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Non-consumptive effects of predators result from the cost of responses to perceived risk. Prey modulate risk exposure 
through flexible habitat selection at multiple scales which, in interaction with landscape constraints, determines their use 
of risky habitats. Identifying the relative contributions of landscape constraints and habitat selection to risk exposure is a 
critical first step towards a mechanistic understanding of non-consumptive effects. 

Here, we provide an integrative multi-scale study of roe deer spatial responses to variable hunting pressure along a 
landscape gradient of open habitats and dispersed refuges. Between low-risk and high-risk periods, we investigated shifts in 
1) home-range location, 2) probability of using risky habitats (between-habitat scale) and 3) distance to the nearest refuge 
(within-habitat scale). For 2) and 3), we disentangled the contributions of landscape constraints and habitat selection to 
risky habitat use. 

We found that when risk was high, roe deer did not shift their home-range, but generally decreased their use of risky 
habitats, and sometimes reduced their distance to cover (particularly older animals). There was a functional response in 
between-habitat selection, with animals living in more open landscapes responding more than those living in landscapes 
with more refuges. However, individuals living in more open landscapes avoided open risky habitat less. Finally, we found  
that among-individual variation in risk exposure was generally, but not always, minimized by habitat selection across  
gradients of landscape constraints. 

To our knowledge, this is the first study simultaneously documenting prey responses to risk at the within-habitat,  
between-habitat and home-range scales. Our results support the view that between-habitat selection acts at a higher hierar-
chical level than within-habitat selection, and provide a framework for disentangling the contributions of habitat selection 
and landscape constraints to risk exposure. Selection cannot always compensate for landscape constraints, indicating a need 
for further investigation of the processes underlying habitat selection.

Predators may dramatically affect prey fitness and popula-
tion dynamics via non-consumptive effects that are the direct 
result of the costs of responding to perceived risk (Brown  
et al. 1999, Preisser et al. 2005, Zanette et al. 2011).  
Estimating the magnitude and the temporal and spatial 
scales of these responses is a first step towards building a 
mechanistic understanding of the extent of non-consump-
tive effects. Numerous anti-predator behaviours exist (Lima 
and Dill 1990, Caro 2005), but modification of space use 
appears to be one of the most widespread (Dussault et al. 
2005, Creel et al. 2005, Sih 2013) and, therefore, warrants 
particular attention.

Animals often respond to increased risk by reducing their 
use of the most risky habitats in favour of safer, but poten-
tially less profitable, habitats (Lima and Dill 1990, Brown 
and Kotler 2004). This has been shown repeatedly, both  
in the laboratory and in the wild, with examples ranging  

from snails that use food-deprived refuges more when 
exposed to predator cues (Wojdak 2009) to Yellowstone elk 
that move into the protective cover of wooded areas when 
wolves are present, thus limiting their access to grassland, a  
high quality, but risky, habitat (Creel et al. 2005). A similar  
response has been observed in animals living in human-
dominated landscapes where they adjust their habitat selec-
tion to variation in disturbance or hunting (Proffitt et al. 
2009, Tolon et al. 2009, Ciuti et al. 2012a). These changes 
in space use in response to perceived risk are important at the 
ecosystem level as they may redistribute prey foraging across 
the landscape and so have cascading effects on lower trophic 
levels (Ford et al. 2014).

Spatial shifts in response to perceived risk may occur  
at various scales however. When risk increases locally, a prey 
can 1) leave its usual range for an area where the perceived 
risk of predation is lower (location shift of the home range 
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(HR hereafter); Dussault et al. 2005, Tolon et al. 2009, or 
2) spend more time in neighbouring, but safer, habitats 
(between-habitat shift within the HR; Tolon et al. 2009, 
Bonnot et al. 2013), and/or 3) use risky habitats more cau-
tiously, staying closer to refuges and adjusting vigilance levels 
in relation to the distance to the nearest refuge (within-
habitat shift; Benhaiem et al. 2008, Cresswell et al. 2010, 
Hof et al. 2012). These responses may depend on the tem-
poral scale at which the level of risk varies (Godvik et al. 
2009, Sönnichsen et al. 2013). While the literature contains 
examples of each of these levels of response independently 
(Dussault et al. 2005, Creel et al. 2005, Wojdak 2009, Hof 
et al. 2012, Bonnot et al. 2013), we are not aware of any 
study which has simultaneously assessed their occurrence in 
a single population.

Exposure to risk is ultimately determined by the actual 
use of risky habitats. The contribution of the different spatial 
responses described above can, thus, only be understood by 
investigating to what extent these strategies modify the use 
of risky habitats compared to a random use of the landscape  
(McLoughlin et al. 2005, Gaillard et al. 2010). In the  
context of habitat selection tradeoffs between forage and 
cover, it is now acknowledged that selection for safe locations 
may increase when these become rarer (functional response 
in habitat selection: Mysterud and Ims 1998, Godvik et al. 
2009). It remains unknown, however, whether habitat selec-
tion strategies fully compensate for landscape constraints to 
the point that exposure to risk becomes similar across indi-
viduals living in contrasted landscapes. A comprehensive 
analysis of the risk management strategy of prey and its effect 
on exposure to risk therefore requires that we study how the 
use of risky habitats in contrasted landscapes results from the 
interaction between 1) landscape-level constraints (i.e. avail-
ability and configuration of risky and refuge habitats) and 2) 
habitat selection behaviour.

