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SCIENTIFIC REPLIRTS

Same habitat types but different
use: evidence of context-dependent
“habitat selection in roe deer across
s populations

Published online: 23 March 2018 _— . . .. . .
ublished ontine are Gaudry William®?2, Gaillard Jean-Michel ®?, Said Sonia®, Bonenfant Christophe®?2,

Mysterud Atle®3, Morellet Nicolas*, Pellerin Maryline! & Calenge Clément!

With the surge of GPS-technology, many studies uncovered space use of mobile animals and shed

light on the underlying behavioral mechanisms of habitat selection. Habitat selection and variation in
either occurrence or strength of functional responses (i.e. how selection changes with availability) have
given new insight into such mechanisms within populations in different ecosystems. However, linking
variation in habitat selection to site-specific conditions in different populations facing contrasting
environmental conditions but the same habitat type has not yet been investigated. We aimed to fill this
knowledge gap by comparing within-home range habitat selection across 61 female roe deer (Capreolus
capreolus) during the most critical life history stage in three study areas showing the same habitat types
but with different environmental conditions. Female roe deer markedly differed in habitat selection
within their home range, both within and among populations. Females facing poor environmental
conditions clearly displayed a functional response, whereas females facing rich environmental
conditions did not show any functional response. These results demonstrate how the use of a given
habitat relative to its availability strongly varies in response to environmental conditions. Our findings
highlight that the same habitat composition can lead to very different habitat selection processes
across contrasted environments.

Habitat selection is a hierarchical process involving behavioral decisions made by an individual about what hab-
itat should be used relative to those available at different spatial and temporal scales"* Traditionally, resource
selection studies have compared the use of a resource with its availability at a specific spatial (i.e., food item,
resource patch, home range, geographic distribution)® and temporal scale* (i.e., second, day, week, month, year,
lifetime), inferring a selection for or against a particular resource type when the use is not proportional to the
availability>®. Although recent technological progress allows to monitor animal movement continuously” and
thereby analysing habitat selection by considering the full continuous range of spatial scales, instead of targeting
alimited number of pre-defined spatial scales, the four main hierarchical orders of selection defined by Johnson?
are still intensively used for its heuristic value. Two selection scales have received a particular attention: the land-
scape scale (2" order) that consists of comparing home range composition to landscape composition and involves
dispersal or seasonal migration processes, and the home range scale (3" order) that consists of comparing the
time spent in each habitat type within the home range to its composition and involves foraging and resting behav-
iors at the daily scale®.

At the home range scale, animals should match the relative use of different habitat types with their current vital
needs according to the resources available in those habitat types (e.g. “foraging habitat” providing food vs. “cover
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habitat” providing protection against predators)®. Thus, animals are likely to face trade-offs like, for example,
risk-related trade-offs, and habitat selection is the result of these trade-offs within their home range!®!!. Because
it affects the costs to benefits ratio of selecting a given habitat, the shape and the intensity of these trade-offs can
vary in response to changes in the relative availability of habitats providing different essential resources'>!*. Such
a change in the strength of habitat selection according to habitat availability corresponds to a functional response
in habitat selection'?. Considering functional response in habitat selection is of prime importance as it can ulti-
mately affect population dynamics. Indeed, recent studies have demonstrated that the behavioral response of
individuals to variation in resource availability yields different fitness payoffs!*!°.

Empirical evidence indicates that the shape of functional responses varies among populations of large herbi-
vores depending on the local trade-off situation''*. When animals face a food vs. cover trade-off, a decrease in
the availability of foraging habitats should increase the strength of selection for these habitats at the expense of
cover habitats, which leads to a negative functional response'®!>1%. Red deer (Cervus elaphus) increased selection
for pasture (forage habitat) at the expense of forest (cover habitat), when the availability of pasture decreases
within individual home ranges!®. On the other hand, when animals face a forage quantity-quality trade-off, the
value of a given habitat should increase with its availability, leading to a positive functional response'’. Reindeer
(Rangifer tarandus) increasingly selected habitats with high quality forage over habitats with high biomass when
the relative availability of habitats with high quality forage increases®.

The strength of functional response has also been reported to vary across seasons'® or among populations fac-
ing contrasted levels of resource availability'!. Godvik et al.'’ found that the functional response differs across sea-
sons between two red deer populations facing different levels of pasture and forest availability. During summer,
the functional response is strongest in the study area characterized by high forest availability but poor pasture
availability, whereas the reversed pattern is observed in spring, as the functional response is stronger in the study
area with high pasture availability. Thus, interacting effects between season and landscape habitat composition
might affect the trade-offs experienced by animals, generating differences in the strength of functional responses.
Marked differences in the occurrence and in the strength of functional responses might even occur between
populations very close spatially’!.

