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Large carnivores can be found in different scenarios of cohabitationwith humans. Behavioral adaptations tomin-
imize risk from humans are expected to be exacerbated where large carnivores are most vulnerable, such as at
breeding sites. Using wolves as a model species, along with data from 26 study areas across the species' world-
wide range, we performed a meta-analysis to assess the role of humans in breeding site selection by a large car-
nivore. Some of the patterns previously observed at the local scale become extrapolatable to the entire species
range provided that important sources of variation are taken into account. Generally, wolves minimised the
risk of exposure at breeding sites by avoiding human-made structures, selecting shelter from vegetation and
avoiding agricultural lands. Our results suggest a scaled hierarchical habitat selection process across selection or-
ders bywhichwolves compensate higher exposure risk to humanswithin their territories via a stronger selection
at breeding sites. Dissimilar patterns between continents suggest that adaptations to copewith human-associat-
ed risks are modulated by the history of coexistence and persecution. Althoughmany large carnivores persisting
in human-dominated landscapes do not require large-scale habitat preservation, habitat selection at levels below
occupancy and territory should be regarded inmanagement and conservation strategies aiming to preserve these
species in such contexts. In this case, we recommend providing shelter from human interference at least in small
portions of land in order to fulfill the requirements of the species to locate their breeding sites.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite the fact that large carnivores are focal species for biodiversi-
ty conservation their predatory behaviour leads to their persecution
(both legal hunting and poaching) worldwide. Different perceptions
and interests contribute to controversy on their conservation and man-
agement, including whether or how to coexist with these species
(Packer et al., 2013; Chapron et al., 2014). Mitigating conflicts and pro-
moting coexistence have become cornerstones of large carnivore con-
servation in modern times. Consequently, a comprehensive
knowledge of the different human and carnivore factors that make co-
existence possible is required. Understanding the adaptive behaviours
of large carnivores favouring their persistence in human-dominated
landscapes is pivotal for delineating effective conservation measures.

Apart from persecution, sharing the landscape has traditionally driv-
en both humans and large carnivores to adopt adaptive strategies in
order to coexist. While humans have historically implemented damage
prevention measures (e.g., livestock guarding dogs, shepherds, enclo-
sures; Woodroffe et al., 2007; Linnell et al., 2012), large carnivores
have adopted different behavioural adaptations to minimise risks (e.g.,
temporal or fine-scale spatial segregation; Theuerkauf et al., 2003;
Habib and Kumar, 2007; Zedrosser et al., 2011; Ahmadi et al., 2014).
On a global scale, historical and human determinants seem to lie behind
dissimilar outcomes in such competitive scenarios given, for instance,
the persistence of large carnivores in densely populated landscapes in
Europe as compared to their absence in similarly populated regions of
North America (Chapron et al., 2014).

Many large carnivore populations can be found outside of protected
areas and can breed and thrive in human-dominated landscapes with
few or negligible portions of natural habitats (Abay et al., 2011;
Athreya et al., 2013; Ahmadi et al., 2014; López-Bao et al., 2015).Wolves
(Canis lupus) are the most widely distributed large carnivore species
with which humans share the landscape (Mech and Boitani, 2003).
However, coexistence is largely variable in terms of interaction attri-
butes and conflict intensity (e.g., Agarwala and Kumar, 2009;
López-Bao et al., 2013; Chapron et al., 2014). Wolves are resilient and
able to thrive under a wide spectrum of biotic and abiotic conditions
(Mech and Boitani, 2003). As a consequence, they have traditionally
been considered habitat generalists, being habitat tolerance mainly
shaped by food availability and mortality risk (Mech and Boitani,
2003). Such constraining factors of habitat tolerance are the same for
most large carnivore species (Woodroffe and Ginsberg, 1998; Fuller
and Sievert, 2001). Therefore, wolves are a good model species for
gaining a better understanding of the behavioural adaptations of large
carnivores to humans.

Human impacts (e.g., persecution, disturbance) result in different
behavioural responses of large carnivores, such as wolves, to minimise
their interactions with humans and their effects (e.g., Whittington et
al., 2005; Llaneza et al., 2012; Lesmerises et al., 2013; Ahmadi et al.,
2014). Factors influencing exposure risk, such as the availability of ref-
uge habitat, are also modulated by human activity and impact at the
landscape level (Thurber et al., 1994; Llaneza et al., 2012). During the
pup rearing season, when large carnivores are more vulnerable, these
species are expected to strengthen avoidance behaviour from humans.