We used this framework to study how spatial responses  
determine risk exposure in roe deer Capreolus capreolus dur-
ing periods when hunting by humans was either low or high. 
Commonly considered as a woodland species (Andersen 
et al. 1998), its recent expansion in Europe has shown the 
remarkable ability of the species to colonize a wide variety of  
habitats, which include open agricultural plains with wood-
land remnants (Hewison et al. 2001). In the absence of  
large predators, hunting is the greatest cause of mortality for 
adult roe deer. Here, we provide a multi-scale study of the 
spatial responses of roe deer to increased hunting pressure 
by investigating 1) HR-location shift, as well as 2) between- 
and 3) within-habitat shifts within the HR. For responses 2) 
and 3), we disentangled the contribution of landscape con-
straints and selection in determining the use of risky habitat. 
We predicted that:

roe deer, which are known to be mostly sedentary animals 1) 
over much of their range (Hewison et al. 1998, Cagnacci 
et al. 2011), would respond to increased risk by making  
minor HR shifts so as to increase the proportion of  
refuges in their HR.
roe deer would modify their between- and within-habitat 2) 
selection in response to temporal and spatial variation  
of risk in order to 1) avoid risky areas more during 
the high-risk period and during daytime, particularly 

when close to sources of human disturbance (roads and  
housing), 2) remain closer to refuges in risky areas dur-
ing the high-risk period and during daytime, particularly 
when close to roads and housing.
the response of an individual deer would be modulated 3) 
by the availability of refuges within their HR: individuals 
with fewer refuges in their HR should be more exposed 
to risk and should therefore respond more strongly than 
those with more refuges in their HRs.
younger deer, with less experience of hunting, should be 4) 
less able to adjust to changes in hunting levels than older 
deer (Loehr et al. 2005).

Material and methods

Study area

The study area (Fig. 1) is located in the southwest of France 
(43°17′N, 0°53′E) and covers 11 800 ha of gently hilly rural 
country dominated by crops and meadows (ca 33 and 37% 
of the area respectively). There are two large forests (743 and 
475 ha), but otherwise woodland is present as small copses 
(2.98  4.28 ha mean  SD, maximum: 102 ha; data from 
2012) covering ca 20% of the area. Many of these wood-
lands are connected by a network of hedgerows (ca 4% of the 
area). The human population (19.5 inhabitants per 100 ha in 
2011) is spread throughout the area in small villages, farms 
and isolated houses. An extensive network of small roads 
exists; it is mostly used for local traffic. Hunting is common, 
with around 10% of the eligible people owning a hunting 
license (unpubl. data from the Hunting Regional Agency). 
Roe deer hunting is permitted by stalking from 1 June to the 
second week-end of September. After that, drive hunting is 
allowed until February. Drive hunts with dogs is the most 
common hunting technique used in the area. Stalk-hunting 
is less frequent and is a much lower source of mortality than 
drive-hunting with dogs in our study area. It is also far less 
disturbing (Grignolio et al. 2011). Hunters are not specifi-
cally instructed to avoid killing marked roe deer, and of 83 
marked roe deer killed by people, 13% were poached (64% 
male), 14% were stalked during summer (92% male) and 
73% were shot during the general open season (52% male). 
We estimate that ca 14% of the population is removed by 
hunting each year (Hewison et al. 2007; unpubl. data from 
the Hunting regional Agency).

Mapping risky habitats and refuges

In our study area, forests and hedgerows provide cover and 
some food, whereas more open habitats (meadows, crops) pro-
vide more abundant and/or higher quality food, although this 
can be highly variable among seasons (Hewison et al. 2009, 
Morellet et al. 2011, Abbas et al. 2013, Bonnot et al. 2013). 
Open habitats are presumed more risky where hunting occurs 
(Kilgo et al. 1998, Lone et al. 2014). Therefore, we defined 
woodlands and hedgerows as refuges and meadows or crops as 
risky habitats (Fig. 1). We used ground observations collected 
from 2004 to 2012 together with ortho-rectified aerial photo-
graphs (2006 and 2009, precision  0.5 m) to create annual 
binary habitat maps of refuges and risky habitats.
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Figure 1. Map of the study area (in 2009), located in the Comminges region in southwestern France. Refuges (forest and hedgerows; grey 
areas), risky habitats (open habitats; white areas), villages (black squares) and roads (grey lines) are shown. The inset shows the location in 
France.

Acquisition of location data

From 2003 to 2012, we captured roe deer every winter using 
drive nets (details in Bonnot et al. 2013). Animals were sexed 
and aged from their dentition (see Hewison et al. 1999 for 
limitations). During this period, 278 animals were equipped 
with a GPS collar before being released on site. Collars took 
one location every 4 h (from 4 a.m.) in 2003/2004, and 
every 6 h (from 6 a.m.) the following years.

We investigated the response of roe deer to a sudden 
increase in risk by comparing their space use strategies dur-
ing the stalking-only period (hereafter referred to as the 
low-risk period) and the following general (drive hunt and 
stalking) hunting period (hereafter referred to as the high-
risk period). Several studies have shown that ungulates 
may respond rapidly to the onset of hunting (Kufeld et al. 
1988, Williams et al. 2008, Le Saout et al. 2014), includ-
ing roe deer in this population (Bonnot et al. 2013). To 
minimise confounding effects of seasonal changes in food 
availability and deer spatial behaviour (Hewison et al. 
1998), we focused on a 10-week period, that included 
a low-risk period extending from 20 August to the sec-
ond weekend of September and a high-risk period that 
extended from the second weekend of September to 31 
October. Overall we do not think that food availability 
changed significantly during the study period. As an indi-
cator, in 2012, 77% of meadows and crops were harvested 
before the study period, 11.2% during the low-risk period 
and 12% during the high-risk period.

