatial heterogeneity in social and environmental contexts. Sex differences
in individual optimization of dispersal decisions are poorly documented
in mammals, because species where both sexes commonly disperse are
rare. To elucidate the sex-specific drivers governing dispersal, we investi-
gated sex differences in condition dependence in the propensity and
distance of natal dispersal in one such species, the roe deer, using fine-
scale monitoring of 146 GPS-collared juveniles in an intensively monitored
population in southwest France. Dispersal propensity increased with body
mass in males such that 36% of light individuals dispersed, whereas 62%
of heavy individuals did so, but there was no evidence for condition depen-
dence in dispersal propensity among females. By contrast, dispersal distance
increased with body mass at a similar rate in both sexes such that heavy dis-
persers travelled around twice as far as light dispersers. Sex differences in
the strength of condition-dependent dispersal may result from different
selection pressures acting on the behaviour of males and females. We
suggest that females disperse prior to habitat saturation being reached,
likely in relation to the risk of inbreeding. By contrast, natal dispersal in
males is likely governed by competitive exclusion through male-male com-
petition for breeding opportunities in this strongly territorial mammal. Our
study is, to our knowledge, a first demonstration that condition dependence
in dispersal propensity and dispersal distance may be decoupled, indicating
contrasting selection pressures drive the behavioural decisions of whether or
not to leave the natal range, and where to settle.

© 2021 The Author(s) Published by the Royal Society. Al rights reserved.
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1. Introduction

Natal dispersal, the movement away from the natal site to the
site of first reproduction, is a crucial life-history trait that
influences gene flow, metapopulation dynamics and, ulti-
mately, the spatial distribution of species [1,2]. Furthermore,
dispersal is a key component of a species’ response to
global change [3], facilitating shifts in geographic range in
response to rapid and wide-scale modifications of suitable
environmental conditions [4]. Dispersal is driven by inbreed-
ing avoidance, resource competition, particularly among kin
and habitat heterogeneity [1,5]. However, the dispersal
decisions an individual takes depend on the predicted cost—
benefit balance of dispersal in relation to that individual’s
phenotype and current condition, or state. Hence, in a
given environmental context, the behavioural responses of
individuals within a population that ultimately result in dis-
persal, should differ (condition-dependent dispersal sensu
[6]). Condition dependence occurs when dispersal behaviour
is influenced by any internal state variable [7,8], for example,
an individual’s sex [9], age [10] or body condition [11,12].

There has been much research over the last three decades
focusing on why dispersal is generally more prevalent in one
sex or the other in a given species [9,13]. For example, dispersal
is male biased in most mammals [14-16], whereas it is generally
female biased in birds [17,18]. This difference is potentially
linked to differences in mating tactic, social environment,
sexual size dimorphism or asymmetry in parental care
[9,16,19]. In polygynous species, females are generally limited
by scramble competition for resources to offset the costs of
reproduction [20]. Hence, dispersal is expected to be voluntary
and to increase as a function of local density so that females
should approximate an ideal free distribution (sensu [21]).
According to the habitat saturation hypothesis, dispersal pro-
pensity should peak when the carrying capacity of the habitat
has been reached, so that only those individuals that may
benefit from the death of a conspecific are philopatric [22]. By
contrast, because polygynous males are limited by breeding
opportunities in terms of access to females through male-
male contest competition [20], dispersal is expected to be
enforced, resulting from competitive exclusion by dominant
individuals [23]. This dichotomy in life-history constraints
between the sexes should drive the evolution of divergent
sex-specific dispersal tactics [24,25].

Given that dispersal is costly ([26], for a case study see [27]),
individuals are expected to optimize their dispersal tactics
(individual optimization sensu [28]) in relation to the total
amount of energy available to them, and their overall strategy
of allocation to competing biological functions. Individual
optimization of dispersal decisions is expected to differ between
the sexes because polygynous males must also allocate energy
to sexually selected traits such as body growth and secondary
sexual characters (e.g. antlers). While relatively rare [29], species
where both sexes commonly disperse provide ideal model
systems to identify sex-specific drivers governing condition-
dependent dispersal decisions (e.g. [30,31]). One such species
is the roe deer, which is widely distributed across Europe and
has been intensively studied over much of its range [32],
especially with regard to natal dispersal (e.g. [33,34]). Recent
studies have indicated that natal dispersal of roe deer is equally
prevalent in both sexes [35,36], does not fluctuate with popu-
lation density [36] and increases with body condition [37,38],
but the sex-specific nature of this relationship remains poorly