In the case of wolves, during the breeding period (April–early au-
tumn in temperate regions; Mech, 1970; Carbyn et al., 1993), pack
members, especially the breeding female and the pups, become tempo-
rally and spatially predictable (Ruprecht et al., 2012) around den and
rendezvous sites (known together as homesites; Joslin, 1967). This pre-
dictability increases their exposure risk. Wolves are known to compen-
sate for their intrinsic vulnerability during this period by selecting areas
with low human activity or adjusting their temporal use in response to
human activities (Theuerkauf et al., 2003; Capitani et al., 2006; Habib
and Kumar, 2007; Person and Russell, 2009; Ahmadi et al., 2014;
Iliopoulos et al., 2014; but seeMech et al., 1988; Thiel et al., 1998). How-
ever, the constancy and generality of the behavioural adaptations of
wolves to humans remain unclear (e.g., available literature shows con-
trasting patterns on the influence of roads on wolf behaviour; Thiel,
1985; Mech, 1989; Thurber et al., 1994; Jędrzejewski et al., 2004;
Whittington et al., 2005; Zimmermann et al., 2014).

Herein, we explored how perceived exposure risk to humans affects
the selection patterns of breeding sites in wolves. By gathering wolves'
homesite data across its worldwide distribution range (Fig. 1), we com-
piled the most comprehensive dataset to date about the breeding site
selection patterns of a large carnivore on a global scale. The large distri-
bution range of wolves is comprised by a wide arrange of local environ-
mental constraints for the species. Such heterogeneity poses a risk of
misleading generalisation on the general behavioural response of
wolves to humans from context-specific observations (Levin, 1992).
Therefore, we sought to de-contextualise the general patterns of home-
site selection by wolves through a meta-analysis.

First, we hypothesised a global common pattern in the signal of the
behavioural response of wolves towards the same source of mortality
risk and disturbance, humans. We assessed whether the direction and
magnitude of selection in relation to vulnerability to humans coincided
between den and rendezvous sites. Second, we hypothesised that the
response to avoid human-related risk at homesites would be stronger
where a longer history of coexistence has allowed wolves to adapt
and persist under continued persecution. Accordingly, we expected to
find continental-scale effects due to major differences in the coexis-
tence nature between North America and Eurasia. For example, where-
as it took many centuries to eliminate large carnivores from most of
Western Europe, they were eradicated from most of the American
West within a few decades (Frank and Woodroffe, 2001). Finally, we
hypothesised that the strength of this behavioural response would be
proportional to the intensity of context-specific, human-related, envi-
ronmental constraints.We predicted thatwolves that aremore exposed
to people (i.e. closely cohabiting with humans and/or using anthropo-
genic resources, such as livestock) should compensate human-related
risk by being more averse to human activities, locating their homesites
in less accessible areas andwith higher availability of refuge. Identifying
global patterns of homesite selection provides valuable information to



Fig. 1. Study areas included in themeta-analysis on global patterns of homesite selection bywolves. (Wolf distribution: IUCN (International Union for Conservation of Nature) 2010. Canis
lupus. The IUCN Red List of Threatened Species. Version 2014.3; DS = den sites data; RS = rendezvous sites data).
Photo credit: ©Artur Oliveira/CIBIO.
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develop transferrable tools to be applied in wolf and possibly other
large carnivore conservation, conciliating the persistence of these spe-
cies with human activities.

2. Material and methods

We carried out a systematic literature review to compile published
data on homesites and primary data sources to build a combined
dataset of homesite characteristics in relation to 16 predefined variables
(Table 1) associated to human impacts, refuge habitat and topographic
attributes. We focused on the impact of perceived risk of mortality or
disturbance at homesites. Our initial assumption was that avoidance
of human-made structures and accessible areaswould be a common re-
sponse across the entire distribution range of the species.