Such variation in the occurrence and strength of functional responses among populations facing different
environmental conditions suggests that the relationship between the use of a habitat and its availability can be
influenced by local environmental conditions!®!!. Indeed, the foraging decision made by an individual depends
on the availability of alternative resource’. Thus, considering the environmental context (i.e. main limiting fac-
tors such as climate, resource quality, presence of predators) in which a resource is available is of prime impor-
tance to assess reliably space use patterns of individuals. However, to our knowledge, no study has yet assessed
comparatively across populations how use of the same habitats even after controlling for availability may differ
depending on the context, which limits our understanding of the mechanisms involved in habitat selection. We
aim to fill this knowledge gap by comparing within-home range habitat selection among adult female roe deer
(Capreolus capreolus) during the critical period of their life cycle (i.e., in spring and summer when female energy
expenditures peak)'® in three populations experiencing contrasting environmental conditions in terms of climate,
resource availability, hunting pressure, and inter-specific competition.

Roe deer provide an especially appropriate model to study habitat selection within individual home ranges
because they are highly sedentary and display strong home range fidelity all their life along'>?°, while being
highly selective at a fine spatial scale?*2. Moreover, female roe deer are income breeders (sensu Jonsson)* that
do not store any body reserve to meet the high energetic expenditures of maternal care?'. Female roe deer should
thus be especially sensitive to variation in resource availability during spring-summer, when energetic costs of
late gestation-early lactation peak?. Thus, we hypothesize that habitat selection of female roe deer should dif-
fer among populations in response to changes of environmental conditions and more specifically to changes of
resource availability. We expect that females should not display any functional response in habitat selection when
facing highly favorable environmental conditions (i.e., no hunting pressure, high food availability, mild weather
conditions). On the contrary, female roe deer should trade cover for food, or food quality for quantity, where
environmental conditions are unfavorable due to a high hunting pressure, a low resource availability or quality,
or harsh weather conditions, which leads functional responses in habitat selection to occur. Moreover, we expect
that female roe deer with similar proportion of each habitat type within their home range but under different
environmental conditions should differ in their habitat use. For instance, in good environmental conditions, the
use of a given favorable habitat should be independent of its availability. Under such conditions, the cost asso-
ciated to the time spent searching for a favorable habitat should be compensated by resource availability in this
habitat even though such favorable habitats are rare within the home range. Conversely in poor environmental
conditions, because of the searching costs of rare resources the availability of a given favorable habitat should
reach a certain threshold to be beneficial when used!!. Such behavior should occur when the cost of searching
for a favorable habitat is so high that it cannot be compensated by the benefit associated to the use of resources
available in this favorable habitat. Thus, in poor environmental conditions we expect the availability of a favorable
habitat to display a threshold beyond which it should be increasingly selected.

Results

Estimation of forage quality and quantity. We found large variation in forage quality and quantity
among habitat types, but also among the three populations (Table 1). At the Réserve Biologique Intégrale of Chizé
(hereafter CH), forage quality and quantity were inversely correlated (Table 1). Shrubs provided high amount of
poor quality forage, whereas coppice with standards (hereafter CWS), i.e. mature forest stand, provided a lower
amount of high quality forage. Roe deer at CH thus experienced a trade-off between quantity and quality of for-
age. At La Petite Pierre National Hunting and Wildlife Reserve (hereafter LPP), forage quality remained low and
similar among habitat types, but forage quantity was highest in shrubs and in pole stage (made of young trees)
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Shrub <25% 126.6 (78.0) 45 95.0 (435.2) 0.5 171.8 (351.3) 243
Pole stage | 25-50% 114.4 (84.0) 10.8 95.9(323.2) 0.3 85.1 (163.1) 455
CWS >50% 61.1(56.9) 12.3 38.7 (252.5) 0.4 135.7 (399.4) 36.6

Table 1. Mean vegetation biomass (i.e., a proxy of forage quantity), occurrence of hornbeam (i.e., a proxy of
forage quality) and forest openness estimated as the horizontal visibility at 25 meters from each habitat patch
centroid (i.e., a proxy of protective cover) characterizing each habitat type in the three study areas located in

France. CWS = coppice with standards.
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Figure 1. Ternary plots showing the marginality vectors of each female roe deer monitored at Chizé, La Petite
Pierre and Trois-Fontaines.

than in CWS. Roe deer at LPP should thus select for shrubs and pole stage based on assessment of forage. In the
Territoire d’Etude et d’ Expérimentation of Trois-Fontaines (hereafter TF), all habitat types had high amount of
high quality forage. In this population, roe deer should be weakly selective.