Data selection

We excluded from the analysis individuals that ranged outside 
of the mapped area, had more than 10% of missing fixes, or 
for which the GPS collar ceased to function before the end of 
the study period. We also excluded individuals that lived almost 
exclusively in the large forests and for which we had too few loca-
tions in risky habitats, causing convergence issues during model 
fitting. To avoid pseudo-replication we only retained one year 
of monitoring when several (usually 2) were available (n  11 
individuals). We excluded 2 year-old individuals because of 
low sample size (n  10). We thus focused on the comparison 
between yearlings (inexperienced; n  32) versus   3-years 
old (experienced; n  52) individuals. Finally, we removed 
the  1% of fixes which were considered aberrant following the 
criteria of Bjørneraas et al. (2010) so that we obtained an aver-
age of 61.9  32.8 fixes (mean  SD) per individual during the 
low-risk period and 159.0  37.2 fixes (mean  SD) during the 
high-risk period.

Data analysis

We investigated the three possible spatial responses of roe 
deer to an increase in risk: 1) a shift in the location or size 
of the HR so as to increase the ratio of refuge/risky habi-
tats or reduce the distance to housing, roads, or refuges,  
2) a decrease in the probability of using risky habitats and  
3) a decrease in the distance to the nearest refuge when using 
risky habitats.
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not provide a quantification of the contribution of selection 
to variation in exposure to risk (i.e. the use of risky habitats)  
when the proportion of risky habitats (i.e. landscape con-
straints) varies greatly among individuals (McLoughlin  
et al. 2005, Gaillard et al. 2010). Therefore, here, 1) we 
estimated Prisk by fitting model 1 to the GPS location data 
included inside the HR; 2) we evaluated landscape con-
straints by estimating the relationships between Prisk and 
explanatory variables under the assumption of random space 
use. We did so by fitting model 1 to random locations within 
HRs, repeating the process 1000 times, and computing for 
each predictor the 95% CI of its regression estimate. We 
investigated whether shifts in HR location between low- and 
high-risk periods modified landscape constraints by evaluat-
ing wether the relationship between Prisk and the explana-
tory variables varied between periods under the assumption 
of random space use. Finally, we estimated 3) the contri-
bution of habitat selection to minimising risk exposure by 
computing the difference between Prisk obtained in 1) and 
2), using 1000 repetitions to obtain a 95% CI of the differ-
ence. Indeed, the difference between use and availability of 
risky habitats (e.g. marginality, Calenge et al. 2005) directly 
measures the extent to which habitat selection contributes to 
modify risk exposure of individuals living in landscapes with 
varying proportion of risky habitats. The ratio between use 
and availability, which measures the strength of habitat selec-
tion rather than its effect on the use of risky habitats, was 
also computed and presented as complementary information 
for interpreting risk management strategies. A predictor was 
considered to have a significant effect on the contribution 
of habitat selection to the use of risky habitats when its esti-
mate from model 1 fitted on the GPS data was not included 
in the 95% CI built from the 1000 repetitions of model 1 
fitted to the data randomized within the HR. Analyses were 
conducted using the sp, rgeos, rgdal and glmmML package for 
R (Pebesma and Bivand 2005, Bivand et al. 2011, Broström 
et al. 2011, Bivand and Rundel 2013).

3. Distance to a refuge when using risky habitats
We hypothesized that when risk is higher, roe deer would 
reduce their use of locations which are far from a refuge in 
favour of locations that are close to a refuge. Using quan-
tile regressions, we estimated the distances closest (lowest 
quantiles), intermediate, and farthest (highest quantiles) to 
a refuge when using risky habitats, and how these were 
influenced by the risk period and other predictors. Quan-
tile regressions model the change in any quantile (com-
pared to the mean in classical regression) as a function of 
a set of predictors (Davino et al. 2013). This tool is par-
ticularly useful for understanding changes at the edges of a 
distribution (e.g. extreme behaviours, or extreme distances 
in our study), which can be more informative than changes 
in the mean response (Chamaillé-Jammes and Blumstein 
2012). We modelled the distance to a refuge when using 
risky habitats using a mixed quantile regression, with 
animal identity as a random effect on the intercept. The 
model was fitted to the 0.1 to the 0.9 quantiles, using 0.1 
increments, of the distance to a refuge, and included the  
same explanatory variables as in model 1. We used the same 
approach as in 2) to estimate use, landscape constraints and 
contribution of selection, and to assess the significance of 

We studied how the occurrence and strength of these 
responses were influenced by the availability of refuges 
within an individual’s HR (i.e. thus testing for a functional 
response), or the distance to roads and housing. We also 
studied the influence of age (yearlings versus   3-years 
old), used as a proxy for experience. When relevant (for 2) 
and 3)), time of day, categorized as dawn or dusk (2 h before 
and after sunrise and sunset respectively), day or night, was 
also taken into account. Finally, we controlled for the influ-
ence of sex in the different analyses, although we did not 
have any a priori hypotheses to test in this regard as both 
sexes have similar feeding habits and body size.

