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Abstract
1.	 Dispersal is a key mechanism enabling species to adjust their geographic range to 
rapid global change. However, dispersal is costly and environmental modifications 
are likely to modify the cost–benefit balance of individual dispersal decisions, for 
example, by decreasing functional connectivity.

2.	 Dispersal costs occur during departure, transience and settlement, and are levied 
in terms of energy, risk, time and lost opportunity, potentially influencing indi-
vidual fitness. However, to the best of our knowledge, no study has yet quantified 
the energetic costs of dispersal across the dispersal period by comparing dispers-
ing and philopatric individuals in the wild.

3.	 Here, we employed animal‐borne biologgers on a relatively large sample (N = 105) 
of juvenile roe deer to estimate energy expenditure indexed using the vector 
of dynamic body acceleration and mobility (distance travelled) in an intensively 
monitored population in the south‐west of France. We predicted that energy ex-
penditure would be higher in dispersers compared to philopatric individuals. We 
expected costs to be (a) particularly high during transience, (b) especially high in 
the more fragmented areas of the landscape and (c) concentrated during the night 
to avoid disturbance caused by human activity.

4.	 There were no differences in energy expenditure between dispersers and 
philopatric individuals during the pre‐dispersal phase. However, dispersers ex-
pended around 22% more energy and travelled around 63% further per day than 
philopatric individuals during transience. Differences in energy expenditure were 
much less pronounced during the settlement phase. The costs of transience were 
almost uniquely confined to the dawn period, when dispersers spent 23% more 
energy and travelled 112% further than philopatric individuals. Finally, the ener-
getic costs of transience per unit time and the total distance travelled to locate a 
suitable settlement range were higher in areas of high road density.

5.	 Our results provide strong support for the hypothesis that natal dispersal is ener-
getically costly and indicate that transience is the most costly part of the process, 
particularly in fragmented landscapes. Further work is required to link dispersal 
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1  | INTRODUC TION

Climate change and human‐driven modification of land use are hav-
ing rapid and widespread impacts on the geographic range and spa-
tial dynamics of wildlife populations (Crooks et al., 2017; Warren, 
Price, Graham, Forstenhaeusler, & VanDerWal, 2018). Landscape 
fragmentation and human infrastructure are generating ecological 
and/or artificial barriers across much of the globe, limiting the spatial 
extent of animal movements (Tucker et al., 2018). This is especially 
the case for long‐distance movements (Tucker et al., 2018), with dis-
persal (e.g. Schtickzelle, Mennechez, & Baguette, 2006) and migra-
tion (e.g. Sawyer et al., 2013) likely to be particularly affected. For 
example, forest fragmentation reduces dispersal rates among local 
populations of several amphibian species (Rothermel & Semlitsch, 
2002). Dispersal is a key life‐history trait governing the spatial dy-
namics of populations (Clobert, Danchin, Dhondt, & Nichols, 2001) 
and has been identified as a primary mechanism enabling species to 
adjust their geographic range in response to rapid environmental 
change (Kokko & López‐Sepulcre, 2006). Hence, the impact of global 
change on dispersal behaviour may have far‐reaching consequences 
for population persistence (e.g. Reinhardt, Köhler, Maas, & Detzel, 
2005).

At the individual level, behavioural decisions are regulated 
by the cost–benefit balance of dispersal (Bowler & Benton, 2005) 
which may differ across the three successive phases of dispersal: 
departure, transience and settlement (Bonte et al., 2012). For ex-
ample, transience is assumed to be costly due to the time and en-
ergy expended related to increased locomotor activity (Boldt & 
Ingold, 2005) and exposure to risk (Johnson, Fryxell, Thompson, & 
Baker, 2009). However, the lost opportunity costs of exploratory 
movements prior to departure (Kingma, Komdeur, Hammers, & 
Richardson, 2016) and unfamiliarity with a novel environment or loss 
of social rank during settlement (Bonte et al., 2012) may also be sub-
stantial. As a result, dispersal decisions are often highly plastic and 
condition‐dependent (sensu Ims & Hjermann, 2001). For example, 
dispersing individuals are often in better condition (Debeffe et al., 
2012) and/or less parasitized (Debeffe et al., 2014). In the context 
of rapid global change, there is a strong assumption that the cost–
benefit balance underlying dispersal decisions will be modified as 
a result of human‐driven modifications to the landscape (Bonte et 
al., 2012; Fahrig, 2007). In particular, increasing landscape fragmen-
tation may reduce functional connectivity for many species (Taylor, 
Fahrig, Henein, & Merriam, 1993), which is predicted to increase dis-
persal costs (Ronce, Perret, & Olivieri, 2000), with direct impacts on 
the evolution of dispersal behaviour (Travis & Dytham, 1999).

The currencies of dispersal costs are levied in terms of energy 
expenditure, risk, time and lost opportunity (Bonte et al., 2012) and 
are, thus, predicted to influence individual fitness. For example, the 
risk of mortality increases with dispersal distance in American mar-
tens Martes americana, particularly in human‐modified forest, pos-
sibly because of higher energetic costs of dispersal in fragmented 
landscapes (Johnson et al., 2009). Indeed, the costs of dispersal have 
either been evaluated in the currency of decreased individual per-
formance (Massemin, Maho, & Handrich, 1998; Récapet et al., 2016), 
rather than in energy per se, or inferred based on the supposition 
that dispersal transience necessarily implies increased locomotion 
costs (Bonte et al., 2012). Our study provides, to our knowledge, the 
first empirical quantification of dispersal costs across the entire dis-
persal process based on a direct comparison of dispersers and philo-
patric individuals in any wild mammal. Landscape structure likely has 
a pivotal role in determining the movement of individuals (Martin et 
al., 2018) and, in particular, their natal dispersal decisions, providing 
a mechanistic link to understand the impact of landscape modifica-
tions on spatial population functioning.