Roe deer habitat selection patterns in the three sites.  Asexpected, roe deer habitat selection patterns
markedly differed among the three populations (Figs 1 and 2). The model f2 assuming that habitat selection was
different among the three study areas provided a much better fit than the model f1 that assumed no difference in
habitat selection among the three study areas (difference of DIC= 12, SE=5). We then used the model f2 to pre-
dict the average habitat use by roe deer (posterior distribution of the median of the vector b, =1p,; }h ) for
various possible home range compositions in the three sites (Fig. 2). Figure 2 displays the predlctlons from the
selected model for a subset of individuals with representative home range compositions to illustrate the highly
variable functional response in relation to the relative availability of the different habitat types in the individual
home ranges (see Material and Methods for further information on how these “representative” animals were
chosen). Note that the reader can draw this plot for any other animal of our dataset using the function “margin-
alityDots” of our package “roedeer3sites” provided on github. In particular, see the section 5 of the examples on
the help page of this function).

At CH and LPP, the selection of shrubs changed in relation to their availability, which indicated a functional
response in habitat selection. Below an availability of 20%, shrubs were avoided (i.e., used less than expected from
their availability, as illustrated by the model predictions for roe deer X48_ch at CH and X24_lpp at LPP, Fig. 2),
whereas above this availability threshold, roe deer strongly selected for this habitat type (as illustrated by the
model predictions for roe deer X15_ch at CH and X4_lpp at LPP, Fig. 2). This shift in selection of shrubs clearly
occurred at CH and LPP (Fig. 1). Likewise, roe deer at LPP avoided the pole stage when this habitat type had
<50% cover within home ranges. However, when the availability of pole stage increased, we observed a marked
variation in selection strength and direction among deer, leading to both a vague general selection pattern at the
population level (see observed marginality vectors on Fig. 1), and a large uncertainty in the expected strength of
selection (as illustrated by model predictions for the roe deer X31_Ipp on Fig. 2). At CH, there was no detectable
selection for pole stage: the posterior distribution of the marginality vectors was characterized by a large uncer-
tainty (as illustrated by model predictions for roe deer X33_ch and X277_ch on Fig. 2). Roe deer at TF strongly
avoided pole stage when this habitat type was available (as illustrated by model predictions for roe deer X48_tf
and X50_tf on Fig. 2), but no clear pattern of selection occurred for the two other habitat types. Shrubs were nei-
ther selected nor avoided at TF (as indicated by the large uncertainty of the predicted marginality vectors of our
model for roe deer X31_tf and X42_tf on Fig. 2). The examination of the observed marginality vectors (Fig. 1)
revealed that the home range composition of three roe deer differed markedly from that of other individuals. By
comparing the outcome of the models with and without these three individuals, we safely concluded that these
three particular individuals did not influence the results (see the help page of the dataset “coefficientsModel2” in
the package “roedeer3sites” provided on github to reproduce this comparison).
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Figure 2. Predicted posterior distribution of the marginality in the ecological triangle for 8 female roe deer
selected to be “representative” of the available environmental context experienced in each study area. The

left column corresponds to females monitored at Chizé (animal name ending in “_ch”), the central column
corresponds to females monitored at La Petite Pierre (animal name ending in “_Ipp”), and the right column
corresponds to females monitored at Trois-Fontaines (animal name ending in “_tf”). For every possible
available home range, we predicted the posterior distribution of the probability of use by calculating, for each
vector of parameters sampled by the MCMC, the corresponding predicted vector of proportions of habitat use
(each prediction corresponding to a sampled vector of parameter is represented by a translucid grey dot on
this plot). For each animal, the distribution of the dots on the ecological triangle represents the distribution of
habitat use. The empty circle represents the available habitat within the home range, and the circle with a cross
represents the mean of the distribution of habitat use (i.e., mean marginality).
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Figure 3. Quantifying the differences in selection of the same habitat type by female roe deer across three study
sites in France. For a given pair of study sites (A and B, rows) and a given focal habitat type (h, columns), light
grey areas correspond to home range composition leading to a more intensive use of the focal habitat type in

B than in A (statistical significance is reached when the probability that the use of the focal habitat is greater in

B than in A with P > 0.95). Black areas correspond to home ranges where the use pattern of the focal habitat

is reversed (i.e. the use of the focal habitat is greater in site A than in site B with P > 0.95). Dark grey areas
correspond to home range composition without any detectable difference in the use pattern of the focal habitat
between the sites. For example, consider the panel containing the asterisk (comparison of LPP/TF, focal habitat:
shrubs). An individual with a home range composition defined by the asterisk (i.e. dominated by CWS and with
a small proportion of shrubs and pole stage) would use the shrubs more intensively if it were living in TF than in
LPP. Note that for each pair of sites A/B, we assessed the significance of this comparison only for the home range
compositions that were possibly available in both study areas A and B, which explain why we did not calculate
this probability over the whole ecological triangle (white areas).