1. HR shifts
We defined HRs (for both low- and high-risk periods) as the 
area within the 90% isopleth of the utilization distribution 
estimated using the standard location-based kernel method 
(with a smoothing parameter h  120m selected using least-
squares cross-validation). We calculated HR overlap between 
periods as the proportion of the HR area used during the 
low-risk period which was also used during the high-risk 
period. We used a linear model to study how this HR over-
lap varied as a function of sex and age, and in relation to 
the proportion of refuges, the average distance to roads and 
the average distance to housing in the low-risk period HR. 
We computed the 95% confidence intervals (95% CI) of 
regression coefficients using a bootstrap approach to account  
for the non-normality of the distribution of overlaps.  
We considered a predictor i to have a significant effect when 
the 95% CI of its regression coefficient did not include 0. 
Analyses were performed using the adehabitatHR package 
for R (Calenge 2006,  www.R-project.org/ ).

2. Probability of using risky habitats
We modelled the probability of using risky habitats (Prisk 
hereafter) using a mixed logistic regression with a logit link 
and animal identity included as a random effect on the inter-
cept. The hunting period was included as a fixed effect. We 
accounted for the effects of sex, age, time of day (TOD), 
distance to roads and to housing, and proportion of refuges 
within the HR, and allowed them to vary between the low- 
and high-risk periods:

Prisk   f(Period  Sex  Age  TOD  distHouse   
distRoads  PropRefuge  Period : (Sex  Age  
TOD  distHouse  distRoads  PropRefuge)) (1)

A predictor could have a significant effect on Prisk because it 
actually induced a behavioural change in habitat selection 
leading to a change in the probability of using risky habitats, 
but also simply because there is a spatial auto-correlation 
between habitats and the predictor. For instance, forests are  
generally far from housing and roads, so even if a deer  
uses the available habitats within the HR randomly, the  
probability of using risky habitats would likely depend on 
the distance to roads and housing, and this would change 
between hunting periods if HR shifts led to changes in with-
in-HR habitat availability. One could use a resource selec-
tion function (RSF) approach to directly study the strength  
of habitat selection, accounting for changes in availability. 
Estimating the strength of selection using RSFs, however, does 
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predictor effects. Analyses were conducted using the lqmm 
package for R (Geraci 2014).

For analyses 2) and 3), and unless otherwise stated, the 
effect of risk period on the response variable is depicted  
using model coefficients for yearling females, during day-
time, situated at 200 meters from a road and housing and 
with 50% refuges inside the HR.

Results

HR shifts

The proportion of the low-risk period HR which was still 
used during the high-risk period was almost always higher 
than 80% (Supplementary material Appendix 1 Fig. A1). 
The level of HR overlap between periods was independent  
of age, sex, proportion of refuge areas inside the HR,  
distance to roads or housing (Supplementary material 
Appendix 1 Table A1). Mean HR size, however, increased 
from 69.8  27.3 ha (mean  SD) during the ca 25 days of 
the low-risk period to 92.6  40.3 ha during the last 25 days 
of the high-risk period (Wilcoxon sign-rank test W  2003, 
p  0.001; 96.0  47.5 ha when considering the whole 50 
days of the high-risk period).

The analysis of the probability of using risky habitats 
under the assumption of random space use revealed that the 
proportion of refuges in the HR did not depend on sex or 
age (Table 1), and that the minor changes observed in HR 
location or the increase in HR size between periods did not 
modify landscape constraints (i.e. the proportion of refuges 
available, distance to roads and housing, distance to a refuge 
when using risky habitats, Table 1, Fig. 3b, 4c–d, 5).

Probability of using risky habitats

When risk was low, roe deer avoided risky habitats during 
the day, but selected them during dawn, dusk and at night 

Table 1. Model estimates for the effects of predictors on the probability of using risky habitats, estimated with actual GPS data (use), and  
on locations randomly relocated within the HR (availability). Randomization was conducted 1000 times, and the interval including 95%  
of the estimates is shown. Predictors in bold are those for which the estimate for actual data (use) was not included in the interval obtained 
from random data (availability), and these predictors were thus considered to have a significant effect on the contribution of selection in 
determining exposure to risk.

Availability Use

(Intercept) 2.3 [2.06:2.54] 1.05
Period  high-risk 0.15 [0.15:0.47] 0.56
sex  male 0.09 [0.03:0.22] 0.23
age   3 0.07 [0.06:0.2] 0.16
TOD  night 0.01 [0.15:0.14] 2.08
TOD  dawn 0.05 [0.26:0.36] 1.77
TOD  dusk 0.05 [0.23:0.36] 2.38
distRoads 0.0008 [0.0015:–0.0001] 0.0001
distHouse 0.0016 [0.0022:–0.001] 0.0002
propRefuges 3.78 [4.37:–3.22] 4.9
interaction with risk period (high-risk) sex  male 0.07 [0.23:0.08] 0.18

age   3 0.03 [0.19:0.14] 0.17
TOD  night 0.01 [0.17:0.16] 0.29
TOD  dawn 0.05 [0.46:0.35] 0.65
TOD  dusk 0.05 [0.43:0.28] 0.99
distRoads 0.0001 [0.0007:0.0009] 0
distHouse 0.0005 [0.0011:0.0002] 0.0011
propRefuges 0.16 [0.52:0.86] 1.48