The technological revolution of animal‐borne biologgers has 
recently opened new horizons for studies of energetic expenditure 
(Wilmers et al., 2015). Indeed, by measuring movements and dy-
namic acceleration of the body at a very fine temporal scale (Gleiss, 
Wilson, & Shepard, 2011), it is possible to generate indices of energy 
expenditure linked to body movement (Grémillet et al., 2018) and ab-
solute values of energy expenditure linked to an animal's behaviour 
(Williams et al., 2014). The cost of increased locomotor activity is a 
strong selective force governing the evolution of migration (Hein, 
Hou, & Gillooly, 2012), and this is likely also the case for dispersal.

Here, we use a relatively large sample of individually intensively 
monitored juvenile roe deer Capreolus capreolus to evaluate the ener-
getic costs of natal dispersal in a wild population inhabiting a highly 
fragmented and human‐dominated landscape in southern France. 
We combined intensive monitoring of movement behaviour using 
GPS technology to quantify mobility with acceleration/activity data 
and evaluated energetic costs across the dispersal process. First, 
we predicted that energy expenditure would be higher in dispers-
ing individuals compared to philopatric individuals, but particularly 
during transience due to increased locomotor activity. Costs may be 
incurred prior to departure linked to exploration events (Debeffe et 
al., 2013), while settlement may be costly due to unfamiliarity with 
the local environment (Bonte et al., 2012). Second, we predicted 
that energy expenditure would be higher for individuals that dis-
persed across more fragmented areas of the landscape due to the 
lower availability of refuge habitat. We also predicted that dispersers 

costs with fitness components so as to understand the likely outcome of further 
environmental modifications on the evolution of dispersal behaviour.
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would pay the additional energetic costs of transience mainly during 
the night in order to avoid disturbance in this human‐dominated 
landscape (Gaynor, Hojnowski, Carter, & Brashares, 2018). Third, be-
cause sexual dimorphism is low in this species (Hewison et al., 2009) 
and because the dispersal behaviour of male and female juveniles 
is very similar (Debeffe et al., 2012), we expected that energy ex-
penditure during dispersal transience would not differ between the 
sexes. However, because males disperse in response to intra‐sexual 
competition for territories (Wahlström, 1994), while female disper-
sal appears to be voluntary (Linnell, Wahlström, & Gaillard, 1998), we 
predicted that the energetic costs of settlement would be greater for 
male dispersers.

2  | MATERIAL S AND METHODS

2.1 | Study site

This study was carried out at Aurignac in the south‐west of France 
(43°13′N, 0°52′E) in a 19,000 ha rural region. It is a hilly area con-
taining two large forests (672 and 463 ha), numerous small wood-
land patches (2.4 ± 11.5  ha, 18.8% of the site), meadows (37.2%), 
crops (cereals, oilseed and fodder crops, 31.6%) and hedgerows 
(3.6%) (based on aerial photographs of the study site from the IGN's 
BD Ortho, http://profe​ssion​nels.ign.fr, see Morellet et al., 2011, 
for more details). Human presence is high, distributed throughout 
the study site in small villages, farms and isolated houses. Roe deer 
density was estimated using a capture–mark–resighting approach to 
average around 10 individuals/100 ha in the mixed open landscape 
(Hewison et al., 2007). Roe deer hunting occurs regularly from the 
second Sunday of September to the end of January (until 2008) or 
February (since 2009), mostly using dogs for drive hunting. During 
summer, that is from 1 June to the 2nd Sunday of September, male 
roe deer can also be hunted by stalking.

2.2 | Capture

From 2002 to 2017, during winter (from 16 November to 27 
March), roe deer were caught using nets, tranquilized (with an 
intramuscular injection of acepromazine) and transferred to a 
wooden retention box (to reduce stress and risk of injuries). Each 
individual was marked with ear tags, weighed and sexed (see 
Bonnot et al., 2017, for more details). Natal dispersal of roe deer 
is highly temporally synchronized within a short time window, oc-
curring almost exclusively during the spring at around 1  year of 
age, when the mother–juvenile bond breaks down prior to the 
mother giving birth to her next litter (between late April and mid‐
June at this latitude, Linnell et al., 1998). Juveniles (<1 year old) 
were distinguished from older roe deer by the presence of a tri-
cuspid third pre‐molar milk tooth (Ratcliffe & Mayle, 1992). Finally, 
to monitor potential natal dispersal behaviour during the follow-
ing spring, we equipped juveniles with a GPS collar (Lotek 3300 
GPS or Vectronic GPS PLUS‐1C Store On Board) or a GPS with 
GSM capability for remote data transmission (Lotek Small WildCell 

GSM or Vectronic GPS PLUS Mini‐1C). During the study period, we 
caught 219 juveniles, of which 191 were equipped with a GPS col-
lar. All capture and marking procedures were done in accordance 
with local and European animal welfare laws (prefectural order 
from the Toulouse Administrative Authority to capture and moni-
tor wild roe deer and agreement no. A31113001 approved by the 
Departmental Authority of Population Protection).

