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Abstract

Evolution should favour plasticity in dispersal decisions in response to spatial heterogeneity
in social and environmental contexts. Sex differences in individual optimisation 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 investigated
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 south-west 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-dependence in dispersal
propensity among females. In contrast, dispersal distance increased with body mass at a
similar rate in both sexes such that heavy dispersers 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 behaviour of males and females. We suggest that
females disperse prior to habitat saturation being reached, likely in relation to the risk of
inbreeding. In contrast, natal dispersal in males is likely governed by competitive exclusion
through male-male competition 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.
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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, ultimately,
the spatial distribution of species (Clobert et al. 2012, Ronce 2007). Furthermore, dispersal is
a key component of a species’ response to global change (Berg et al. 2010), facilitating shifts
in geographic range in response to rapid and wide-scale modifications of suitable
environmental conditions (Parmesan et al. 1999). Dispersal is driven by inbreeding
avoidance, resource competition, particularly among kin, and habitat heterogeneity (Clobert
et al. 2012, Bowler and Benton 2005). 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 dispersal,
should differ (condition-dependent dispersal sensu Ims and Hjermann 2001). Condition
dependence occurs when dispersal behaviour is influenced by any internal state variable
(Dufty and Belthoff 2001, Massot et al. 2002), for example, an individual’s sex (Trochet et al.
2016), age (Ekman and Griesser 2002) or body condition (Bonte and de la Pefia 2009,

Gyllenberg et al. 2011).

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 (Trochet et al. 2016, Li
& Kokko 2018). For example, dispersal is male-biased in most mammals (Dobson 1982, Pusey

1987, Lawson-Handley and Perrin 2007), whereas it is generally female-biased in birds
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(Clarke et al. 1997, Végvari et al. 2018). This difference is potentially linked to differences in
mating tactic, social environment, sexual size dimorphism or asymmetry in parental care
(Greenwood 1980, Lawson-Handley and Perrin 2007, Trochet et al. 2016). In polygynous
species, females are generally limited by scramble competition for resources to offset the
costs of reproduction (Clutton-Brock 1988). 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 Fretwell and Lucas 1970). According to the habitat saturation hypothesis,
dispersal propensity 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 (Lidicker 1975). In contrast, because polygynous males are limited by breeding
opportunities in terms of access to females through male-male contest competition
(Clutton-Brock 1988), dispersal is expected to be enforced, resulting from competitive
exclusion by dominant individuals (Fretwell 1972). This dichotomy in life history constraints
between the sexes should drive the evolution of divergent sex-specific dispersal tactics (Le

Galliard and Clobert 2003, Martinig et al. 2020).

Given that dispersal is costly (Bonte et al. 2012, for a case study see Maag et al.
2019), individuals are expected to optimize their dispersal tactics (individual optimization
sensu Pettifor et al. 1988) 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 (Waser and Jones 1983), species where
both sexes commonly disperse provide ideal model systems to identify sex-specific drivers

governing condition-dependent dispersal decisions (e.g. Edelman 2011, Behr et al. 2020).
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One such species is the roe deer, which is widely distributed across Europe and has been
intensively studied over much of its range (Andersen et al. 1998), especially with regards to
natal dispersal (e.g. Strandgaard 1972, Wahlstrom 1994). Recent studies have indicated that
natal dispersal of roe deer is equally prevalent in both sexes (Coulon et al. 2006, Gaillard et
al. 2008), does not fluctuate with population density (Gaillard et al. 2008), and increases
with body condition (Debeffe et al. 2012, 2014a), but the sex-specific nature of this
relationship remains poorly understood. Earlier work suggested that the proximate
mechanism driving male dispersal is male-male competition for access to a mating territory
(Wahlstrom 1994). Resident territorial males direct most of their aggressive interactions
towards the most sexually mature juveniles with larger than average antlers (Wahlstrém
1994), which are also heavier (Vanpé et al. 2007), presumably because these individuals
pose the most threat in terms of territory loss. In contrast, female roe deer are not territorial
and were initially reported to be distributed according to an ideal free distribution
(Wahlstrom and Kjellander 1995), although subsequent investigations did not support this
(Pettorelli et al. 2003). Gaillard et al. (2008) 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 patterns of
dispersal in roe deer. Instead, as in brown bears (Swenson et al. 1998),dispersal in roe deer
might peak during the pre-saturation phase, prior to the carrying capacity of the habitat
being reached (sensu Lidicker 1975). 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
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population of European roe deer. We focused on body mass, a common measure of
phenotypic quality (Gaillard et al. 1997) that decreases with increasing density-dependent
competition for resources (Kjellander et al. 2006). Following Wahlstrém (1994), 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 individuals can achieve higher body condition
(Baines et al. 2020). As density increases so that average body condition decreases, capacity
to disperse should be limited by energetic constraints. Hence, we expected female dispersal
to be most frequent at intermediate 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 (Debeffe et al. 2012). Finally, sexual size
dimorphism of roe deer is rather weak (adult males weigh only 10% more than females,
Hewison et al. 2011) so that dispersal is likely equally energetically costly for both sexes
(Rousset and Gandon 2002). Because heavier animals are in better condition in an income
breeder such as roe deer (Toigo et al. 2006), 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 (Bonte
et al. 2012). Hence, we expected dispersal distance to increase with body mass and in a