understood. Earlier work suggested that the proximate mech-
anism driving male dispersal is male-male competition for
access to a mating territory [34]. Resident territorial males
direct most of their aggressive interactions towards the most
sexually mature juveniles with larger than average antlers
[34], which are also heavier [39], presumably because these
individuals pose the most threat in terms of territory loss. By
contrast, female roe deer are not territorial and were initially
reported to be distributed according to an ideal free distribution
[40], although subsequent investigations did not support this
[41]. Gaillard et al. [36] found no direct relationship between
density and either dispersal propensity or dispersal distance
at the population level. These findings indicate that the habitat
saturation hypothesis does not satisfactorily account for pat-
terns of dispersal in roe deer. Instead, as in brown bears [42],
dispersal in roe deer might peak during the pre-saturation
phase, prior to the carrying capacity of the habitat being
reached (sensu [22]). Under this scenario, individual females,
whose reproductive success is more tightly linked to food
resources than that of males, should optimize their dispersal
decisions in relation to the spatial distribution of resources.

In order to understand better the sex-specific drivers of
natal dispersal, we analysed sex differences in condition-
dependent natal dispersal in an intensively monitored popu-
lation of European roe deer. We focused on body mass, a
common measure of phenotypic quality [43] that decreases
with increasing density-dependent competition for resources
[44]. Following Wahlstrom [34], we expected positive condition
dependence in dispersal propensity of males such that heavier
individuals are more likely to disperse in response to increased
competition with adult males. However, when dispersal is
voluntary, motivation to disperse is predicted to be low when
density-dependent competition is locally low because individ-
uals can achieve higher body condition [45]. As density
increases so that average body condition decreases, the capacity
to disperse should be limited by energetic constraints. Hence,
we expected female dispersal to be most frequent at intermedi-
ate values of body mass, before scramble competition for
resources is severe enough to limit body growth so that the
body mass threshold necessary for successful dispersal
cannot be reached [37]. Finally, sexual size dimorphism of roe
deer is rather weak (adult males weigh only 10% more than
females, [46]) so that dispersal is likely equally energetically
costly for both sexes [47]. Because heavier animals are in
better condition in an income breeder such as roe deer [48],
they should be better able to cope with the costs of dispersal
and, thus, can afford to travel further to locate a high-quality
range [26]. Hence, we expected dispersal distance to increase
with body mass and in a similar manner for both sexes.

2. Material and methods
(a) Study system

We quantified natal dispersal of 146 GPS monitored juvenile roe deer
(68 males, 78 females) in an intensively monitored population in Val-
lons et Coteaux de Gascogne (Zone Atelier PyGar), southwest
France (N 43°17, E 0°53). It is a low elevation (260-380 m.a.s.l.),
mixed-use agricultural landscape (19 000 ha) composed of remnant
woodland patches (18.8%), hedgerows (3.6%), meadows (37.2%)
and arable land (31.6%), with scattered villages. Roe deer density
was estimated using a capture-mark-resighting approach to average
around eight individuals per 100 ha in the mixed open landscape.
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No natural predators of adult deer were present, although stray
dogs occasionally killed both fawns and adults. Hunting mostly
occurred during winter, although some males were also hunted
during summer. Around 15% (ca 130 individuals) of the popu-
lation is removed by hunting each year (unpublished data from
the Hunting Regional Agency).

(b) Capture and monitoring
Deer were caught from 2004 to 2017 during winter (November—
March), several months prior to the dispersal season in this
species, using drive netting. Juveniles were identified based on
the presence of a tri-cuspid milk premolar tooth (P3 which is
replaced between 10 and 15 months of age, [49]), sexed and
weighed (to the nearest 0.1 kg) with an electronic balance. Deer
were equipped with a GPS collar (Lotek or Vectronic Aerospace)
which recorded their location at 6 h intervals year-round, before
being released on site. We removed all GPS fixes taken during
the first 8 days after capture because of the potential disruption
of normal spatial behaviour due to capture [50], and GPS fixes
for which the location was obviously erroneous (0.0003% of the
location dataset) as they implied an unfeasible movement speed.
All capture and marking procedures were approved by the
local authority for animal welfare (Departmental Authority of
Population Protection, agreement no. A31113001).