2.3 | Biologging data

GPS collars were scheduled to obtain a location every 6 hr over 
the entire year and, for individuals captured since 2009 (N = 114), 
every hour from March to May in order to maximize the prob-
ability of detecting the dispersal event. We performed differen-
tial correction to improve fix accuracy (Adrados, Girard, Gendner, 
& Janeau, 2002), as only 50% of uncorrected fixes were located 
within 14 m of their true position in our study area (Cargnelutti 
et al., 2007). Following Bjørneraas Van Moorter Rolandsen and 
Herfindal (2010), we eliminated potentially erroneous data points 
(0.01% of the total locations) when consecutive locations indi-
cated a step speed that was biologically unfeasible. In order to 
describe the three successive stages of dispersal (departure, tran-
sience and settlement), only juveniles monitored from their first 
capture in winter to at least the end of June were retained for 
subsequent analysis (N = 137).

Most GPS collars hosted an activity sensor which recorded ac-
tivity as the difference in acceleration between two consecutive 
measurements along the x (forward/ backward)‐  and the y (side-
ways)‐axes (www.lotek.com and www.vectr​onic-aeros​pace.com). 
These measurements were taken four times per second, but re-
corded as mean values per 5‐min interval transformed into a stan-
dardized measure for each axis ranging between 0 and 255. For 
Lotek 3300 GPS only, activity data were also measured over each 
5‐min interval, but as a count of vertical X (sideways) and horizontal 
Y (forward/backward) movements. Of the total sample, 12 individu-
als were equipped with a Vectronic collar which, in addition, hosted 
an acceleration sensor scheduled to obtain data with a sampling 
frequency of 8 (2017) or 32 (2016) measures per second (8 or 32 
Hertz, respectively). This sensor measured acceleration in the three 
perpendicular axes, with values ranging between −125 (=−8 g) and 
125 (=8 g) for each axis (1 g = 9.81 m/s2). The x‐axis measures the 
anteroposterior movements (surge or forward/backward), the y‐axis 
the dorso‐ventral movements (heave or up/down) and the z‐axis the 
transversal movements (sway or sideways).

Biologging data were retrieved at the end of the GPS programme, 
usually after an almost full year of monitoring. We removed the first 
eight days of biologging data because of the potential alteration of 
spatial behaviour due to capture (Morellet et al., 2009).

2.4 | Defining philopatry versus natal dispersal

For each individual, we segmented the time series of GPS locations 
(longitude and latitude) using Lavielle's (1999) method developed for 

http://professionnels.ign.fr
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a one‐dimensional variable and recently adapted by Patin, Etienne, 
Lebarbier, Chamaillet‐Jammes, and Benhamou (2019) to handle bi‐
dimensional data. This approach detects change points in a time se-
ries which we used to identify spatio‐temporal units corresponding 
to distinct ranges and, thus, to distinguish individual‐based move-
ment tactics (package ‘segclust2d’ in r software). We assumed that 
the individual was ‘philopatric’ when we detected one home range 
only, that is the individual remained on their natal range until the 
end of monitoring (i.e. at least until the end of June). We assumed 
that the individual was ‘disperser’ when segmentation identified two 
(or more) spatially separate home ranges, assumed to represent the 
natal and settlement ranges, and there was no return movement to 
the initial (natal) range, regardless of the distance travelled during the 
transience phase (Appendix S1). We assumed that the individual was 
a ‘pseudo‐disperser’ (Debeffe et al., 2012) when we detected two 
separate ranges which the animal occupied for a period of at least 
6 days, which we considered as the maximum duration of an explo-
ration event (Debeffe et al., 2013), followed by a return movement 
to the initial (natal) range. Although pseudo‐dispersers (N = 4) prob-
ably reproduced for the first time within their natal home range, for 
subsequent analyses they were pooled with the dispersers as they 
left their natal area during the dispersal period for a substantial du-
ration and were therefore assumed to have suffered similar disper-
sal costs. Then, because we wished to focus on the energetic costs 
of dispersal, we discarded individuals moving in a way that was not 
clearly attributable to a classic philopatric or dispersal tactic (e.g. the 
multi‐range tactic, Couriot et al., 2018) so that we subsequently re-
tained 119 individuals (68 philopatric individuals and 51 dispersers). 
Of these 119 individuals monitored during the dispersal period, 105 
had activity data, comprising 46 dispersers (27 females and 19 males) 
and 59 philopatric individuals (34 females and 25 males); 12 had ac-
celeration data, comprising 6 dispersers (1 females and 5 males) and 
6 philopatric individuals (4 females and 2 males); and 71 had an inter‐
fix interval of one GPS location per hour, comprising 27 dispersers 
(16 females and 11 males) and 44 philopatric individuals (27 females 
and 17 males, Appendix S2).

2.5 | Defining the phases of natal dispersal

In order to evaluate the energetic costs across the three phases of dis-
persal, we defined a pre‐dispersal, a post‐dispersal and a transience 
phase for all individuals. To do so, the dates of departure and settlement 
for each disperser were determined from the segmentation approach 
described above, using the last location in the natal range and the first 
in the settlement range as cut‐off points. These two dates were taken 
to delimitate the transience phase of a disperser at the individual level 
and ranged between 2 April and 10 June (median duration = 6.4 days 
[min: 0.125, max: 39.7]). We used the median dates of departure and 
settlement across all dispersers to define an equivalent seasonal phase 
for all philopatric individuals (from 24 April to 7 May, i.e. 14 days). To 
facilitate comparisons, we used an equivalent duration of 14 days for 
the other phases for both dispersers and philopatric individuals. We 
defined a common pre‐dispersal phase of 14 days from 16 to 29 March 

which was at least 10 days after the last winter capture, but prior to the 
observed departure date for the first disperser. Similarly, we defined a 
common post‐dispersal phase of 14 days running from 11 to 24 June 
which was later than the observed settlement date of the latest dis-
perser, but prior to the summer rut so as to avoid potential behavioural 
alteration due to sexual interactions.