Figure 2. (a) probability of using risky habitats at different times of 
the day during the low-risk (open squares) and high-risk (filled 
squares) periods, as estimated by fitting model 1 to GPS data; (b) 
contribution (mean  95% CI) of habitat selection to the use of 
risky habitats, defined as the difference between the actual probabil-
ity of using risky habitats (a), and the probability of using risky 
habitats under a random use of HRs, obtained by fitting model 1 to 
GPS locations randomly relocated within the HR. Randomization 
was conducted 1000 times and used to estimate the mean and 95% 
CI of the contribution of habitat selection to use. The probability 
of using risky habitats under a random use of HRs is not shown as 
it does not change with time of day, and takes a value of 0.50  0.02 
for this reference individual; this also means that the strength of 
habitat selection (measured as use/availability) is proportional to 
(a), and it is therefore not shown. All estimates are shown for a 
reference individual (yearling female, at 200 m from housing and 
roads and with 50% of refuges inside its HR).

(Table 1, Fig. 2). After the high-risk period had started, 
use of risky habitats did not decrease during the day, but 
decreased at dawn, dusk and night (Fig. 2a). As landscape 
constraints within HRs did not change between periods, 
this pattern could be attributed to changes in habitat selec-
tion, with selection for risky habitats being maintained only 
at night, but disappearing (or even shifting towards slight 
avoidance) at dawn and dusk (Fig. 2b).

After the high risk period started, habitat selection to 
reduce the use of risky habitats was stronger, but only for 
those individuals living in more risky landscapes, i.e. with 
few refuges in their HRs (Fig. 3). Interestingly, although the 
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Figure 3. (a) probability of using risky habitats as a function of the 
proportion of refuges inside the HR during the low-risk (dashed 
line) and high-risk (full line) periods, as estimated by fitting model  
1 to GPS data; (b) probability of using risky habitats under a  
random use of the HR, obtained by fitting model 1 to random loca-
tions within the HR. Randomization was conducted 1000 times 
and used to estimate the mean and 95% confidence intervals. (c) 
contribution (mean  95% CI) of habitat selection to the use of 
risky habitats, defined as the difference between the actual probabil-
ity of using risky habitats (a), and the probability of using risky 
habitats under random use of the HR (b); the inset shows the 
strength of habitat selection of risky habitats (use/availability).  
All estimates are shown for a reference individual (yearling female, 
during day-time, at 200 m from housing and roads). The histogram 
of the proportion of refuges inside the HR for the population is 
given in Supplementary material Appendix 1 Fig. A2.

strength of the avoidance of risky habitats varied with the 
amount of refuges within the HR (Fig. 3c inset), this avoid-
ance reduced the probability of actually being in risky habi-
tats by a relatively similar amount in all situations along the 
gradient of risk exposure (compared to the magnitude of this 
gradient, compare Fig. 3c with Fig. 3b). Habitat selection 
therefore did not fully compensate for the higher risk of liv-
ing in HRs with more risky habitats, although this compen-
sation was greater during the high-risk period.

In the low- as well as high-risk periods, the probabil-
ity of using risky habitats was independent of distance to 
housing (Fig. 4a), which contrasted with the strong nega-
tive relationship expected under random use of the HR (i.e. 
the availability of risky habitats decreased markedly with 
increasing distance to housing ; Table 1 and Fig. 4c). In this 
case, habitat selection acted to buffer variation in landscape 
constraints (Fig. 4e), as deer avoided risky habitats far more 
strongly when close to housing (Fig. 4e inset). A similar 
result, although less marked, was observed for distance to 
roads (Fig. 4b, d, f ).

During the low-risk period, there was a small but signifi-
cant difference in the use of risky habitats between sexes and 
age classes (Table 1): males used risky habitats slightly more 
than females (ca  4%), and younger roe deer used them 
more than older individuals (ca  2%). We did not detect 
significant differences in the use of risky habitats between 
sexes and age classes during the high-risk period.

Distance to a refuge when using risky habitats

Roe deer seemed to avoid being far from a refuge compared 
to expectations under random use of the HR, although this  
was not always statistically significant due to the high  
uncertainty in some estimates (Table 2, Fig. 5, but see  
Supplementary material Appendix 1 Table A2). Roe deer in 
risky habitats also generally reduced their distance to a refuge 
after the high-risk period had started (Fig. 5); there were no 
differences between sexes, but noticeable differences between 
age classes and times of the day (Table 2, Fig. 5, Supple-
mentary material Appendix 1 Table A2). During day-time, 
roe deer, particularly older individuals, tended to select areas 
closer to refuges compared to expectations from a random 
use of the HR (Table 2, Fig. 5). The magnitude of this dif-
ference did not change significantly between the low- and 
high-risk periods (Table 2, Fig. 5), although there was a clear 
trend for older roe deer to be closer to a refuge in the high-
risk period (Fig. 5). At night, roe deer did not select areas 
closer to refuges (Table 2, Fig. 5), except for older individu-
als during the high-risk period (Fig. 5). At dawn and dusk, 
older roe deer tended to select areas closer to refuges during 
the high-risk period, but not during the low-risk period (not 
shown, Table 2).