(<) Measuring dispersal

We measured natal dispersal during each animal’s second
spring/summer with two metrics, dispersal propensity and dis-
persal distance. In the vast majority of cases, natal dispersal of
roe deer occurs only once in an individual’s lifetime, during
the animal’s second spring/summer at around 10-15 months
of age, and involves a clearly defined movement, or transience,
from the natal area to a new post-dispersal home range, which
is then occupied for the rest of the individual’s lifetime [33,37].
Because roe deer juveniles remain strongly associated with
their mothers during their first year of life, and because adult
females are highly sedentary [32], we assumed that the observed
winter range was strictly equivalent to the pre-dispersal natal
range. Based on stability in space use, exploration events and
directionality of movement, we recently classified all monitored
juveniles from this population into one of six categories [51]:
classic dispersers (with a clearly defined transience movement
between spatially distinct pre- and post-dispersal ranges), aborted
dispersers (dispersers that returned, on average, 84.8 days later to
their natal range,) progressive dispersers (dispersers with a less
well-defined transience stage), explorer philopatric (philopatric
individuals that performed occasional short-term exploration
events outside their home range), multi-rangers (philopatric
individuals with several sequentially occupied sub-ranges) or
strict philopatric individuals (see fig. A2 in [51] for individual
plots of all movement trajectories). Here, because we were inter-
ested in condition dependence of the decision to emigrate, we
used a simple binary definition of disperser (i.e. pooling classic,
aborted and progressive dispersers) versus philopatric (i.e. pool-
ing explorer, multi-range and strict philopatric individuals)
based on the above classification to measure dispersal propensity.
Then, to measure dispersal distance (dispersers only), we first dis-
carded all locations during the transience phase, defined as the
movement trajectory linking the pre- and post-dispersal home
ranges. Dispersal distance was then quantified as the distance
between the geometric centres of all GPS locations within the
pre-dispersal and the post-dispersal ranges.

(d) Standardizing body mass to 1 February
The body mass of juvenile roe deer may fluctuate over their first
winter in relation to the onset and duration of winter [52].

Therefore, we first corrected for over-winter changes in body
mass by fitting a simple linear regression model to body mass
values in relation to Julian date (24 November JD =0; 5 March
JD =101). Because, on average, males weigh slightly more than
females [46], we included sex as an additive effect in this model.
We then used the regression coefficient of the common slope to
standardize individual body mass by date for both sexes (i.e. con-
serving sexual size dimorphism), expressed as the predicted body
mass on 1 February (JD =32, approx. median date of capture).

(e) Dispersal propensity

We fitted a generalized linear model (GLM) to assess the relation-
ship between dispersal propensity (binomial response variable: 1
the animal dispersed, 0 the animal remained philopatric, all
years pooled) and individual body mass on 1 February, while
accounting for sex differences in this relationship. Because we
expected the strength of condition dependence in dispersal
propensity to differ between sexes, we also included the two-
way interaction between body mass on 1 February and sex in
the most complex model. We then performed model selection
using AICc to identify the model that best fit the data [53]. We
interpreted the effects contained in the competing models in
relation to their respective AICc weights, which provide a
measure of the relative likelihood that, among all models fitted,
a given model best explains the data. Finally, given that
model selection indicated support for a sex-specific relationship
between dispersal propensity and body mass (see Results), we
then investigated whether this relationship was better described
by a linear, quadratic or threshold (using the ‘chngpt’ library in
R) model for each sex separately.

(f) Dispersal distance
We analysed condition dependence of dispersal distance on the
sub-set of individuals that dispersed (i.e. classic, aborted and pro-
gressive dispersers). Because the variance of dispersal distance
should increase with its mean, to control for heteroscedasticity,
we used a linear model with a generalized least-squares (GLS)
modelling framework [54] to model dispersal distance as a function
of individual body mass on 1 February and sex. A GLS approach
allows incorporating weights to control for heteroscedasticity,
assuming that variance increases as a power function of the absol-
ute fitted values of dispersal distance (weights = varPower, [54]).
We included the two-way interaction between body mass and
sex, and used the same model selection procedure based on AICc.
All generalized models were fitted using the ‘glm’ function in
the ‘stats” library implemented in R software, version 3.6.1 [55].
All generalized least-squares models were fitted using the ‘gls’ func-
tion in the ‘nlme’ library [56]. We used the ‘dredge’ function in the
MuMIn library [57] to generate the set of candidate models that we
defined a priori based on our biological hypotheses (see above).