2.6 | Statistical analyses

2.6.1 | Indexing energy expenditure with VeDBA

We used the vector of dynamic body acceleration (VeDBA) as 
a proxy of individual energy expenditure (Grémillet et al., 2018; 
Qasem et al., 2012). Given that only 12 individuals were monitored 
using an acceleration sensor compared to 105 individuals using an 
activity sensor (Appendix S2), we first examined whether the infor-
mation recorded by the activity sensors provided a reliable estimate 
of energy expenditure. We expected the activity sensors and the 
acceleration sensors to provide comparable information as both 
types of sensor were positioned on the animal's neck and, therefore, 
measured the same body movements. To do so, we compared daily 
VeDBA estimates calculated using activity sensor data (see Equation 
1) with those using acceleration sensor data (see Equation 2).

The VeDBA based on activity sensor data was calculated using 
the raw data values recorded by X and Y sensors, providing a value 
of VeDBA per 5‐min interval.

The VeDBA based on acceleration sensor data was calculated 
using the dynamic body acceleration of each axis, obtained by sub-
tracting the static acceleration values from gross acceleration values 
(corresponding to a mobile average calculated over a sliding window 
of 1 s, see Collins et al., 2015). From acceleration data, we obtained 
8 to 32 values of VeDBA per second.

To enable comparison of these two metrics, we then generated 
average VeDBAacceleration estimates based on acceleration sensor 
data per 5‐min interval.

To compare the two VeDBA estimates from acceleration and activity 
sensors, we generated daily mean estimates for both VeDBAacceleration 
and VeDBAactivity over a sub‐set of 15‐day monitoring for the sub‐set 
of 12 individuals for which we had both types of data. We used linear 
mixed‐effects models (lmer; package ‘lme4’, Bates, Maechler, Bolker, 
& Walker, 2015) to investigate the correlation between these two 
metrics, including individual identity as a random intercept in order to 
control for repeated measures per individual.

2.6.2 | Estimating daily energy expenditure

In order to investigate differences in energy expenditure between 
disperser and philopatric individuals across the three phases of 

(1)VeDBAactivity=

√

X2+Y2.

(2)VeDBAacceleration=

√

DBAX2+DBAY2+DBAZ
2
.
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dispersal, because VeDBAactivity provided an extremely satisfac-
tory approximation of VeDBAacceleration (see Results), we analysed 
variation in daily VeDBAactivity estimates (square root transformed) 
in relation to the dispersal phase (three modalities: pre‐dispersal, 
transience and post‐dispersal), dispersal status (two modalities: dis-
perser or philopatric) and sex (two modalities: male or female) using 
lmer (package ‘lme4’, Bates et al., 2015). As we expected that the 
difference in energy expenditure between dispersers and philopat-
ric individuals would be particularly pronounced during the transi-
ence phase, and in order to control for possible sex differences in 
energy metabolism, the most complex model included the three‐way 
interaction between dispersal phase, dispersal status and sex. We 
included individual identity and year as random effects on the inter-
cept to control for repeated measures per individual and to account 
for possible cohort effects (i.e. the fact that individuals born in the 
same year experience the same environmental conditions: Gaillard, 
Loison, Toïgo, Delorme, & Van Laere, 2003). For VeDBAactivity analy-
ses, we only retained days for which at least 50% of VeDBAactivity 
records (144 values per day) were available (i.e. 97% of the full data-
set). When there were missing data in the remaining records for a 
given individual on a given day, we divided the total VeDBAactivity 
estimate by the number of records taken on that day and then multi-
plied the result by the theoretical number of VeDBAactivity values per 
day (i.e. 288). Finally, as standardizing values of VeDBA to control 
for seasonal fluctuations in absolute activity did not alter the results, 
we present the analysis based on untransformed data for simplicity.

2.6.3 | Estimating daily mobility

In order to estimate the proportion of energy expenditure during dis-
persal due to movements per se, we calculated an estimate of daily 
mobility, namely the sum of distances travelled between all locations 
on a given day (with the function 'as.ltraj' [package ‘adehabitatLT’, 
Calenge, Dray, & Royer, 2009]). As the GPS collars were scheduled 
to obtain a location every hour from March to May only, we were 
not able to generate estimates of daily mobility across the three 
dispersal phases previously described. Therefore, we investigated 
temporal variation in daily mobility during a period centred on the 
process of transience for each individual by considering a window 
of a maximum of 45 days before and after the median date of transi-
ence. We used an individual‐based date of transience for dispersers 
(the median date of their individual transience trajectory), while for 
philopatric individuals we used the population‐level median date of 
all transience events. We used generalized additive mixed models 
(GAMMs) to investigate variation in log‐transformed daily mobility, 
including individual identity and year as random effects on the inter-
cept (with the gamm4 function in the ‘gamm4’ library, Wood & Scheipl, 
2017). We used thin plate regression splines to smooth the effect of 
time before and after the median date of transience (Julian date). For 
model selection, we compared a constant model, a model containing 
only the spline of the Julian date, a model including a sex‐specific 
temporal effect (i.e. a separate spline of Julian date for each sex), 
a model including a status‐specific temporal effect (i.e. a separate 

spline of Julian date for dispersers and philopatric individuals) and 
a model including both a sex‐specific and a status‐specific temporal 
effect. For these analyses, we retained only those days when at least 
80% of programmed GPS locations (i.e. 20 locations per day) were 
available (i.e. 97% of the full dataset). When there were missing data 
in the remaining records, we divided the total distance moved on a 
given day by the number of records on that day and then multiplied 
the result by the theoretical number of records per day (i.e. 24).