Discussion

Scales of response when risk is high

Animals could respond to an increase in predation risk by 
adjusting 1) the location of the HR, 2) the probability of 
using risky habitats within the HR (between-habitat scale) 
and/or 3) the distance to the nearest refuge when in risky 
habitats (within-habitat scale). As expected from the known 
sedentary behaviour of the species (Hewison et al. 1998), roe 
deer did not markedly shift the location of their HRs when 
the high-risk period started. The moderate shifts observed 
did not increase the proportion of refuges, nor reduce other 
landscape constraints (distance to housing, roads) within the 
HR, suggesting that HR location was not adjusted in response 
to increased risk. We cannot be sure that this increase was 
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Figure 4. (a, b) probability of using risky habitats as a function of distance to housing and roads (in meters) during the low-risk (dashed 
line) and high-risk (full line) periods, as estimated by fitting model 1 to GPS data; (c, d) probability of using risky habitats under random 
use of the HR, obtained by fitting model 1 to random locations within the HR. Randomization was conducted 1000 times and used to 
estimate the mean and 95% confidence intervals. (e, f ) contribution (mean  95% CI) of habitat selection to the use of risky habitats, 
defined as the difference between the actual probability of using risky habitats (a), and the probability of using risky habitats under random 
use of the HR (b); insets show the strength of habitat selection of risky habitats (use/availability). All estimates are shown for a reference 
individual (yearling female, during day-time, with 50% of refuges inside its HR).

not partly due to the start of the seasonal decrease in resource 
availability, a strong driver of roe deer HR size (Morellet et al. 
2013), but other studies have also documented an increase in 
HR size when animals are exposed to high-disturbance forms 
of hunting (Williams et al. 2008, Grignolio et al. 2011, Saïd 
et al. 2012). The extent to which this increase in HR size 
results from behavioural choices of the individuals (accessing 
new refuges or exploring areas in the quest of lower risk) (De 
Naugle et al. 1997, Kilgo et al. 1998) rather than unplanned 
movements in response to being regularly disturbed within 
their initial HR (Jarnemo and Wikenros 2013) remains to be 
clarified, however. Overall, for a generally sedentary animal, 
remaining within its HR might be a more efficient risk man-
agement strategy than moving away: indeed, individuals lack 
knowledge about the level of risk, the location of refuges and 
resources outside their usual environment, and this informa-
tion is likely costly to acquire (Spencer 2012).

Our study demonstrates that roe deer within their home 
range responded to increased risk by avoiding risky loca-
tions, both at the between- and within-habitat scales. It is 
well-established that animals adjust habitat selection (Creel 
et al. 2005, Proffitt et al. 2009, Wojdak 2009, Bonnot et al. 

2013) or distance to cover as a function of perceived risk 
(Cresswell et al. 2010, Hof et al. 2012), but, to the best of 
our knowledge, this is the first study to investigate their 
simultaneous occurrence within a single population. Our 
results show that contrasted situations may arise. During the 
day roe deer avoided risky habitat and, when in risky habi-
tats, avoided being far from refuges, irrespective of the level 
of risk. Conversely, at night, roe deer selected risky habitats 
and were either unselective regarding distance to a refuge 
(low-risk period), or avoided being far from a refuge (high-
risk period). We found no situations where roe deer avoided 
risky locations, but accepted high risk when using them (i.e. 
selecting distances far from a refuge). Assuming that the like-
lihood of being killed if hunted increases with distance to 
a refuge, this observation suggests that roe deer will refrain 
from using areas where they have a high chance of maximum 
loss (i.e. death) if attacked, even when an attack is unlikely 
(at night).

The multi-scale response of roe deer to increased risk could 
naturally be considered within the framework of a hierarchi-
cal decision-making process. Within this framework, it is 
usually assumed that individuals select areas to be used at 



1543

Figure 5. Estimated quantiles (from 0.1 to 0.9) of distance to a refuge (in meters) when using risky habitats during day-time and night-time, 
for yearlings and older ( 3-years old) roe deer during the low-risk (dashed line) and high-risk (full line) periods. Estimates were obtained 
by fitting model 1 on actual GPS data. Estimated quantiles of distance to a refuge under random use of the HR was obtained by fitting 
model 1 to random locations within the HR (availability, see text for details). Randomization was conducted 1000 times and used to esti-
mate the mean and 95% confidence intervals. Contribution (mean  95% CI) of habitat selection to the use of risky habitats, defined as 
the difference between the actual probability of using risky habitats (a), and the probability of using risky habitats under random use of the 
HR (b); the strength of habitat selection of risky habitats (use/availability) is shown in Supplementary material Appendix 1 Fig. A3. All 
estimates are shown for a reference individual (female, at 200 m from housing and roads and with 50% of refuges inside its HR).

Table 2. Estimated 0.2th, 0.5th, and 0.8th quantiles of distance to a refuge (in meters) at different times of the day, for yearling and older 
( 3-years old) roe deer during the low- and high-risk periods. Estimates obtained from fitting a mixed quantile regression to actual GPS  
data are shown, with (between brackets) the interval including 95% of the estimates obtained when fitting the same model a 1000 times on 
random locations within the HR (hypothesis of random use of the HR). We also computed Δ, the difference between the estimated distance 
in the high-risk versus the low-risk periods, and used the 1000 models on random data to obtain a 95% CI of this difference under the 
assumption of random use of the HR. Values in bold are those for which the estimate based on actual data is not included in the 95% CI 
based on random data. All estimates are shown for a reference individual (female at 200 m from housing and roads and with 50% of refuges 
inside its HR).