3. Results
(a) Dispersal propensity

The model containing the main effect of sex only was not com-
petitive compared to the null model (AAICc=1.79, electronic
supplementary material, table S1), indicating that there was
no overall difference in dispersal propensity between males
and females. Dispersal propensity averaged 49.3% over the
whole sample (females: N=35/68, 51.5%; males: 37/78,
47.1%). However, the best model explaining observed variation
in dispersal propensity included a sex-specific effect of body
mass on 1 February and, based on AICc weights, was about
three times as likely to adequately describe the data as the
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Figure 1. Dispersal propensity in relation to body mass on 1 February for male and female juveniles in the Aurignac roe deer population (N = 146). (a,b) The
predicted sex-specific relationships derived from the best GLM model, which included the interactive effects of sex and body mass. (c) The predicted relationship for
males only based on a threshold model (threshold at 18.1 kg, see text for details). (Online version in colour.)

second-best model (AAICc = 2.36), which included the simple
effect of body mass only (electronic supplementary material,
table S1). In males, dispersal propensity increased markedly
with increasing body mass so that dispersal propensity
increased more than eightfold (from less than 10% to around
80%) over the recorded range of body mass (figure 1, table 1
for parameter estimates). A threshold model of this relationship
indicated some support for a breakpoint at around 18 kg (maxi-
mal statistic=11.4, threshold = 18.1, p-value = 0.003) such that
dispersal propensity averaged around 36% among individuals
below this threshold, but 62% above it. By contrast, dispersal
propensity in females was approximately constant irrespective
of body mass (figure 1) such that heavy females dispersed with
approximately the same probability as lighter females. This
was the case irrespectively of whether body mass was included
as, alternatively, either a linear, a quadratic or a threshold
function (AAICc with the null model greater than 2).

(b) Dispersal distance
Dispersers travelled an average of 9.6 km (males: mean =
11.1 km, median = 3.6 km; females: mean = 8.4 km, median =

4.4 km), ranging between a minimum of 0.3 and a maximum
of 56.4 km (figure 2). The best model explaining observed
variation in dispersal distance included an effect of body
mass on 1 February only, and was about three times as
likely to adequately describe the data as the second-best
model (AAICc =2.12), which included the additive effects of
body mass and sex (electronic supplementary material,
table S2). Dispersal distance increased with body mass in
both sexes (figure 3, table 1), and this increase was of a simi-
lar magnitude in males and females (estimated difference in
slope of 0.66+s.d. 1.60 kmkg™", p=0.68). Heavy (greater
than 16 kg, males and females combined) dispersers travelled
around twice as far as light (less than 16 kg) dispersers
(mean +s.d.: light =5.3 + 9.5 km, range: 0.4—43.1 km; heavy =
11.3 +13.8 km, range: 0.3-56.4 km), irrespective of their sex.

4. Discussion

Individual optimization of dispersal tactics is expected to
differ between the sexes because the costs and benefits of
avoiding inbreeding or resource competition are likely to be
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Figure 2. Dispersal distance kernels (km) for dispersing male and female juveniles in the Aurignac roe deer population (N = 72). (Online version in colour.)

Table 1. Parameter estimates with standard errors and z-values for the
retained models describing a. variation in dispersal propensity (on a logit
scale) in relation to body mass on 1 February and sex, and the two-way
interaction between body mass and sex; and b. variation in dispersal
distance (km) in relation to body mass on 1 February. For the sex term,
the reference category is female.

response
variable parameter estimate + s.e. z-value
a. dispersal (intercept) —0.40 +1.98 —0.202
propensity sex (male) —825+3.70 —2.231

 body mass 003+£012 0230
sex (male) X 0.46 +£0.21 2.138
body mass

b. dispersal (intercept) —24.121 + 4.947 —4.875
distance body mass » 1.995 £ 0.371 5.376

sex-specific [58]. Species of mammals in which natal dispersal
is equally prevalent in both sexes are rare [29], but provide
excellent models to test key hypotheses on sex differences
in the evolution of dispersal. Here, we analysed natal disper-
sal of one such species, the roe deer, and found contrasting
patterns of condition dependence between the sexes in dis-
persal propensity, but not dispersal distance. As expected,
both dispersal propensity and distance consistently increased
with increasing body mass in males. By contrast, females
emigrated from their natal range irrespective of their body
mass, but among those that did disperse, heavier individuals