2.6.4 | Investigating the circadian rhythm

To assess how any differences in energy expenditure and/or mobility 
between dispersers and philopatric individuals might be expressed 
in terms of their circadian rhythm across the three phases of dis-
persal (only across pre‐dispersal and transience phases for mobil-
ity), we analysed variation in hourly averages of VeDBA from activity 
sensors (square root transformed) and distance travelled (log  +  1 
transformed) using GAMMs. We included individual identity and 
year as random effects on the intercept and used cyclic cubic splines 
to smooth the effect of time of day (hour). For model selection, we 
compared nine models: a constant model, a model containing only 
the spline of time of the day, a model including a sex‐specific tem-
poral effect (i.e. a separate spline of time of the day for each sex), 
a model including a status‐specific temporal effect (i.e. a separate 
spline of time of the day for dispersers and philopatric individuals), a 
model including a phase‐specific temporal effect (i.e. a spline of time 
of the day for each dispersal phase) and four models including the 
different possible combinations of sex‐specific and/or status‐spe-
cific and/or phase‐specific temporal effects.

2.6.5 | Investigating the influence of landscape 
fragmentation on the energetic costs of 
dispersal transience

In order to investigate the influence of landscape fragmentation on 
the energetic costs of dispersal during the transience phase, we ana-
lysed variation in daily VeDBAactivity estimates and total dispersal dis-
tance, defined as the straight line between the first and last location 
of transience, in relation to landscape structure. Based on previous 
work on the same study site (Martin et al., 2018), we expected the 
energetic costs of dispersal to be influenced by proximity to refuge 
habitat (woodlands) and disturbance linked to anthropogenic infra-
structures (roads and buildings). A high level of human‐related dis-
turbance in the landscape likely causes animals to move more during 
transience to locate stop‐over refuges and to travel further before 
locating a suitable settlement range. Hence, for each disperser, we 
calculated the proportion of woodland, buildings and roads (based 
on aerial photographs from the BD Topo, professionnels.ign.fr) in a 
buffer of 1  km (the diameter of a typical juvenile home range on 
our study site) centred on the straight line between the first and 
last location of their transience. Then, we analysed variation in daily 
VeDBAactivity estimates (log transformed) in relation to the propor-
tion of woodland, buildings and roads (considered as additive effects) 
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using a linear mixed model, including the three sex × landscape inter-
actions, with individual identity and year as random effects on the 
intercept. Similarly, we analysed variation in total dispersal distance 
(log transformed) in relation to the proportion of woodland, build-
ings and roads (considered as additive effects), including the three 
sex × landscape interactions, using a simple linear model.

All analyses were performed in r version 3.4.3 (R Core Team, 
2017). The models were fitted using maximum likelihood, and we 
used Akaike's information criterion (AIC; Burnham & Anderson, 2002) 
and Akaike weights to select the model with the most support. When 
∆AIC < 2 between competing models, following rules of parsimony, 
we retained and interpreted the model with the fewest parameters.

3  | RESULTS

Among dispersing individuals, we observed an average dispersal du-
ration of 9.6 days, ranging between 0.1 and 39.7 days and an average 
dispersal distance of 11.86 km, ranging between 0.53 and 46.82 km.

3.1 | VeDBAactivity as an index of energy 
expenditure

There was a strong linear relationship between daily VeDBA esti-
mates generated from acceleration sensors and those generated 
from activity sensors (conditional R2 = 96.6%, marginal R2 = 91.1%, 
Figure 1). We therefore considered that VeDBA obtained from activ-
ity sensors was a reliable index of energy expenditure across the 105 
individuals monitored for activity over the study period.

3.2 | Daily energy expenditure of dispersing versus 
philopatric individuals

The retained model describing variation in daily VeDBAactivity in-
cluded the three‐way interaction between phase, sex and dispersal 
status, with individual identity and year as random effects on the 
intercept (AIC weight  =  0.842, Table S3.1 in Appendix S3). Based 
on this model, dispersers had a daily VeDBAactivity which was 21.7% 
higher, on average, than philopatric individuals during the transience 
phase (mean daily VeDBAactivity  ± SE: 41.9 ± 3.4 for dispersers vs. 
34.4  ±  2.9 for philopatric individuals) and 10.4% higher, on aver-
age, during the post‐dispersal phase (mean daily VeDBAactivity ± SE: 
34.8 ± 3.1 for dispersers vs. 31.6 ± 2.8 for philopatric individuals, 
Figure 2). This difference in daily VeDBAactivity between dispersers 
and philopatric individuals was globally more pronounced among fe-
males (28.5% and 19% for the transience and post‐dispersal phases, 
respectively) than among males (15.7% and 3.4% for the transience 
and post‐dispersal phases, respectively). In contrast, there was no 
difference in daily VeDBAactivity between dispersers and philopat-
ric individuals during the pre‐dispersal phase. Finally, in philopatric 
individuals, males had a daily VeDBAactivity that was 14.9% higher, 
on average, than females across all phases, whereas for dispersers, 