2.1. Systematic review and primary data

Systematic review was carried out using search terms of the type
“Canis lupus AND [“den” OR “homesite” OR “rendezvous”]”, in Google
Scholar (scholar.google.com) and Scopus (scopus.com) literature search
databases. We also searched in the literature-cited sections of all re-
trieved articles. We retained only those studies fromwhich basic statis-
tics (mean and s.d.) were available for any of the variables of interest for
these meta-analyses (Table 1), both for homesites and control groups.
In exceptional cases, we contacted corresponding authors in order to
get raw data. Data from 8 study areas were obtained from literature re-
view (Fig. 1). In addition, we compiled original data from a total of 449
geo-referenced homesites distributed across 18 study areas (Fig. 1;
mean of 25 homesites per study area, s.d. = 10.6, range 4–41).

All homesites were categorized as den or rendezvous sites. For pri-
mary data, we classified homesites depending on the estimated age of
the pups (criterion also used in most published papers, Appendix A).
Thus, we considered den sites those where the breeding female gave
birth and kept the pups during the first 6 weeks of life. Den sites were
determined by telemetry or direct observation of the den. Sites used
by pups approximately between 6 weeks and 5 months of age were
classified as rendezvous sites. Rendezvous sites were located by telem-
etry, direct observation of the pups and/or howling surveys (Capitani et
al., 2006; Llaneza et al., 2014).We set a den cut-off at June 15th if direct
observation of the den was not possible. We considered rendezvous
sites those sites used from June 15th until October 31st when original
data were not obtained using direct observation (Theuerkauf et al.,
2003;Mech and Boitani, 2003). Primary data only for den or rendezvous
siteswere available for nine andfive areas, respectively, with both being
available in four study areas (Fig.1). Den and rendezvous siteswere geo-
referenced in the field or calculated using the centre of the clusters of
GPS-positions of collared wolves. We assumed that our method for lo-
cating homesites did not influence our results because we were not in-
terested in micro-scale patterns of homesite selection.

From the systematic review, we used variable measurements for
homesites and random locations derived directly from the studies.
However, for primary data, we characterised homesites using available
environmental datasets and geographical information sources (Appen-
dix B).We considered two spatial resolutions for variables on land cover
and terrain ruggedness, 100 and 900 ha around homesites (Table 1).
When the mean value of a variable was 0 for homesites or control
group it was excluded from the final dataset.

To prevent auto-correlation in our primary homesite dataset, when
two homesite locations were separated by b2500 m from each other,
we randomly excluded one of them. In addition, when possible (date
of use and pack identification was not always available), we selected
only one location per homesite type per year for every pack. Control
points were randomly generated within an estimated home range
around homesites. Home-ranges were estimated from telemetry when
possible (Slovenia, Sweden), or as a buffer around homesites covering
an area of variable size according to home-range sizes described for
the corresponding or neighbouring wolf populations (n= 15) (Appen-
dix C; unpublished data). We generated three random points for each

http://google.com
http://scopus.com


Table 1
Description of the variables used in the meta-analysis analyzing homesite selection pat-
terns by wolves in relation to human-related risk.

Scalea Variable Factor Description

0 Distance to
settlements

Direct
vulnerability

Distance to the nearest human settlement
(m), including villages but also isolated
constructions and facilities such as farms,
ranches, mine camps, park's visitor centres
etc. composed by 2–9 buildings.

0 Distance to
villages

Distance to the nearest village (m)
(aggregation of 10 or more buildings, or
when explicitly considered as village in the
original study or dataset).

0 Distance to
roads

Direct
vulnerability

Distance to the nearest road of any type (m),
including gravel and forestry roads. When
able to be discriminated, roads with evident
signs of abandonment were not considered.

0 Distance to
main roads

Distance to the nearest first or second-class
road (m), usually paved roads but depending
on the local context some unpaved roads
were also included when represented the
main transportation infrastructure
connecting 2 villages (e.g.
India-Maharashtra).

0 Elevation Topography Elevation above sea level (m).
1 Terrain

ruggedness
Topography Vector Ruggedness Measure (VRM index)

calculated according to Sappington et al.
(2007).

2 Terrain
ruggedness

– VRM index calculated according to
Sappington et al. (2007).

0 Slope Topography Slope (degrees) obtained from Digital
Elevation Model (DEM) surface analysis

1 Refuge
habitat

– Area within buffer around site occupied by
forests and scrubland (except creeping
scrubs)

2 Refuge
habitat

– Area within buffer around site occupied by
forests and scrubland (except creeping
scrubs)

1 Open areas – Area within buffer around site occupied by
land uses corresponding to bare soil or open
vegetation such as natural grasslands,
pastures, moors, tundra, dwarf scrubland,
etc.