60 - female
— male

50

40

30

20

dispersal distance (km)

- T T
12 14 16 18 20
body mass on 1 February (kg)

Figure 3. Dispersal distance (km) in relation to body mass on 1 February for
dispersing male and female juveniles in the Aurignac roe deer population
(N=72). The data points and respective best-fit lines are indicated in
light shading for males and dark shading for females for visualization pur-
poses only. The selected model indicated that there was no sex difference
in the slope of the relationship between dispersal distance and body
mass, but that the common slope differed from zero (see Results and
electronic supplementary material, table S2). (Online version in colour.)

travelled farther. We suggest that this sex-specific pattern
is due to different selection pressures acting on dispersal
behaviour of males and females [25,58]. We thus provide
one of the first demonstrations that condition dependence
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in dispersal propensity and dispersal distance may be
decoupled, indicating that the decisions of whether (or not)
to leave the natal range and where to settle are driven by
different behavioural mechanisms.

(a) Dispersal and local resource competition in females
Emigration has been frequently observed to increase with
resource competition [5,59,60]. Body mass of juveniles
during their first winter is a highly informative metric of
resource limitation in large herbivores in general [61] and in
roe deer in particular [48]. Therefore, heavy juveniles likely
experienced low levels of scramble competition for resources,
whereas light juveniles experienced resource limitation
during early life. Furthermore, at the individual level, body
mass during the first winter is a reliable proxy of individual
quality in both sexes [43]. We expected female dispersal to be
most prevalent at intermediate values of body mass, when
both motivation (driven by declining habitat quality) and
capacity (driven by individual body condition) are high
(see [45]), before scramble competition for resources is
severe enough to limit body growth. However, we found
no support for this hypothesis, as around half of all females
dispersed, irrespective of their body mass (figure 1). We
suggest that female roe deer disperse independently of habi-
tat saturation and, as a result, irrespectively of population
density [36]. Instead, the dispersal of female roe deer is
driven by the spatial distribution of resources and is expected
to be context-specific rather than individual-specific. In the
studied population with a rich and stable resource distribution,
about half of all female juveniles dispersed well before habitat
saturation, generating a pattern of pre-saturation dispersal
similar to that previously reported for brown bears [42]. This
is likely the prevailing situation in human-dominated land-
scapes, where hunting, car collisions and mowing limit
population growth rate, while agricultural crops provide
high-quality resources, ensuring rapid body development
and excellent fitness prospects [62].

Although we found no evidence for body condition-depen-
dent dispersal propensity of female juveniles, we did find strong
evidence for body condition-dependent dispersal distance
(figure 3). That is, among the 50% of individuals that dispersed,
heavy females travelled, on average, about 73% further than
relatively light females (average dispersal distance=12.2+
2.2 km for a female juvenile that was 2 kg heavier than average,
compared to 7.0 + 2.2 km for a female that was 2 kg lighter than
average). This suggests that if females in good condition do dis-
perse, on average, they travel further across the landscape
because they can afford to be more selective in order to locate
a high-quality range. Indeed, dispersing females should prefer-
entially settle in habitat patches of high quality and with low
levels of competition [63], potentially using similarity with
the natal range as a cue for identifying a suitable habitat
patch (natal habitat preference induction, sensu [64]). Success-
ful settlement has been shown to depend on body condition,
with larger or heavier individuals successfully accessing
already populated habitat in lizards [65] or habitat patches of
higher quality in great tits [66].

While we hypothesize that the relationship that we
reported between body mass and dispersal distance could be
driven by spatial variation in resource distribution, in the
light of our results, we suggest that resource competition
may not be the primary factor behind the decision whether

to leave the natal range. Instead, we suggest that female roe
deer initiate dispersal in relation to the risk of breeding with
a strongly related partner. This risk is potentially substantial
due to very high site fidelity of both sexes over their reproduc-
tive lifespan, together with a strongly territorial mating system
[67]. Given that around 50% of juveniles are philopatric (our
results), this creates opportunities for incestuous mating
between mother and son or father and daughter. Indeed,
inbreeding avoidance is predicted to be a powerful selective
force promoting dispersal in a wide variety of organisms
[68]. This might be the case in roe deer as around half of all
sexually mature females perform breeding excursions outside
their usual range during the rut, presumably to reproduce
with an unrelated partner [69]. Indeed, by coupling kin recog-
nition with mate choice, females can avoid inbreeding without
incurring some of the costs linked to true dispersal (see [31] for
a similar argument in male African wild dog).