F I G U R E  1  Relationship between average daily VeDBA 
generated from acceleration sensors and those generated from 
activity sensors. Points are observed values, and the line represents 
the best‐fit linear model (with the identity of the individual included 
as a random factor). Abbreviation: VeDBA, vector of dynamic body 
acceleration

F I G U R E  2  Variation in daily VeDBAactivity for disperser and 
philopatric males and females across the three phases of dispersal. 
Points (and bars) represent predictions (and associated 95% 
confidence intervals) of the retained model including the three‐way 
interaction between dispersal phase, sex and dispersal status, with 
individual identity and year as random effects on the intercept. 
Abbreviation: VeDBA, vector of dynamic body acceleration



     |  7Journal of Animal EcologyBENOIT et al.

the difference between the sexes was less pronounced and varied 
among phases. Indeed, males had a daily VeDBAactivity that was 9.8% 
higher, on average, than females during the pre‐dispersal phase and 
3.7% higher, on average, during the post‐dispersal phase, but there 
was no detectable difference between the sexes during the transi-
ence phase of dispersal. When we performed the equivalent analy-
sis using variation in daily VeDBAacceleration as our proxy of energy 
expenditure, we obtained very similar results, indicating that energy 
expenditure was higher for dispersers than for philopatric individu-
als essentially during the transience phase (Appendix S4).

3.3 | Daily mobility of dispersing versus philopatric 
individuals

The retained model describing variation in daily mobility included 
the Julian date (relative to median date of transience) and dispersal 
status, with individual identity and year as random effects on the 
intercept (AIC weight = 1, Table S3.2 in Appendix S3). According to 
this model, daily mobility varied markedly in relation to dispersal sta-
tus, particularly around the median date of transience, such that dis-
persers were much more mobile than philopatric individuals during 
transience (Figure 3). For example, at the median date of transience, 
dispersers had a daily mobility that was 63% (i.e. 0.94 km) greater 
than philopatric individuals (mean daily mobility ± SE: 2.44 ± 0.13 km 
for dispersers vs. 1.50 ± 0.07 km for philopatric individuals).

3.4 | The circadian rhythm of dispersal and of its 
energetic costs

The retained models describing time‐related variation in hourly 
VeDBAactivity and hourly mobility over the circadian cycle included a 
separate smoothed effect (i.e. a separate cyclic cubic spline) for time 
of the day for each phase and each dispersal status, with individual 
identity and year as random effects on the intercept (AIC weight = 1 
for both models of hourly VeDBAactivity and hourly mobility, Tables 
S3.3 and S3.4 in Appendix S3). Overall, according to these models, 
both hourly VeDBAactivity and hourly mobility fluctuated over the 
circadian cycle and across all three phases of dispersal for both dis-
persers and philopatric individuals. In particular, for both dispersers 
and philopatric individuals, hourly VeDBAactivity was much greater at 
dawn and dusk across all phases (Figure 4). However, at dawn during 
the transience phase, dispersers had an hourly VeDBAactivity that was 
22.7% higher, on average, than philopatric individuals (at 5 a.m., mean 
hourly VeDBAactivity  ± SE: 70.8  ±  3.3 for dispersers vs. 57.7  ±  2.8 
for philopatric individuals, Figure 4c). In a similar way, during the 
pre‐dispersal phase, hourly mobility was similarly greater at dawn 
and dusk for both dispersers and philopatric individuals, whereas 
dispersers were markedly more mobile than philopatric individuals 
during the transience phase, especially at dawn (at 5 a.m., dispers-
ers had a hourly mobility that was 111.7% (i.e. 0.10 km) higher than 
philopatric individuals, mean hourly mobility ± SE: 0.19 ± 0.02 km for 
dispersers vs. 0.09 ± 0.01 km for philopatric individuals, Figure 4d).

3.5 | The influence of landscape fragmentation 
on the energetic costs of dispersal transience

The retained model describing variation in daily VeDBAactivity only 
included the proportion of roads, with individual identity and year 
as random effects on the intercept (AIC weight = 0.126, Table S3.5 
in Appendix S3 and Figure 5a). Similarly, the retained model describ-
ing variation in total dispersal distance also only included the pro-
portion of roads (AICc weight = 0.097, Table S3.6 in Appendix S3 
and Figure 5b). Overall, according to these models, dispersers had a 
higher daily VeDBAactivity during the transience phase and covered a 
greater total dispersal distance when the proportion of roads in the 
landscape was higher (29.1 ± 5.1 and 1.03 ± 0.52 km for the smallest 
value of proportion of roads vs. 51.7 ± 7.3 and 25.02 ± 9.70 km for 
the highest value, for daily VeDBAactivity and total dispersal distance, 
respectively). We used a simulation approach on randomly shifted 
and rotated dispersal trajectories to demonstrate that this correla-
tion was unlikely (p < .001) to be due to sub‐structure in the land-
scape (i.e. longer dispersal distances located by chance in areas with 
more roads, see Appendix S5).