2 Open areas – Area within buffer around site occupied by
land uses corresponding to bare soil or open
vegetation such as natural grasslands,
pastures, moors, tundra, dwarf scrubland,
etc.

1 Agriculture – Area within buffer around site occupied by
agricultural land.

2 Agriculture – Area within buffer around site occupied by
agricultural land.

1 Urban Direct
vulnerability

Area within buffer around site occupied by
residential, industrial or commercial uses.

2 Urban – Area within buffer around site occupied by
residential, industrial or commercial uses.

a 0: Scale-independent; 1: ≤ 100 ha; 2: ≤900 ha.
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homesite. When both den and rendezvous sites were available in a
study area, this procedure was carried out separately. We used ArcGIS
10.0 (ESRI Inc., Redlands, CA, USA) and Google Earth 5.0 (Google Inc.,
Mountain View, CA) to process all geographic information data. Infor-
mation used to characterize homesites from primary data was generat-
ed using contemporary layers and dates were adjusted between
homesites and the measurements of the indicators of human-related
disturbance and mortality risks as much as possible using the “Historic
images tools” of Google Earth.

Human-made infrastructures were assumed to represent human
presence and pressure (Table 1). Topographical variables were used as
indicators for the accessibility of the homesites. Higher elevations,
steeper slopes and rougher terrain around homesites were considered
to reduce human access and to be positively correlated with remote-
ness. Refuge habitat around homesites was classified into four
categories according to their ability to provide visual and physical pro-
tection to wolves (Table 1). Although most agricultural land would fit
into the definition of Open Areas, we considered Agriculture separately
because such areas are often areas with higher levels of human activity.
Refuge habitat included those vegetation types that provided protection
by visual obstruction, as well as impeded access of people to homesites.
Terrain Ruggedness and refuge habitat categoriesweremeasured at 100
and 900 ha around homesites (Table 1).

Variables of human-made structures and topography were also
grouped into two factors named Direct Vulnerability and Topography
(Table 1) according to our interpretation regarding wolves' exposure
to humans. Direct Vulnerability represented the risk of human-caused
disturbance and/or mortality, while Topography accounted for variables
related with accessibility based on topographical features and terrain
characteristics that potentially would facilitate or prevent wolf-human
interactions. We used these factors to test if the selection was influ-
enced by constraints at the study-area level.

2.2. Data analyses

Within each study area, data on descriptive variables corresponding
to homesites and random points were transformed to a measure of the
specific response (direction and magnitude) of wolves towards the risk
of interaction with humans. For each variable within each study area,
we calculated Hedge's g and its associated variance as an independent
and comparable effect size estimate using the package “compute.es” in
R (Del Re, 2013). For simplicity, coherence among variables, and illus-
trative purposes, we shifted the sign of the effect size in those variables
representing distance to human-made infrastructures, with negative
values representing avoidance.

We built an individual random-effects model for each variable and
grouping factor, assuming heterogeneity among study areas beyond
sampling error, and estimated the average effect size, variance and het-
erogeneity among the true effects (Koricheva et al., 2013). Models were
adjusted weighting individual effect sizes, according to variance within
study areas as a bias correction of the true effects in the set of study
areas (Viechtbauer, 2010). Confidence intervals (95%) of the mean ef-
fect size across study areas were calculated for every variable alone
and grouped by factors. Those variables and factors that included zero
in their 95% confidence intervals were considered as non-significant ef-
fects. Between-study area variance for each random-effects model was
assessed calculating the statistic Τ2 by the restricted maximum-likeli-
hood estimator method (Viechtbauer, 2005). In addition, we calculated
the statistic I2 (%) as a measure of the amount of variability in the effect
size estimates that can be attributed to heterogeneity among the true ef-
fects. Individual random-effectsmodelswere constructed separately for
all homesites indistinctly of their class as well as separated as den or
rendezvous sites and were computed using the package “metaphor” in
R (Viechtbauer, 2010).

In a second step, we analysed the relationship between the effect
sizes estimated for the different indicators of human-related risk at
the level of homesites and a moderator considering the continental
level - representing different persecution histories - (two levels: Amer-
ica, Eurasia; Appendix D). We built a Generalized Linear Model (GLM)
with Gaussian distribution errors and identity link function to evaluate
the influence of the continent on the effect sizes (Hedge's g) of variables
and factors.