(b) High-quality males have to leave: competitive

exclusion and local mate competition
The social dominance hypothesis predicts that weaker or
subordinate individuals will be evicted by more dominant
individuals when the local competition is strong [11,70].
Wabhlstrom [34] suggested that territorial males may aggres-
sively target particularly well-developed juveniles to avoid
future competition for mating territories. Our findings are
in line with this hypothesis [71] as dispersal propensity consist-
ently increased with body mass in male juveniles. By
contrast, Loe et al. [72,73] reported that dispersal propensity
in male red deer decreased as density increased, but was
not related to individual body mass. This between-species
difference might be linked to the lower frequency of agonistic
interactions and higher costs of emigrating from the matriar-
chal group in the non-territorial, but highly polygynous red
deer male compared to the highly territorial male roe deer.

Gyllenberg et al. [70] demonstrated that dispersal of com-
petitively strong individuals may be a common outcome
under kin competition (e.g. [30] for a case study). In territorial
species, the social fence hypothesis assumes that dispersers
have to be large to win agonistic interactions with residents
in order to settle in a new territory (e.g. [74]). Roe deer
males are strongly territorial from March to September,
defending a mating territory concomitantly with the entire
period when juveniles disperse and settle [67]. The positive
relationship we reported between dispersal propensity and
body mass supports the interpretation that competition for
future access to a mating territory between high-quality
juveniles and resident bucks is the main driver behind disper-
sal of males. However, dispersal distance in male juveniles
increased markedly with body mass in much the same way
as in females, with most males dispersing just a few kilo-
metres away from their natal range. These results are
coherent with the hypothesis that dispersal of heavy juvenile
males is driven by competitive exclusion [23], with males dis-
persing until they locate the nearest vacant territory that will
provide access to reproductive females [67].

(c) Individual quality and the cost of dispersal

Individuals should optimize dispersal decisions in relation to
both condition-dependent competitive ability and costs [70].
Our data indicate that both dispersal propensity, at least for
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males, and dispersal distance were low in light juveniles,
whereas long-distance dispersal was observed almost exclu-
sively in heavier than average individuals (only one lighter
than average individual of each sex dispersed further than
15 km). This indicates that dispersal is costly and that only
the most robust individuals are able to cope with the costs
of long-distance dispersal. In support of this, we recently
showed that, during transience, dispersers travel 63% further
per day and expend 22% more energy compared to philopa-
tric individuals [75]. During both transience and settlement,
dispersers are also likely to suffer missed feeding oppor-
tunities [75] and greater stress [27], likely generating
substantial life-history costs (e.g. [76]). In agreement, Johnson
et al. [77] found that mortality risk increased with dispersal
distance in juvenile American martens (Martes americana) so
that individuals in poor condition settled closer to their
natal range. Indeed, poor condition individuals may be
forced to be less selective with regard to habitat quality in
the settlement range so as to limit dispersal costs [78]. For
example, owls in poor condition dispersed along straighter
paths than owls in good condition, likely in relation to the
costs of searching for suitable habitat [79]. Opportunity
costs (sensu [26]) for dispersers due to loss of familiarity
with the environment may, indeed, be substantial [80].

5. Conclusion

Our findings demonstrate that while the ultimate drivers gen-
erate a similar overall level of dispersal in the two sexes, a given
average propensity to disperse hides a strongly sex-specific
pattern of dispersal linked to contrasting mechanisms of indi-
vidual optimization in males and females. Moreover, while
propensity to disperse and dispersal distance are often
viewed as two alternative metrics for measuring the strength
of dispersal, our study demonstrates that they rather corre-
spond to two sequential components of the dispersal process,
which are subject to different selection pressures. We found
that dispersal in roe deer is a state-dependent process (sensu
[81]) whereby an individual makes decisions with adaptive
consequences based on its condition. Body mass attained
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