Habitat selection of roe deer sharing similar home range composition in three different
sites. To assess the among-study area differences in selection of the different habitat types across their avail-
ability, we calculated the log-ratios between the expected use in two areas (for each pair of sites A/B), and calcu-
lated the probabilities that this log-ratio was greater than 0, meaning the same habitat selection strength by roe
deer in the two areas (Fig. 3). Light grey areas correspond to home ranges where this probability is lower than
5% (indicating that the habitat is more intensively used in the site B put in the denominator of the log-ratio),
whereas black areas correspond to cases where this probability is greater than 95% (indicating that the habitat is
more intensively used in the site A put in the numerator of the log-ratio). As predicted, the use of a given habitat
type did not only depend on habitat availability but also on site (i.e., environmental conditions). Indeed, we found
large variation in habitat use among individuals sharing similar home range types in the three populations with
contrasting environmental conditions. Consistent with our previous results, no difference occurred in shrub
selection between CH and LPP, i.e., selection was independent from the environmental context. There was, how-
ever, a marked difference between TF and the two other areas. Shrubs were more strongly selected when rare in
TF compared to CH and LPP. Inversely, shrubs were more strongly selected when highly available in CH and LPP
compared to TE On the other hand, there was no evidence of different selection of pole stage between LPP and
TFE, but roe deer avoided available pole stage more strongly at TF and LPP than at CH. Moreover, when pole stage
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and shrubs were rare, CWS was more strongly selected in LPP than in CH and TFE Finally, when CWS was rare,
CWS was more intensively used in TF than in LPP and CH.

Discussion

Characterising habitat selection and variation in functional response in habitat use of large mammals is becoming
increasingly common with the recent surge in GPS-technology'®!%. Most studies report site-specific patterns of
selection across a given set of habitat types!'®?*. However, to determine whether such inferences hold across sites,
quantifying forage quantity and quality is an important issue. Our direct measures of vegetation cover and forage
quality and quantity in each habitat type provided us with a unique opportunity to assess accurately the value of
a given habitat type to individuals across various environmental conditions. We were able to show that, even for a
given habitat type, forage quantity and quality were highly variable among study areas (Table 1) likely in response
to variation in local environmental conditions?”. Indeed, the comparison of the time spent in each habitat type
by roe deer across different populations provided important insight on the mechanisms underlying habitat use
and the occurrence of functional responses. We found that female roe deer markedly differed in habitat selection
both within and among populations facing various environmental conditions. In the poor overall environmental
conditions (CH and LPP), female roe deer clearly displayed a functional response in habitat selection, whereas we
detected no functional response in the richest environmental conditions (TF). Such site-specific variation in the
occurrence of functional response has previously been reported for moose (Alces alces)'!. However, accounting
for variation in environmental conditions provided important insight on the mechanisms underlying the occur-
rence of functional response.

At CH and LPP, roe deer avoided shrub habitats when they were less common in the home range, but selected
for them when they covered more than 20% of the home range. However, the trade-offs generating these func-
tional responses differed between these two study areas. At CH, shrubs provided the largest biomass and CWS
the highest quality (Table 1), leading roe deer to face with a trade-off between forage quality and quantity.
Consequently, the functional response we observed at CH reflects the compromise for females between the hab-
itat offering the highest amount of forage quantity and the habitat offering the best forage quality to get enough
energy to fulfil their need during the critical period of high energetic requirement. Increasing selection for the
habitat offering the highest amount of forage at a cost of a reduced use of the habitat including the best forage
quality is a common tactic for large herbivores facing poor environmental conditions'**. For instance, Hansen
et al."® reported that in poor quality areas, female reindeer select more intensively productive habitats with high
biomass and plant cover than did reindeer in areas with higher availability of high quality forage. In an income
breeder like roe deer, which mostly depends on forage quality during the spring-summer period that corresponds
to the critical period of high energetic requirement for females for reproduction®, the outcome of such behavior
should even be more costly. Indeed, Pettorelli et al.?® demonstrated that, in CH, females with low quality vegeta-
tion in their home range lost their fawns at a much larger extent than other females.