Finally, to test whether the strength of the homesite selection pat-
terns was proportional to the intensity of context-specific human-relat-
ed environmental constraints, we explored the influence of three
cofactors representing different human-related traits of the study
areas (human population density, wolf diet and livestock biomass den-
sity).Within each study area, we accounted for variability in the ecolog-
ical context in relation to humans, which will affect the strength of the
selection patterns (effect size) by calculating: i) human population den-
sity (inhabitants/km2), ii) a categorical description of the predominant



Fig. 2. Results of the meta-analysis on homesite selection patterns by wolves regarding
scale-independent variables (above dashed line) and factors (below dashed line). The
summary effect size of every variable/factor (points) across study areas and ±95%
confidence intervals (lines) are shown. Summary effect sizes are shown for homesites,
den and rendezvous sites. Confidence intervals containing zero were interpreted as non-
significant and no general effect was considered to be plausible regarding the
corresponding variable. Sign of distance-based variables has been shifted for better
representation (i.e. negative values represent avoidance).
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items in the diet of the wolf population (three levels: wild prey, live-
stock, or mix) and iii) an estimation of livestock biomass density (kg/
km2) (Appendix D).We then built a set of GLMswith Gaussian distribu-
tion errors and identity link function to evaluate the influence of each
moderator independently on the effect sizes (Hedge's g) of variables
and factors. Due to limited sample size, we only ran individual univari-
ate GLM models for each variable and factor to avoid
overparameterizing our models. All analyses were carried out in the R
software (R Core Team, 2014).
Fig. 3. Results of the meta-analysis of homesite selection regarding variables measured at two
variable/factor (points) across study areas and ±95% confidence intervals (lines) are shown
intervals containing zero were interpreted as non-significant and no general effect was consid
3. Results

We gathered data from 26 study areas, 10 in North America and 16
in Eurasia (Fig. 1, Appendix A). The overall dataset contained informa-
tion from a total of 728 homesites (457 den sites and 271 rendezvous
sites; mean number of homesites per study area (±s.d.): 28 ± 14).
On average, we obtained valid information of 10.0 ± 5.4 variables per
study area.

In combination, significant effects were observed across study areas
in homesite (joined), den and rendezvous site selection patterns by
wolves (Figs. 2 and 3), indicating a consistent behavioural response of
wolves towards human-related risk regardless of the local context.
Wolves showed avoidance of human-made structures (Fig. 2); placing
their homesites significantly further from linear infrastructures (all-
kind roads, main roads) and human settlements (settlements, villages)
compared to random points. This avoidance tended to be stronger for
main roads and villages than for all-kind roads and settlements (Fig.
2). The strength of the observed response towards these variables was
stronger for rendezvous sites compared to den sites, although signifi-
cant differences were only detected for the distance to settlements
(Fig. 2). Variables associated with topography (Elevation, Slope, Terrain
Ruggedness) did not show a consistent pattern. We detected a signifi-
cant selection only to locate rendezvous sites at higher altitudes (Fig.
2). Individual univariate random-effects models for Elevation and
Slope, including the all-class homesites dataset, retained a high amount
of between-study heterogeneity representing 83% and 79% of the ob-
served variability (Table 2). When we grouped the selected variables
into factors, we found that Direct Vulnerability was negatively selected
by wolves while Topography showed a pattern of selection only for ren-
dezvous sites, towards the most inaccessible areas (Fig. 2).

Wolves located their homesites in areas with significantly higher
availability of Refuge habitat, while avoided agricultural lands (Fig. 3);
with these patterns being consistent across spatial resolutions regard-
less of homesite type (Fig. 3). Moreover, we found a general avoidance
of Urban areas around homesites, although such a pattern was not sig-
nificant when we evaluated den and rendezvous sites separately at
the 100 ha resolution (Fig. 3). No clear effect of Open Areas was ob-
served (heterogeneity T2 remained well below of the mean value
−0.127 across all the variables; Table 2).We did notfind significant dif-
ferences between spatial resolutions regardingRefuge habitat or Terrain
Ruggedness, suggesting non-independence in the observed patterns
across the spatial resolutions considered (Fig. 3).
spatial resolutions, 100 and 900 ha around homesites. The summary effect size for every
. Summary effect sizes are shown for homesites, den and rendezvous sites. Confidence
ered to be plausible regarding the corresponding variable.