similar manner for both sexes.

Materials and methods

Study system

http://mc.manuscriptcentral.com/prsb
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We quantified natal dispersal of 146 GPS monitored juvenile roe deer (68 males, 78 females)
in an intensively monitored population in Vallons et Coteaux de Gascogne (Zone Atelier
PyGar), south-west 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 8
individuals / 100 ha in the mixed open landscape. 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%
(c. 130 individuals) of the population is removed by hunting each year (unpublished data

from the Hunting Regional Agency).

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 (P; which is replaced
between 10 and 15 months of age, Hewison et al. 1999), 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 hour intervals year-round, before being
released on site. We removed all GPS fixes taken during the first eight days after capture
because of the potential disruption of normal spatial behaviour due to capture (Morellet et
al. 2009), and GPS fixes for which the location was obviously erroneous (0.0003% of the

location data set) as they implied an unfeasible movement speed.
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All capture and marking procedures were approved by the local authority for animal

welfare (Departmental Authority of Population Protection, agreement n° A31113001).

Measuring dispersal

We measured natal dispersal during each animal’s second spring/summer with two metrics,
dispersal propensity and dispersal 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 (Strandgaard 1972, Debeffe et al. 2012). Because roe
deer juveniles remain strongly associated with their mothers during their first year of life,
and because adult females are highly sedentary (Andersen et al. 1998), 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 (Ducros et al.
2020): 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 Ducros et al. 2020 for individual plots of all movement

trajectories). Here, because we were interested in condition dependence of the decision to
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emigrate, we used a simple binary definition of disperser (i.e. pooling classic, aborted and
progressive dispersers) vs. philopatric (i.e. pooling 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 discarded 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.

Standardising body mass to 1°t February

The body mass of juvenile roe deer may fluctuate over their first winter in relation to the
onset and duration of winter (Hewison et al. 2002). 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 (Hewison et al. 2011), we included sex as an additive
effect in this model. We then used the regression coefficient of the common slope to
standardise individual body mass by date for both sexes (i.e. conserving sexual size
dimorphism), expressed as the predicted body mass on 15t February (JD = 32, approx. median

date of capture).

Dispersal propensity

We fitted a generalized linear model (GLM) to assess the relationship between dispersal

propensity (binomial response variable: 1 the animal dispersed, 0 the animal remained

http://mc.manuscriptcentral.com/prsb
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philopatric, all years pooled) and individual body mass on 1%t 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%t February and sex in the most complex model. We then
performed model selection using AlCc to identify the model that best fit the data (Burnham
and Anderson 2002). We interpreted the effects contained in the competing models in
relation to their respective AlCc 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.

Dispersal distance

We analysed condition dependence of dispersal distance on the sub-set of individuals that
dispersed (i.e. classic, aborted and progressive 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 (Pinheiro and Bates 2000)
to model dispersal distance as a function of individual body mass on 1%t February and sex. A
GLS approach allows incorporating weights to control for heteroscedasticity, assuming that
variance increases as a power function of the absolute fitted values of dispersal distance
(weights = varPower, Pinheiro and Bates 2000). We included the two-way interaction

between body mass and sex, and used the same model selection procedure based on AlCc.
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All generalized models were fitted using the “glm” function in the “stats” library
implemented in R software, version 3.6.1 (R Development Core Team. 2019). All generalized
least squares models were fitted using the “gls” function in the “nlme” library (Pinheiro et al.
2016). We used the “dredge” function in the MuMlIn library (Barton 2016) to generate the
set of candidate models that we defined a priori based on our biological hypotheses (see

above).

