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Introduction

Abstract

Wolves are known to be habitat generalists, but they may have critical requirements
during key life-cycle stages, such as reproduction and pup rearing. Especially in
human-dominated landscapes, wolves may become particularly choosy concerning
the location of their homesites to reduce human-related risk and disturbance, thus
enhancing pup survival. From 2005 to 2010, we investigated habitat selection by
wolves when establishing the territory at the landscape scale (i.e., 2nd order selec-
tion) and when locating rendezvous sites within the territory (i.e., 3rd order selec-
tion), the latter based on 31 acoustically and field-verified rendezvous sites (RVs)
in 8 packs in the Abruzzo Lazio and Molise National Park, a historical stronghold
of the species in central Italy where wolves always coexisted with humans. Using
a hierarchical, multi-scale habitat selection approach through multi-grain resource
selection functions (MRSFs), we investigated environmental, topographic, and
anthropogenic factors affecting territory and RVs selection by wolves. At the land-
scape scale, wolves avoided human settlements and primary roads and selected for-
ested areas, shrubland, and rough terrain, likely to improve concealment and
decrease human-associated risks; however, they also positively selected pastures
and trails to possibly improve efficiency in hunting and traveling. When locating
RVs within the territory, wolves still selected forested areas, shrubland, and pas-
tures but differently than the 2nd order, they avoided anthropogenic linear features
(secondary roads and trails) and rough terrain. Our findings confirm that habitat
selection by wolves is better understood through a multi-scalar approach, which
may reveal trade-offs in selection decisions across different spatial scales.

number of homesites may be drastically reduced where
encroachment by humans is substantial (Ciucci et al., 1997).
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Although wolves are known to be habitat generalists, there are
critical stages in their life cycle that require specific resources
and conditions (Ciucci et al., 2024). One such stage is when
wolves attend pups at homesites (i.e., den and rendezvous
sites; Ausband et al., 2010; Ciucci et al., 2018; Houle
et al., 2010; McLoughlin et al., 2004). During this period,
pups are vulnerable, so wolves are expected to locate home-
sites strategically within their territory to ensure adequate pro-
tection from predators, including intraspecific territorial killing
(Ausband et al, 2010; Benson et al, 2015; Smith
et al., 2015). Once having vacated the natal den, pups are
moved to rendezvous sites (RVs) where both breeding and
nonbreeding wolves attend the pups, patrolling the site and
systematically returning to provision them (Ausband, Mitchell,
Bassing, Nordhagen, et al., 2016; Demma & Mech, 2009;
Ruprecht et al., 2012). Generally, wolves can use several suc-
cessive RVs from June to September—October, even though the

In human-dominated landscapes, wolves are selective when
locating homesites in response to their need to meet ecological
requirements while avoiding excessive human disturbance
(Ahmadi et al., 2014; Iliopoulos et al, 2014; Kaartinen
et al., 2010; Theuerkauf et al., 2003). In these conditions, RVs
are known to be chosen in areas whose characteristics enhance
concealment and segregation from humans, a behavior that
appears to be more pronounced in European compared to
North American wolves (Sazatornil et al., 2016). Indeed, the
response to a particular disturbance seems to depend on the
disturbance history, a critical concept in understanding the
behavior of long-lived animals that learn through social trans-
mission (Curatolo & Murphy, 1986). Accordingly, wolves liv-
ing in human-modified landscapes appear relatively more
tolerant of anthropogenic features at lower selection orders
(i.e., Ist and 2nd orders of selection; Johnson, 1980) but
exhibit stronger selection against them at higher orders of
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selection (i.e., 3rd and 4th orders of selection) (Sazatornil
et al., 2016). Yet even though wolves in more pristine environ-
ments seem to be less tolerant of humans (Chapman, 1979),
studies in North America also suggested that they can adapt to
human activity even in proximity to homesites (Thiel
et al., 1998).