Table 2
Sample size, total heterogeneity (T2) and heterogeneity among true effects (I2) of random-
effects models of joint (den and rendezvous) homesite dataset.

Variable/factor n T2 (SE) I2 (%)

Distance to main roads 16 0.08 (0.05) 61.0
Distance to roads 22 0.09 (0.09) 62.1
Distance to villages 13 0.28 (0.14) 83.6
Distance to settlements 17 0.20 (0.10) 76.5
Elevation 23 0.28 (0.10) 83.1
Slope 22 0.23 (0.09) 79.7
Ruggedness 100 ha 17 0.06 (0.04) 51.9
Ruggedness 900 ha 17 0.10 (0.06) 62.6
Agriculture 100 ha 11 0.17 (0.10) 75.9
Agriculture 900 ha 10 0.10 (0.07) 65.9
Open areas 100 ha 17 0.04 (0.04) 41.1
Open areas 900 ha 17 0.04 (0.03) 37.6
Refuge habitat 100 ha 18 0.20 (0.09) 77.4
Refuge habitat 900 ha 16 0.14 (0.07) 70.4
Urban 100 ha 10 0.00 (0.02) 0.3
Urban 900 ha 11 0.04 (0.04) 42.0
Direct vulnerability (factor) 50 0.13 (0.04) 70.3
Topography (factor) 62 0.19 (0.05) 77.0
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We detected a significant continental-scale pattern in homesite se-
lection (Fig. 4) (Appendix E). We found significant differences in the se-
lection of topography-related variables either alone (Elevation, Slope)
or pooled as a factor (Topography) between continents (Appendices E
and F). Topography was positively selected in Eurasia, indicating that
wolves minimise exposure risk locating their homesites in less accessi-
ble areas, while the opposite pattern was observed in North America
(Fig. 4; Appendix F).Direct vulnerability, on the other hand, showed con-
sistent negative mean effect size at the continental scale, though only
significant in Eurasia (Fig. 4; Appendix F). Distance to settlements was
the variable included in this factor for which Continent explained the
highest amount of deviance (38%; Appendix E). The only land cover var-
iable with significantly different effects between continents was Refuge
habitat within 100 ha (Appendix E). Again, we detected a stronger se-
lection towards vegetation providing refuge to wolves in Eurasia com-
pared to North America (mean effect size = 0.73 ± 0.29 and 0.09 ±
0.18, respectively). Such continental differences were in accordance
with the amount of heterogeneity observed in the corresponding ran-
dom-effects models for factors (Table 2).

Finally, when we evaluated the influence of cofactors related to
human activity and the potential for human-wolf conflict (human pop-
ulation density, wolf diet and livestock biomass density) on homesite
selection, we found an important contribution of these to the variance
Fig. 4. Comparison between the continents of the mean effect size (points) and ±95%
confidence intervals (lines) of factors grouping variables associated with Direct
Vulnerability and Topography (seeMaterial andmethods for details). All homesites pooled.
observed in Elevation (Appendix G), as well as a significant effect on
the mean effect sizes related to different land uses around homesites.
Selection for Refuge habitat and avoidance for Agriculture further in-
creased along with human population density (Appendices G and H)
and the same pattern was observed for livestock biomass density and
wolf diet (Appendix G). Similar patterns were observed when variables
were pooled into factors (Appendix I).

4. Discussion

Our dataset covered a high proportion of the diversity of ecological
contexts in whichwolves live, with most of the data used being original
(18 out of 26 study areas and 449 out of 728 total homesites in the
dataset were primary data). Most of the latitudinal range of the species
was represented in our meta-analysis, from the southernmost tips of
the species´ distribution range in India to the Northwest Territories/Nu-
navut area of Canada (Fig. 1). On the other hand, awide range of human
impact in the landscape was also covered. Therefore, this study repre-
sents the most comprehensive review of the breeding site selection of
a large carnivore on a global basis so far. The number of studies (26) is
within the mean range of sample sizes found in ecological meta-analy-
ses (between 20 and 30; Koricheva et al., 2013).