Results

Dispersal propensity

The model containing the main effect of sex only was not competitive compared to the null
model (AAICc = 1.79, 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%t February and, based on AlCc weights, was about three times as likely to
adequately describe the data as the second best model (AAICc = 2.36), which included the
simple effect of body mass only (Table S1). In males, dispersal propensity increased markedly
with increasing body mass so that dispersal propensity increased more than 8-fold (from less
than 10% to around 80%) over the recorded range of body mass (Fig. 1, see Table 1 for
parameter estimates). A threshold model of this relationship indicated some support for a
break point at around 18 kg (maximal 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. In contrast, dispersal propensity in females was approximately constant
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irrespective of body mass (Fig. 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 > 2).

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 (Fig. 2). The best model explaining observed variation in dispersal
distance included an effect of body mass on 15t 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 (Table S2). Dispersal distance increased
with body mass in both sexes (Fig. 3, see Table 1), and this increase was of a similar
magnitude in males and females (estimated difference in slope of 0.66 + sd 1.60 km/kg, P =
0.68). Heavy (>16 kg, males and females combined) dispersers travelled around twice as far
as light (<16 kg) dispersers (mean % sd: 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.

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 sex-

specific (Perrin and Mazalov 2000). Species of mammals in which natal dispersal is equally
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prevalent in both sexes are rare (Waser and Jones 1983), but provide excellent models to
test key hypotheses on sex differences in the evolution of dispersal. Here, we analysed natal
dispersal of one such species, the roe deer, and found contrasting patterns of condition
dependence between the sexes in dispersal propensity, but not dispersal distance. As
expected, both dispersal propensity and distance consistently increased with increasing
body mass in males. In contrast, females emigrated from their natal range irrespective of
their body mass, but among those that did disperse, heavier individuals travelled farther. We
suggest that this sex-specific pattern is due to different selection pressures acting on
dispersal behaviour of males and females (Perrin and Mazalov 2000, Martinig et al. 2020).
We thus provide one of the first demonstrations that condition dependence 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.

Dispersal and local resource competition in females

Emigration has been frequently observed to increase with resource competition (Bowler &
Benton 2005, Matthysen 2005, Maag et al. 2018). Body mass of juveniles during their first
winter is a highly informative metric of resource limitation in large herbivores in general
(Garel et al. 2011) and in roe deer in particular (Toigo et al. 2006). 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 (Gaillard et

al. 1997). We expected female dispersal to be most prevalent at intermediate values of body

http://mc.manuscriptcentral.com/prsb
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mass, when both motivation (driven by declining habitat quality) and capacity (driven by
individual body condition) are high (see Baines et al. 2020), 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 (Fig. 1).
We suggest that female roe deer disperse independently of habitat saturation and, as a
result, irrespectively of population density (Gaillard et al. 2008). Instead, 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 pattern similar to that previously
reported for brown bears (Swenson et al. 1998). This is likely the prevailing situation in
human-dominated landscapes, 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 (Hewison et al. 2009).

Although we found no evidence for body condition-dependent dispersal propensity of
female juveniles, we did find strong evidence for body condition-dependent dispersal
distance (Fig. 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 disperse, 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 preferentially settle in habitat patches of high quality and with low

levels of competition (Matthysen 2012), potentially using similarity with the natal range as a
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cue for identifying a suitable habitat patch (Natal Habitat Preference Induction, sensu Davis
& Stamps 2004). Successful settlement has been shown to depend on body condition, with
larger or heavier individuals successfully accessing already populated habitat in lizards (Le

Galliard et al. 2005) or habitat patches of higher quality in great tits (Garant et al. 2005).

While we hypothesise 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 reproductive
lifespan, together with a strongly territorial mating system (Vanpé et al. 2009). 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 (Perrin and Goudet 2001). 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 (Debeffe et al. 2014b). Indeed, by
coupling kin recognition with mate choice, females can avoid inbreeding without incurring
some of the costs linked to true dispersal (see Behr et al. 2020 for a similar argument in male

African wild dog).

High quality males have to leave: competitive exclusion and local mate competition
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The social dominance hypothesis predicts that weaker or subordinate individuals will be
evicted by more dominant individuals when local competition is strong (Gyllenberg et al.
2008, Bonte and de la Pefia 2009). Wahlstrom (1994) suggested that territorial males may
aggressively target particularly well-developed juveniles to avoid future competition for
mating territories. Our findings are in line with this hypothesis (Wahlstrom & Liberg 1995) as
dispersal propensity consistently increased with body mass in male juveniles. In contrast, Loe
et al. (2009, 2010) 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 matriarchal group in the non-territorial, but highly polygynous red deer

male compared to the highly territorial male roe deer.