Similar to other habitat selection processes, assessment of
homesite choice by wolves is scale-dependent and is best
achieved through multiple observational scales (i.e., grain and
extent; sensu Wheatley & Johnson, 2009), an issue all too
often neglected in previous homesite selection studies (Ciucci
et al., 2024). First, wolves being territorial, a hierarchical habi-
tat selection framework (Johnson’s, 1980) would most properly
account for the scalar extent of homesite selection (i.e., wolves
select a homesite within their territory once the territory has
been selected at the landscape scale; Ciucci et al., 2018). In
use vs availability study designs (Thomas & Taylor, 2006), this
markedly affects where resources available to wolves should
be sampled. For instance, measuring availability at the land-
scape scale (i.e., study area) to contrast homesite selection by
wolves would not only inflate Type I error rates, but also mask
potentially relevant changes in ecological domains (Ciucci
et al.,, 2018). Second, compared to fixed or arbitrarily defined
distances within which to measure state variables in
site-attribute studies, multigrain modeling techniques (e.g.,
Laforge et al., 2015) offer the opportunity to more objectively
define the optimal grain that best describes habitat selection.

We hereby report multi-scale habitat selection by wolves
when locating their RVs in the Abruzzo Lazio and Molise
National Park (PNALM, central Italy) that, established in
1923, has represented since a historical stronghold for wolves
in Italy. Locally, wolves have always coexisted with humans
(Zimen & Boitani, 1975) and they currently thrive at high den-
sity (i.e, >5 wolves/100 km?), even though human-caused
mortality is not trivial despite their legal protection (Mancinelli
et al., 2018). In addition, we know that wolves’ ecology and
behavior are locally affected by interactions with humans
(Ciucci et al., 2020; Mancinelli et al., 2019). Little is known,
however, about the habitat requirements of wolves during the
pup rearing season in this area, where multiple uses by
humans (e.g., tourism, forestry, livestock grazing) are allowed
year through. Using a multi-scalar modeling approach and
based on 31 RVs detected in 8 wolf packs from 2005 to 2010,
we therefore investigated whether environmental, topographic,
and anthropogenic features affected habitat choice by wolves
when selecting their RVs. We predicted that: (i) habitat and
RVs selection by wolves would reveal avoidance of human
disturbance both at the landscape and at the territory scales,
and (ii) habitat selection at the two scales of analysis could
reveal changes in ecological domains, suggesting a trade-off by
wolves between security from humans and energetic
requirements.

Study area

The study area (Fig. 1), located in the central Apennines
(Italy), is the Abruzzo Lazio and Molise National Park
(PNALM) and its external buffer zone (1294 km?). The area is
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mountainous with elevations ranging between 400 and
2284 m, and temperatures ranging from 2°C in January to
20°C in July (Piovesan et al., 2003). Rainfall is most frequent
in spring and fall, and snow cover generally extends from
mid-December to March. The vegetation is characterized by
beech (Fagus sylvatica) at higher altitudes and mixed forests
mainly represented by oak (Quercus spp) and maple (Acer
spp) at lower altitudes. The valley bottoms consist of aban-
doned or seasonally cultivated fields, while above 1800 m,
alpine grasslands predominate. Human density is relatively
high (Mancinelli et al., 2019), with an average of 14.6 inhabi-
tants/km?, clustered in a few small villages, while road density
averages 31.5 km/100 km? and 67.4 km/100 km? for main and
secondary roads, respectively.

A diversity of wild ungulates occurs in the area, with wild
boar (Sus scrofa) and red deer (Cervus elaphus), at relatively
high but unknown densities, followed by Apennine chamois
(Rupicapra pirenaica ornata) and roe deer (Capreolus capreo-
lus). Brown bears (Ursus arctos marsicanus) are also present
with a relict population at a relatively high density (i.e., 40
bears/1000 km*; Ciucci et al., 2015). Free-ranging dogs are
also locally present, especially around villages, either in the
form of working or owned free-ranging dogs (Ciucci
et al., 2020). Forestry, tourism, and livestock husbandry are
the most important economic activities in the area (Ciucci
et al., 2014). In particular, sheep (Ovis aries) represent the
most abundant livestock species, followed by goats (Capra hir-
cus), cattle (Bos taurus), and horses (Equus caballus)
(Galluzzi, 2014).