Our findings show how homesite selection by wolves is strongly in-
fluenced by their perception of risk of interaction with humans. Despite
the fact that different local behavioural adaptations to reduce human-
related risk at homesites have previously been observed (e.g., Habib
and Kumar, 2007; Ahmadi et al., 2014; Iliopoulos et al., 2014), segrega-
tion fromhumans at homesites is a general pattern inwolves regardless
of the context-dependent particularities of human pressure. This gener-
alisation reveals thatmany of such behavioural adaptations are predict-
able and thus extrapolatable at least at the species level. Minimizing
exposure to humans when choosing homesites is fundamental for pro-
moting the survival of pups and other packmembers. The observed pat-
terns seem to be common across the entire wolf range regardless of the
type of homesite considered, thus supporting the idea of functional sim-
ilarity between them. Furthermore, similar behavioural responses ob-
served in other large carnivore species (e.g., Linnell et al., 2000;
Wilmers et al., 2013; White et al., 2015) suggest that some of the ob-
served patterns in this meta-analysis could be common across the
large carnivore guild. Because humans are themain predator of wolves,
the homesite selection patterns observed would fit with some of the
predictions made for risk effects from humans on wolves (e.g. Creel
and Christianson, 2008; Ordiz et al., 2013).

Despite these general patterns, themagnitude of the behavioural re-
sponse depended largely on the context and the perceived risk of inter-
action. The importance of the availability of safe places for wolves and
the strength of the avoidance of human-made structures increased
with human pressure, with a significant distinction in avoidance inten-
sity between continents (Fig. 4). The observed risk-mediated behav-
ioural response suggests that vulnerability should prevail over other
factors in homesite selection (e.g. soil characteristics, prey availability)
because the influence of these factors is observable in areas with low
human use (McLoughlin et al., 2004; Ausband et al., 2010; Kaartinen
et al., 2010).

Behavioural response ofwolves to human-made infrastructures (Fig.
2) seems to vary in relation to road or settlement characteristics; which
are related to the level of human activity and its predictability (Thurber
et al., 1994; Jędrzejewski et al., 2004; Blanco et al., 2005; Kaartinen et al.,
2005; Ahmadi et al., 2014; Iliopoulos et al., 2014; Zimmermann et al.,
2014). Wolves are probably able to discriminate between different in-
tensities of traffic and its associated risk (Kaartinen et al., 2005;
Whittington et al., 2005). The strength of such behavioural response
seems to be stronger where wolves share the landscape more intensely
with human activities (Eurasia). For example, in Eurasia, threshold
values for settlements and roads from which wolves are absent are re-
markably higher compared to North America (Thiel, 1985; Mech et al.,
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1988;Mladenoff et al., 1995;Woodroffe, 2000; Blanco and Cortés, 2007;
Llaneza et al., 2012).

Although it has been reported that wolves are able to persist in agro-
ecosystems in some contexts (Blanco and Cortés, 2007; Agarwala and
Kumar, 2009; Ahmadi et al., 2014), wolves generally avoid agricultural
lands around homesites. Agricultural lands are usually connected with
increased human frequentation and vegetation cover is extremely vari-
able year round (depending on the cultivated crops and harvest pe-
riods). Observed increases in the selection of refuge habitat and the
avoidance of agricultural land around homesites along a gradient of
human pressure (Appendix H) reflect that wolves cope with variations
in exposure risk accordingly. The role of open areas remains unclear,
and this category probably includes a wide range of habitats differing
in protective visual structure at a wolf's height. The pastoralist use of
these habitats in some areas can also have a significant influence on
homesite selection (Habib and Kumar, 2007), without an accurate char-
acterisation in our analyses.