4  | DISCUSSION

Natal dispersal entails costs which accumulate across the three 
phases of dispersal and likely play a crucial role in determining 

F I G U R E  3  Variation in daily mobility of dispersers and 
philopatric individuals during the days preceding and following 
the median date of transience. Lines (and dotted lines) represent 
predictions (and their associated 95% confidence interval) of the 
retained model which included a smoothed effect of time before/
after the median date of transience which differed between 
dispersal status, with individual identity and year as random effects 
on the intercept. Points represent observed values averaged per 
day and dispersal status
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subsequent individual performance (Bonte et al., 2012). Because 
dispersal is a key process enabling wildlife to adjust to rapid human‐
driven alterations of the environment (Kokko & López‐Sepulcre, 

2006), quantifying dispersal costs is paramount for addressing the 
evolutionary ecology of this behaviour. Here, we showed that dis-
persing roe deer incur higher levels of energy expenditure due to 

F I G U R E  4  Circadian variation in 
hourly VeDBAactivity (a,c,e) and hourly 
mobility (b,d) of dispersers and philopatric 
individuals during pre‐dispersal (a,b), 
transience (c,d) and post‐dispersal 
(e). Lines (and dotted lines) represent 
predictions (and their associated 95% 
confidence intervals) of the retained 
models which both included a smoothed 
effect of time of the day (hour) which 
differed between dispersal status and 
dispersal phases, with individual identity 
and year as random effects on the 
intercept. Points represent observed 
values averaged per hour and dispersal 
status. Grey bars indicate twilight. 
Abbreviation: VeDBA, vector of dynamic 
body acceleration

F I G U R E  5  Variation in daily VeDBAactivity during the transience phase (a) and total dispersal distance (b) in relation to the proportion 
of roads in the landscape. Lines (and dotted lines) represent predictions (and their associated 95% confidence intervals) of the retained 
models which included the proportion of roads, with individual identity and year as random effects on the intercept for the model describing 
variation in daily VeDBAactivity. Points represent observed values averaged per individual (a) and observed value per each individual (b). 
Abbreviation: VeDBA, vector of dynamic body acceleration
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higher levels of activity and mobility, essentially during the transi-
ence phase, which were particularly elevated in fragmented areas of 
the landscape. Estimated dispersal costs were of a similar magnitude 
in males and females, but were especially pronounced at dawn dur-
ing transience, indicating that roe deer mostly disperse at this time 
of the day.

Estimating energy expenditure in the wild has proved a method-
ological challenge that is currently being solved by the rapid develop-
ment of animal‐borne biologgers which reliably measure movements 
and dynamic acceleration of the body at a fine temporal scale (Gleiss 
et al., 2011). Using this approach in combination with simultaneous 
intensive GPS monitoring, we were able to derive two complemen-
tary measures of energy expenditure linked to activity and mobility 
which provided consistent evidence of substantial dispersal costs 
in this system. The VeDBA provides an informative proxy of field 
metabolic rate (Grémillet et al., 2018; Miwa et al., 2015). We first 
showed that this proxy provided equivalent information whether de-
rived from true acceleration data or from data generated by activity 
sensors (Figure 1), allowing us to infer energy expenditure for a rela-
tively large sample of juveniles across the three phases of dispersal. 
The VeDBA integrates energetic costs across behaviours, including 
locomotion, but also other behaviours such as feeding or groom-
ing (Graf, Wilson, Qasem, Hackländer, & Rosell, 2015). It does not, 
however, incorporate the energetic costs of any process that does 
not involve motion, such as those linked to maintaining the immune 
system or thermoregulation (Grémillet et al., 2018). Thus, it is diffi-
cult to predict how a given increase in the VeDBA‐based estimate of 
daily energy expenditure will translate into daily metabolic rate and, 
consequently, the expected effect on individual condition over the 
short term. However, because VeDBAaccelerometry has been shown to 
be informative in a large number of taxa and for different types of 
locomotion (Miwa et al., 2015; Qasem et al., 2012), it appears likely 
that VeDBAactivity has similar qualities and limitations and may, there-
fore, reliably index energy expenditure within and across taxa which 
use the same modes of locomotion.

While dispersal costs have previously been inferred from ob-
servations of a post‐dispersal decrease in fitness‐related traits such 
as survival, body condition or reproductive success (e.g. Wiens, 
Noon, & Reynolds, 2006), our study is the first, to our knowledge, 
to provide a direct comparison of energy expenditure between 
dispersers and philopatric individuals across the entire dispersal 
process. In particular, in support of our first prediction, we showed 
that dispersing roe deer were ca. 22% more active (Figure 2) and 
covered ca. 63% greater distance per day during the peak of tran-
sience (Figure 3) compared to philopatric individuals. By definition, 
transience involves movement away from the natal range (Clobert 
et al., 2001) and is therefore likely to involve increased mobility, al-
though this is not necessarily so (Hovestadt, Binzenhöfer, Nowicki, 
& Settele, 2011). However, the transience phase is also associated 
with additional costs in terms of moving through unfamiliar and po-
tentially risky environments which likely increase stress and daily 
energy requirements (Bonte et al., 2012). Dispersal costs during the 
pre‐dispersal phase have been inferred in many insects which must 

develop appropriate wing morphology prior to departure, impacting 
condition and subsequent fecundity (e.g. Crnokrak & Roff, 2000), 
while loss of social rank during settlement is frequently reported in 
birds (e.g. Jeugd, 2001). However, transience is likely the most costly 
part of the process in many organisms. Indeed, we found little or 
no differences in activity or mobility between dispersing and philo-
patric roe deer during the pre‐dispersal and post‐dispersal phases, 
although there was some evidence that higher levels of energy ex-
penditure among dispersers persisted into the post‐dispersal phase 
in females (Figures 2 and 3). This latter result does not support our 
prediction of higher settlement costs in males due to intra‐sexual 
competition for territories (Wahlström, 1994). We speculatively sug-
gest that this could be linked to aggressive female–female interac-
tions with resident female adults that are caring for their newborn 
young at this time of year (Maublanc et al., 2012). To better under-
stand the cognitive processes that trigger departure and settlement, 
it would be informative to investigate the fine‐scale temporal dy-
namics of energy expenditure during the period immediately pre-
ceding and following transience at the individual scale.