Yearling  3-years old

Quantile 0.2 0.5 0.8 0.2 0.5 0.8

Day Low-risk 
period

5.5 [3.4:11.9] 21.7 [19.1:32] 37.8 [34.8:63.2] 5.4 [3.4:13] 19 [19.7:33.1] 37 [42.1:69.3]

High-risk 
period

7.4 [5.3:11.7] 22.9 [21.8:32.8] 40.9 [39.8:65.6] 5.7 [5.4:11.9] 15.8 [20.4:31.4] 25.8 [42.4:67.7]

Δ 1.9 [2.7:4.8] 1.2 [3.9:7.2] 3.1 [5.9:12.8] 0.3 [4:4.8] 3.2 [7:6] 11.2 [10.6:9.2]
Dusk Low-risk 

period
11.4 [2.9:13.6] 30.5 [18.6:35.5] 43.8 [36.1:69.7] 11.2 [3.2:14.4] 27.8 [18.8:35.8] 43 [43:74.4]

High-risk 
period

10.9 [5.5:12.6] 28.5 [20.6:33.9] 39.7 [40.1:67.1] 9.2 [5.4:12.8] 21.4 [19.4:32.3] 24.5 [42.2:68.8]

Δ 0.5 [5.1:6.2] 2 [-8.6:8.2] 4.1 [13.9:14] 2 [5.9:6] 6.4 [10.6:7.1] 18.5 [17.4:9.7]
Night Low-risk 

period
12.1 [3.6:11.6] 32.9 [19.6:31.9] 47.3 [36.3:63.8] 12 [3.8:12.6] 30.2 [19.8:33.2] 46.5 [43.6:69.2]

High-risk 
period

9.2 [5.6:11.4] 24.2 [22.1:32.5] 41.8 [39.5:64.5] 7.5 [5.4:11.7] 17.1 [20.9:31] 26.7 [42.7:67.2]

Δ 2.9 [2.2:4.3] 8.7 [3.7:6.7] 5.5 [6.3:11.9] 4.5 [3.6:4.4] –13.1 [6.7:5.5] 19.8 [10:7.7]
Dawn Low-risk 

period
10.4 [2.6:14.1] 29.1 [18.1:36.4] 37.8 [34.2:70.4] 10.2 [3.1:15.2] 26.5 [18.7:36.7] 37 [42:75.1]

High-risk 
period

13.7 [4.7:13.3] 25.7 [20.4:34.5] 45.7 [36.2:68] 12 [4.9:13.6] 18.6 [18.4:33.6] 30.6 [39.1:69.7]

Δ 3.3 [5.5:7.2] 3.4 [9:9.8] 7.9 [15.6:16.7] 1.8 [6.4:6.7] 7.9 [11.3:8.3] 6.4 [17.7:12.3]
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found in risky habitats, indicating that their higher likelihood 
of encountering risky habitats (landscape constraints) was not 
compensated for by habitat selection, and so, we assume, roe 
deer with more risky habitats in their HRs had a greater like-
lihood of being hunted. Surprisingly, this also arose because 
roe deer with more risky habitats in their HRs avoided risky 
habitats less than roe deer with less risky habitats in their HRs. 
Two explanations could be put forward: 1) individuals living 
in HRs with lots of risky habitats relied more strongly on other 
behavioural responses to risk than individuals with safer HRs. 
Our study showed that they were not closer to a refuge when 
in risky habitats, but another study conducted in the same 
population also found that they were more vigilant and had 
greater flight distances (Bonnot et al. 2015), and so possibly 
could compensate for increased risk exposure by a non-spatial 
response. Individuals may reduce risk exposure by reducing 
the time spent in unsafe places (i.e. spatially responding to 
risk) and/or adjusting other anti-predator behaviours (e.g. vig-
ilance, grouping: Lima and Dill 1990, Brown 1999, Mitchell 
and Lima 2002, Wirsing et al. 2010) when in unsafe places,  
and the simultaneous investigation of these responses in  
field studies would improve our understanding of the risk 
management strategies adopted by individuals; 2) individu-
als living in HRs with lots of risky habitats may be bolder 
than individuals with safer HRs, accepting higher risk to gain 
access to the better quality resources found in open habitats. 
This is supported by the observation that individuals in open 
landscapes are generally in better condition (Hewison et al. 
2009), although we cannot eliminate the possibility that there 
might also be some degree of genetic determinism for better 
growth which also correlates with behavioural traits, includ-
ing lower avoidance of risky habitats, associated with boldness 
(Biro et al. 2014).