Our results suggest a hierarchical habitat selection process bywhich
wolves compensate for higher exposure risk within their territories via
stronger selection against this risk at homesites (see Basille et al., 2013
for a similar process in Eurasian lynx Lynx lynx). Although wolves
coexisting with humans are expected to be more tolerant of humans
(Mech and Boitani, 2003), the strength of risk avoidance at different or-
ders of selection (Johnson, 1980) may be dependent on the history of
coexistence and persecution. In this regard, stronger human avoidance
at the first and second selection orders (occupancy and territory) in
North America (Mladenoff et al., 1995; Woodroffe, 2000; Wydeven et
al., 2001; Oakleaf et al., 2006) could explain the lower magnitude of
the response observed at the third selection order (homesites). On the
contrary, in Eurasia, a higher tolerance of human-made structures at
lower selection orders (Woodroffe, 2000; Jędrzejewski et al., 2004;
Blanco et al., 2005; Llaneza et al., 2012), may force wolves to be more
cautious at critical places within their territories, such as homesites.
Continental patterns have been previously exemplified by divergent ad-
aptations and tolerance thresholds in large carnivores and ungulates
(Woodroffe, 2000; Sand et al., 2006). Differences in life-history traits as-
sociated with a different history of persecution have been reported for
brown bears (Ursus arctos) (Zedrosser et al., 2011), but no such large-
scale (continental level) differences have been previously reported re-
garding behavioural adaptations in large carnivores.

Wolves in Eurasia aremore prone to inhabit cultural landscapes and
share their territories with humans in a closer proximity than in North
America (Chapron et al., 2014). A social and political willingness for co-
existence has been suggested to be an important factor that may shape
intrinsic behavioural characteristics (Chapron et al., 2014). The stronger
selection of homesites at inaccessible places (e.g. due to Topography) in
Eurasia compared to North America appears to be a behavioural adapta-
tion of wolves to persist in human-dominated landscapes, contributing
to the coexistence pattern observed in Europe (Chapron et al., 2014).
Wolves occurring in areas with low human population density have
greater availability of valley bottoms and lower slopes compared to
wolves in human-dominated landscapes, where agricultural land and
urban development dominate (Llaneza et al., 2012).Milder climate con-
ditions, increasedwater availability and/or prey abundance could partly
explain the preference for valley bottoms in areaswith low human pop-
ulation density (Ausband et al., 2010).

Historically, the intensity of large carnivore persecution in Eurasia
increased in parallel with the expansion of livestock husbandry after do-
mestication around 11,000 yrs BP (Vigne, 2011). As a consequence, Eur-
asian large carnivore populations have been subjected to human
persecution for millennia, and the effectiveness of techniques to kill
wolves has become gradually more sophisticated over time. On the
other hand, North American large carnivore populations were severely
depleted shortly after European settlers expanded westwards and in-
tensive persecution began during the 18th century (Frank and
Woodroffe, 2001). Thus, a gradual long-term co-adaptation between
persecution techniques and anti-predator behaviour in Eurasia com-
pared to North America may be the mechanism behind the observed
continental pattern. Livestock biomass density and livestock as the pri-
mary component of the wolf diet were positively correlated with selec-
tion towards refuge vegetation and likely reflect the adaptive behaviour
of wolves to be more secretive in areas where livestock represent the
primary prey item of wolves and where human animosity is presumed
to be higher.

Despite the renowned habitat plasticity of wolves (Mech and
Boitani, 2003),we have identified strict habitat requirements forwolves
at a small spatial scale during a critical period for the species. Large car-
nivore conservation is often hindered by the remarkable spatial require-
ments and the need to preserve large areas of suitable habitats (Weber
and Rabinowitz, 1996;Woodroffe and Ginsberg, 1998; but see Chapron
et al., 2014; López-Bao et al., 2015). Although many large carnivores do
not necessarily require such large-scale habitat preservation, the issue
of habitat protection for these species should not be disregarded but
rather identified at the proper scale. Habitat selection at levels (orders)
below occupancy and territory, alongwith the interaction with human-
related risks should be regarded in the management and conservation
of large carnivores in human-dominated landscapes.

Wolves repeatedly using the same homesites and vocalising in their
vicinity are vulnerable to humans, especially those actively searching
for litters or aiming to eradicate entire wolf packs. Although the protec-
tion of the breeding sites of large carnivores is mandatory in some legal
contexts (e.g. European Union and the Council of Europe), such as for
populations listed in Annex II of the EU Habitats Directive 92/43/EEC
of 1992, the enforcement of their effective protection is still lacking in
many areas.Whenmanagement and conservation goals aim to preserve
large carnivores in human-dominated landscapes, providing insights on
the general patterns of breeding site selection patterns is a valuable tool
for guiding decision-making processes. In this case, we recommend that
managers should be focused on providing shelter from human interfer-
ence in the small portions of land that fulfill the characteristics of the
places that wolves in particular and large carnivores in general select
as breeding sites, in order to encourage their persistence.
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