Materials and methods

Field work

From 2005 to 2010, as part of a broader wolf ecology study,
we detected the location and estimated the use of RVs by wolf
packs in the PNALM. We investigated the local wolf popula-
tion (i.e., number and size of packs, their location and repro-
duction success) by a combination of techniques, including
snow-tracking in winter (December to March) and
wolf-howling during the summer (June to September), aided
by camera trapping, non-invasive genetics, and Global Posi-
tioning System (GPS) telemetry (Ciucci et al., 2020; Grot-
toli, 2011; Mancinelli et al., 2018, 2019). Specifically, to
locate RVs, we conducted nighttime howling surveys from
June through September each year throughout the study area,
according to a saturation census design (sensu Harrington &
Mech, 1982) broadcasting howls of a lone wolf recorded in
captivity (Ciucci et al., 2018). Limited to elicited or spontane-
ous chorus howls comprising pups, distinguished by their high
pitch (Harrington et al., 2003; Joslin, 1967), we then approxi-
mated RVs’ locations by means of acoustic triangulation using
2—4 observers (Ciucci et al.,, 2018). However, because packs
can split temporarily, or pups can be moved between different
rendezvous sites during summer (Ausband, Mitchell, Bassing,
Morehouse, et al, 2016; Frame et al, 2007; Ruprecht
et al.,, 2012), we confirmed a RV location based on at least 2
replicated chorus howls at the same site on different, non
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Figure 1 General location of the Abruzzo Lazio and Molise National Park in Italy (inset), and the approximate location of the eight wolf packs
investigated from 2005 to 2010 (CAN, Canneto pack; Fon, Fondillo pack; lor, lorio pack; LVI, Lago Vivo pack; MAI, Mainarde pack; Ors, Orsara

pack; Ter, Terraegna pack; Vil, Villa pack).

successive days. Thereafter, howling surveys at known RVs
were replicated every 4-7 days to determine the minimum
number of days wolves used the RV. We assumed that an RV
had been vacated after 2-3 successive sessions without replies.
We accordingly defined the last day of RV use as the mid date
between the last day we heard pups at the site and the first
day we did not obtain a reply. If another RV was successively
detected in the same wolf pack territory, we estimated its first

day of use as the mid date between the last day we heard pups
in the previous site and the first day we heard them in the
new RV (Ciucci et al., 2018). During the period RVs were
used by wolves we only remotely monitored their use (i.e.,
howling sessions), and never adopted camera traps or
non-invasive genetic sampling at the site to avoid disturbance.
However, once we obtained acoustic evidence that a RV had
been vacated, a team of 2—5 operators conducted confirmatory
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field surveys on the site, searching for evidence such as net-
work of trails, lowered grass, day beds, tufts of wolf hair, pup
scats, and prey remains (Ballard & Dau, 1983; Ciucci
et al., 2018; Unger et al., 2009). For modeling purposes, we
recorded the coordinates of the RV’s centroid using a
hand-held GPS unit, coincident with the center-most point of
all wolf activity (i.e., where most of the trails converged and
most of the signs, especially bed sites, were found). For those
RVs whose location had been previously estimated by acoustic
triangulation, we used the on-site recorded RV’s centroid to
measure the linear error about the acoustic estimate; we also
used the upper bound of the 95% confidence interval of these
estimates across all detected RVs as a measure of the expected
inaccuracy in estimating the RV location through acoustic tri-
angulation. The same value was then used to represent the RV
location in a Geographic Information System (GIS) environ-
ment for subsequent modeling (see below).

Resources variables

To account for habitat selection by wolves, we obtained GIS
layers of environmental, topographic, and anthropogenic vari-
ables at a 20 m spatial resolution (Table 1). We obtained land
cover data from the CORINE Land Cover database (III level;
http://dataservice.eea.europa.cu/dataservice/). To reflect the
main structural vegetation types, we aggregated the original
land cover classes as reported in Table S1. We obtained eleva-
tion from the digital elevation model (DEM; Italian Military
Geographic Institute), from which we calculated two indices of
orographic complexity (i.e., mean slope and the terrain rough-
ness index, TRI; Riley et al., 1999). Linear anthropogenic fea-
tures were obtained integrating De Agostini GeoNext and
Open Street Map (OSM; https://osmit.it/) data. Based on De
Agostini GeoNext classification of intensity road use, we dis-
tinguished among primary roads, secondary roads, and trails
(generally accessible by foot, bike, or horse).