Gyllenberg et al. (2008) demonstrated that dispersal of competitively strong
individuals may be a common outcome under kin competition (e.g. Edelman 2011 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.
Lambin et al. 2001). Roe deer males are strongly territorial from March to September,
defending a mating territory concomitantly with the entire period when juveniles disperse
and settle (Vanpé et al. 2009). 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
dispersal 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
kilometres away from their natal range. These results are coherent with the hypothesis that

dispersal of heavy juvenile males is driven by competitive exclusion (Fretwell 1972), with
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males dispersing until they locate the nearest vacant territory that will provide access to

reproductive females (Vanpé et al. 2009).

Individual quality and the cost of dispersal

Individuals should optimise dispersal decisions in relation to both condition-dependent
competitive ability and costs (Gyllenberg et al. 2008). Our data indicate that both dispersal
propensity, at least for males, and dispersal distance were low in light juveniles, whereas
long-distance dispersal was observed almost exclusively in heavier than average individuals
(only one lighter than average individual of each sex dispersed further than 15km). 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
philopatric individuals (Benoit et al. 2020). During both transience and settlement, dispersers
are also likely to suffer missed feeding opportunities (Benoit et al. 2020) and greater stress
(Maag et al. 2019), likely generating substantial life history costs (e.g. Barbraud and Delord
2020). In agreement, Johnson et al. (2009) 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 (Stamps et al. 2005). 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 (Delgado et al. 2010). Opportunity costs (sensu Bonte et al. 2012) for
dispersers due to loss of familiarity with the environment may, indeed, be substantial

(Forrester et al. 2015).
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Conclusion

Our findings demonstrate that while the ultimate drivers generate 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 individual optimisation 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 correspond 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 McNamara and Houston 1996) whereby an
individual makes decisions with adaptive consequences based on its condition. Body mass
attained prior to dispersal predicts survival and adult mass (Gaillard et al. 1998) and is
thereby a reliable indicator of phenotypic quality. About one in two females dispersed,
irrespective of quality, potentially motivated by the local risk of inbreeding. When they did
disperse, females of high phenotypic quality appeared able to afford the costs of travelling
farther from their natal site to locate a suitable home range. However, individual
optimization in dispersal behaviour of males involved different cues, as both propensity to
disperse and dispersal distance increased with increasing phenotypic quality. The similarity
in the sex-specific patterns of dispersal distance seems to be a direct reflection of dispersal
costs, with higher quality individuals better able to meet the high energy requirements of
long-distance dispersal (see Benoit et al. 2020), irrespective of their sex. In contrast, the
marked difference in the shape of condition-dependence in dispersal propensity indicates

that males and females respond to different drivers when taking the decision whether or not
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to disperse. Future research will be required to assess whether individuals that best track
the population-level decision rule, given their phenotypic quality, gain fitness benefits

compared to individuals that deviate from the average sex-specific trajectory.
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Figure legends:

Fig. 1. Dispersal propensity in relation to body mass on 15t February for male and female
juveniles in the Aurignac roe deer population (N = 146). The left-hand and middle panels
represent the predicted sex-specific relationships derived from the best GLM model, which
included the interactive effects of sex and body mass. The right-hand panel represents the
predicted relationship for males only based on a threshold model (threshold at 18.1 kg, see

text for details).

Fig. 2. Dispersal distance kernels (km) for dispersing male and female juveniles in the

Aurignac roe deer population (N = 72).

Fig. 3. Dispersal distance (km) in relation to body mass on 15t 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 blue for males and dark blue for females for

visualisation purposes 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 Table S2).
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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 15t February. For the sex term, the

reference category is female.

Response variable Parameter Estimate t s.e. z-value
a. Dispersal propensity (Intercept) -0.40£1.98 -0.202
Sex (male) -8.25+3.70 -2.231
Body mass 0.03+0.12 0.230
Sex (male) x Body mass 0.46+0.21 2.138
b. Dispersal distance (Intercept) -24.121 + 4.947 -4.875
Body mass 1.995+0.371 5.376
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Fig. 1. Dispersal propensity in relation to body mass on 1st February for male and female juveniles in the
Aurignac roe deer population (N = 146). The left-hand and middle panels represent the predicted sex-
specific relationships derived from the best GLM model, which included the interactive effects of sex and
body mass. The right-hand panel represents the predicted relationship for males only based on a threshold
model (threshold at 18.1 kg, see text for details).
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Fig. 2. Dispersal distance kernels (km) for dispersing male and female juveniles in the Aurignac roe deer
population (N = 72).
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Fig. 3. Dispersal distance (km) in relation to body mass on 1st 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 blue for males and dark blue for females for visualisation purposes 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 Table S2).
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