On the other hand, at LPP, shrubs offer both the highest vegetation biomass and the best protective cover,
whereas the availability of high quality food resource remains low and similar among the three habitat types
(Table 1). Consequently, female roe deer at LPP do not have to trade quality for quantity across spatially segre-
gated resources. In support and contrary to the situation observed at CH, the functional response of habitat use
was not related to any measurable food-cover trade-off, nor to a quality-quantity trade-off in LPP, as measured at
the landscape level. As proposed by Mabille et al.'!, the observed functional response may arise because roe deer
face a trade-off occurring at the lower food patch level spatial scale!®>. Moreover, contrary to roe deer at CH, roe
deer at LPP live in sympatry with red deer, and may suffer from inter-specific competition through competition
for food®. Thus, the outcome of inter-specific competition may provide an alternative explanation to the observed
patterns. Indeed, when selecting the habitat with the highest food biomass (i.e., shrubs and pole stage), female
roe deer might try to decrease the competition for food resources with red deer? while eventually benefiting
from cover to protect them from hunters®**!. Such selection for habitat offering cover in areas where animals are
heavily harvested is also a common tactic allowing individuals to protect themselves from hunters!®***2. When
availability of shrubs in the home range decreased under 20%, roe deer tended to increase selection for CWS with
poor cover and low vegetation biomass. Such a strong selection is surprising considering the poor value of this
habitat to roe deer (poor protective cover and poor vegetation biomass). Selection for CWS when availability of
shrubs is too low could reflect a sub-optimal behavior generated by competition among females, which might be
territorial in spring-summer®*. Moreover, selection for CWS could also result from increased searching costs for
shrub patches® or by forage depletion when good habitat patches are too scarce?.

Unlike at CH and LPP, female roe deer at TF did not experience any functional response but displayed instead
large individual variation in habitat selection. Female roe deer at TFE, are not subjected to hunting pressure, and
notably benefit from abundant resources of high quality during the critical fawning period. As a consequence,
habitat selection should mainly be driven by spatial variation in forage availability. Female roe deer at TF had
an easy access to high amount of high quality forage in all habitat types (Table 1). Thus, good environmental
conditions experienced by females at TF may account for both the limited selective use of habitat and the high
among-individual variation in habitat selection we observed at the home range scale. Under favorable condi-
tions, individuals are expected to be less selective!®!** and their habitat use should mostly depend on resource
availability, which promotes a larger diversity of tactics in habitat use among individuals compared to roe deer
living in poorer areas such as CH and LPP'"!%. Our results suggest that female roe deer are constrained to display
a few suitable tactics of habitat use in poor environmental conditions (CH, LPP), which promotes a functional
response. On the contrary, in good environmental conditions with no major limiting factors at the home range
scale, as it is the case in TF, female roe deer are less constrained by resource availability and can display a higher
diversity of space use tactics.
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Figure 4. Maps of the three study areas with their location in France: (a) Chizé, (b) La Petite Pierre, (c) Trois-
Fontaines. The home ranges of the female roe deer we monitored have been reported on the maps. Three habitat
types were defined in each study area: shrubs (dark grey), pole stage (normal grey) and coppice with standards
(light grey). This figure was carried out using the R 3.4.0 software (http://www.R-project.org/).

Thanks to the new methodological approach, our study allowed going one step further by comparing habitat
use among individuals sharing similar home range composition in contrasted environmental conditions (Fig. 3).
Our findings suggest that the way different habitat types or even the same habitat type are used relative to their
availability strongly varies according to site-specific environmental conditions. Indeed, we demonstrated that
female roe deer sharing similar home range composition adjust selection for a given habitat type depending on
the general environmental context of the study site. Female roe deer living in a rich environment such as TF seem
to benefit from using a rare habitat, whereas when living in poorer conditions, such as in CH and LPP, females
face with stronger limiting factors that led them to use a habitat only when it is abundant above a certain thresh-
old within the home range. Our finding of marked variation in habitat use among female roe deer sharing similar
home range composition but facing different environmental conditions suggests that the use of a given habitat
type does not only depend on its availability within the home range, but also depends on the general context
where it is available. Finally, our results suggests that we could expect a higher diversity of space use pattern in roe
deer under highly favorable environmental conditions whereas in constraining environments, roe deer have to
cope with trade-off situations and thus demonstrate less space use patterns diversity.

Material and Methods

Study areas. Field work was carried out in three roe deer populations (Fig. 4) in areas that markedly differed
in terms of climate, soil composition, forest composition, and forest productivity. Moreover, these populations
were subjected to different management regimes. Ro