Metabolic rate is tightly linked to body size at both inter‐  and 
intra‐specific levels (Brown, Gillooly, Allen, Savage, & West, 2004). In 
our study, irrespective of whether they dispersed or not, males gen-
erally had slightly higher levels of overall activity (Figure 2), but they 
were not more mobile. This result was to be expected given that the 
roe deer is a weakly polygynous ungulate (Vanpé et al., 2008) with 
a low level of sexual dimorphism (Hewison et al., 2011). However, 
in support of our third prediction, there was no sex difference in 
levels of energy expenditure among dispersers during transience, 
suggesting that the high costs incurred during this phase can swamp 
any underlying differences between the sexes due to metabolic 
or behavioural factors (Stache, Heller, Hothorn, & Heurich, 2013). 
Additionally, notwithstanding the peak in estimated energy expendi-
ture for dispersers during transience, we observed a marked general 
decrease in both activity and mobility across the monitoring periods 
(Figures 2 and 3). We interpret this gradual decline as a response to 
seasonal variation in resource availability (cf. Krop‐Benesch, Berger, 
Hofer, & Heurich, 2013), which increases from March to June in this 
landscape and has been shown to strongly determine home range 
size in roe deer (Morellet et al., 2013).

Because dispersing individuals encounter unfamiliar and po-
tentially hostile matrix habitat, they should adjust their behavioural 
rhythms during transience to minimize costs (Bonte et al., 2012). In 
this highly anthropized landscape, where natural predators are ab-
sent (except for fox Vulpes vulpes predation on fawns during the first 
month of life), we predicted that roe deer would concentrate their 
movement and activity during the night so as to avoid human‐related 
sources of risk (cars, dogs) and disturbance (other activities). Instead, 
we found clear evidence that, compared to philopatric animals, dis-
persers had higher levels of both activity and mobility almost exclu-
sively during dawn (Figure 4). Large herbivores show a pronounced 
circadian rhythm across species (Ensing et al., 2014) and contexts (e.g. 
predator presence: Bonnot et al., 2016; photic conditions: Arnold et 
al., 2018), with activity peaks at dawn and dusk modulated by both 
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internal physiological state (Daan, Honma, & Honma, 2013) and exter-
nal environmental conditions (e.g. Pohl, 1998). Our results indicate that 
almost all additional energy expenditure attributable to the costs of 
transience is concentrated within a few hours of the day, around sun-
rise. Hence, it seems that the circadian clock (sensu Dibner, Schibler, & 
Albrecht, 2010) influences how the costs of dispersal are accounted for 
in this system. Further work is required to understand why dispersal 
seems to be synchronized at dawn, but we suggest that this could be 
a risk management tactic to avoid human disturbance, which is higher 
during the day, combined with increased feeding requirements to off-
set the costs of transience. Indeed, dispersing roe deer appear to be 
considerably less active during daytime (see Figure 4), probably be-
cause they avoid moving in unfamiliar habitat during the riskiest part of 
the day. They may, therefore, be constrained to feed more intensively 
during the night prior to continuing their dispersal transience the fol-
lowing dawn during daylight. In any case, given that road kills are likely 
a common form of cost for dispersing animals in human‐dominated 
landscapes (e.g. Massemin et al., 1998), these results are likely to have 
important implications for predicting and mitigating road traffic acci-
dents involving roe deer which peak during the spring season due to ju-
venile dispersal (Lagos, Picos, & Valero, 2012). Importantly, our results 
indicate that the energetic costs of dispersal transience are influenced 
by landscape fragmentation. Indeed, both daily energy expenditure 
during transience and the total dispersal distance were higher for 
individuals that dispersed through a local landscape with a high road 
density (see Figure 5). This last relationship could arise either because 
animals disperse greater distances in areas with more roads or because 
those animals that disperse greater distances encounter a greater den-
sity of roads. According to our simulations (see Appendix S5), we found 
strong support for the hypothesis that this relationship is driven by ani-
mal behaviour. These results suggest that a high level of anthropization 
imposes a high daily energetic burden on dispersers during transience, 
as they must locate stop‐over refuges which are sparsely distributed 
in the landscape to rest during daytime, and ultimately forces them to 
travel further to locate a suitable settlement range. As a result, disper-
sal appears to be more costly in human‐dominated landscapes. Future 
work comparing dispersal movements among species along a gradient 
of anthropization within the framework of the Euroungulates initia-
tive (www.eurou​ngula​tes.org) will advance our understanding of how 
global change is likely to impact the spatial distribution of large herbi-
vores at the continental scale by modifying dispersal costs in human‐
dominated landscapes.

While our study provides support for the general hypothesis 
that natal dispersal is energetically costly (Bonte et al., 2012), fur-
ther analyses are required to investigate the fitness consequences of 
these costs. Establishing a detailed ethogram of dispersing animals 
using increasingly sophisticated analyses of acceleration data will be 
an important next step for understanding the behavioural basis of 
increased energy expenditure during dispersal and, hence, the exact 
nature of the associated costs (Williams et al., 2014). Dispersal has 
evolved because the benefits in terms of reduced inbreeding and 
competition for resources and/or mates often exceed the potential 
costs (Clobert et al., 2001). However, in the current context of global 

change, landscape fragmentation likely substantially increases the 
costs of dispersal (Fahrig, 2007), altering predicted evolutionary out-
comes for dispersal behaviour (Travis & Dytham, 1999) and, there-
fore, metapopulation dynamics.
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