Learning and assessing risk

Finally, our study provides insights on how the responses 
to variation in risk depend on the ability of individuals to 
detect and correctly assess cues of risk, and to their current 
exposure. For instance, Cromsigt et al. (2013) suggested that 
temporally predictable risk should lead to predictable adjust-
ment of habitat selection in hunted ungulates. Our results 
suggest that long-term increase in risk (low versus high risk 
season) indeed led to predictable adjustments, but this was 
marked only when the general patterns of habitat use put roe 
deer at risk: within- and between-habitat selection varied less 
in response to increased hunting pressure during daytime 
than at dawn and dusk, probably because during the low risk 
daytime period roe deer were already mostly using refuge 
habitats. Prey that are faced with human disturbance or low-
intensity hunting may exhibit a general pattern of habitat 
use that limits further adjustments when hunting pressure 
increases. Lower selection for risky habitats or locations far 
from refuges at night during the high hunting pressure sea-
son, despite the fact that night hunting is illegal and rare, 
was not expected, however. This could partly arise because 
the behavioural response observed at dawn and dusk actually 
extends further into the night, outside of our temporal defi-
nition of these periods. However, we rather suggest that this 
indicates that space-time learning of the landscape of risk is 
imperfect (Reebs 1999), and that the long-term background  

larger scale first because decisions taken at larger scales would 
have greater impact on fitness (Rettie and Messier 2000, 
Searle et al. 2008). In our study the tradeoff between food 
acquisition and risk at the between-habitat scale (open habi-
tats provide more/better food, but are riskier) means that it 
is unclear to what extent habitat selection decisions taken 
at this scale influence fitness. We do not know if a similar 
tradeoff exists at the within-habitat scale, as it is unclear if 
significant resource depletion occurs near refuges. Hence, a 
lack of quantitative data currently precludes further testing 
of decision-making theories in our study system.

In a similar situation, studying habitat selection of lynx 
faced with hunting, Basille et al. (2013) suggested that 
finer-scale habitat selection processes act as compensatory 
mechanisms which operate when large-scale habitat selec-
tion cannot reduce risk sufficiently because individuals are 
driven to use risky locations to obtain sufficient food. More 
work is, however, needed to build a theory of the conditions 
under which the coupling/decoupling of habitat selection 
responses at multiple scales should be observed.

Relative importance of landscape constraints and 
selection strategies in determining risk exposure

The recent ability to quantify the strength of habitat  
selection at the individual level has led to studies reveal-
ing the link between individual selection strategies and fit-
ness (Ciuti et al. 2012b, Dussault et al. 2012, Basille et al. 
2013, Decesare et al. 2014), offering the first insights on the  
adaptive nature of this behaviour and on the evolution-
ary pressures at work. However, habitat selection does not 
determine fitness alone, but rather interacts with availability 
– possibly through a functional response (Mysterud and Ims 
1998, Godvik et al. 2009, Warton and Aarts 2013) – to gen-
erate patterns of habitat use that ultimately determine fitness 
(Gaillard et al. 2010). Few studies have addressed the chal-
lenge of quantifying the relative importance of availability and 
selection for fitness, so that whether individuals are able to 
compensate for landscape constraints through habitat selec-
tion remains an open question. We have shown that, in our 
study case, the likelihood of encountering risky habitats var-
ies greatly, and may be correlated with other sources of risk 
(i.e. housing), thereby imposing strong local constraints on 
roe deer space use. These constraints can, however, be partly 
overcome through habitat selection. For instance, risky loca-
tions were not used more when close to housing, although 
they were more likely to be encountered, indicating that habi-
tat selection compensated for this landscape constraint. If the 
likelihood of encounters with hunters increases with proxim-
ity to housing and roads, as it does elsewhere (Broseth and 
Pedersen 2000, Lebel et al. 2012), our results then suggest that 
roe deer did not, however, manage to compensate fully for 
the increased risk near housing, as we did not observe lower 
use of risky habitats near housing. More strikingly, once the 
high-risk period started, roe deer living in areas with a higher 
abundance of risky habitat increased their day-time avoid-
ance of these habitats, whereas roe deer living in areas with 
less risky habitats did not. This functional response in habitat 
selection (see also Morellet et al. 2011) suggests that roe deer 
living in open areas of the landscape do perceive themselves as 
being at greater risk. However, they were still more likely to be 
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level of risk (low versus high risk period) overrides the  
predictable, shorter-term, daily changes in risk levels in  
driving the roe deer’s response to risk.

Another interesting observation is that during the  
low-risk period (stalking-only), males exhibited a similar (or 
only slightly more risk-prone) pattern of habitat selection to 
females. As males were at a far greater risk of being killed dur-
ing the low-risk period (they constitute 92% of summer kills), 
this supports the view that stalkers provide roe deer with lim-
ited opportunities for learning, as they give away few cues of 
their presence and are generally highly successful (Williams 
et al. 2013). An alternative hypothesis would be that males 
did perceive the greater risk but accepted this risk because of 
being constrained by other priorities (e.g. during the rut), or 
by the need to regain body weight after the rut (which cor-
responds to our study period) (Hewison et al. 1996).

Finally, during the general open season, older animals 
appeared to reduce their distance to refuge cover more than 
younger individuals, suggesting that experience of risk might 
play a role in risk avoidance tactics, although accurate assess-
ment of this experience at the individual level would be 
required to test this hypothesis (Berger et al. 2001).

Conclusion

Our study estimated the relative contributions of landscape  
constraints and selection to risk exposure at multiple  
scales. We showed that the existence and strength of non-
consumptive effects are context-dependent (linked to local 
landscape constraints), are possibly difficult to detect (the 
scale of observation matters), and are integrated over mul-
tiple scales. This highlights the need for more comprehen-
sive studies of the non-consumptive effects of predation, for 
instance to explore how space use strategies drive variation in 
individual performance (Gaillard et al. 2010, Dussault et al. 
2012, Decesare et al. 2014), or how habitat fragmentation  
can affect trophic interactions (Crooks and Soulé 1999,  
Benton et al. 2003).      
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