Model development

We investigated habitat selection by wolves at RVs, accounting
for the hierarchical nature of habitat selection (Johnson, 1980).
This implied developing two multi-grain resource selection
functions (MRSFs), one at the 2nd order of selection (i.e.,
selection of territories at the landscape scale) and one at the
3rd order of selection (i.e., selection of RVs within the terri-
tory) (Ciucci et al., 2018). To model habitat selection at the
landscape scale, we followed a type 2 design (Thomas & Tay-
lor, 2006). For each pack, we represented use (coded as 1) by
randomly selecting points (1 point/km?®) within the pack’s terri-
tory (see below), and availability (coded as 0) by randomly
selecting points within the study area, defined as the extent
encompassed within a 5-km buffer beyond the PNALM’s
external buffer zone (Fig. 1), a distance that corresponds to the
mean territory radius of wolf packs in the PNALM (Mancinelli
et al., 2018). To model RV selection within the territory, we
followed a type 3 design (Thomas & Taylor, 2006) by con-
trasting in each pack confirmed RVs (i.e., use; coded as 1)
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with points randomly selected (i.e., availability; coded as 0)
within the territory. Only RVs that were confirmed by repli-
cated acoustic triangulation and successively verified by field
surveys, and whose use was limited to September 30, were
included in the study. Availability at the 2nd and 3rd orders of
selection was sampled at a density of 1 point/10 km® and 1
point/km?, respectively, as these values were the smallest to
stabilize the variability of the covariates to be subsequently
used in MRSFs (Fig. S1). Because for only 3 of the 8 wolf
packs we accurately determined the annual territory by means
of GPS-telemetry, we approximated each wolf pack’s territory
using a 5-km radius centered in the RVs geometric mean loca-
tion to enhance comparability among packs (Mancinelli
et al., 2018).

For both orders of selection, we used a MRSF approach to
account for variable grain size. Starting with a single variable
grain analysis, in which we changed the grain size of one vari-
able at a time, and using the sample-size corrected Akaike’s
Information Criterion (AICc), we determined the optimal grain
size at which resource selection decisions are made (Laforge
et al., 2015). Specifically, using the same modeling approach
described below (i.e., MRSF approach), we first estimated the
differences of the AICc (i.e., AAICc) values between the
global model and the same model with the variable excluded
(i.e., quasi-global model), and then selected the grain size cor-
responding to the minimum AAICc, which represents the most
parsimonious scale for that variable (see Laforge et al., 2015
for further details on MRSFs). To this aim, for each used and
available point, we set the minimum grain size at 500 m, to
account for the estimated error in the acoustic location of RVs,
and the maximum at 5000 m reflecting the mean territory
radius of wolves in the PNALM, using 500 m and 1000 m
incremental units up to and beyond 2000 m, respectively. We
modeled linear features effects as a function of log-transformed
Euclidean distance. The other variables were modeled as pro-
portions using the focal statistics tool in ARCMAP (ARCGIS
10.1, Environmental Systems Research Institute, Redlands, CA,
USA) over incremental radii (from 500 to 5000 meters) to rep-
resent different spatial scales (i.e., grains) (Figs S2 and S3).
We standardized the variables, subtracting the mean and divid-
ing by the standard deviation, to allow comparison of covari-
ates” effects and to improve model convergence (Zuur
et al.,, 2009). To account for collinearity among the variables,
we used the Pearson’s rank correlation (» > 0.7) and the Vari-
ance Inflation Factor (VIF >3; AED R package; Zuur
et al., 2009). Due to their high correlation (» > 0.70) across all
grains of analysis in both orders of selection, we merged
human settlements and primary roads into a new anthropogenic
variable representing the distance to both human settlements
and main roads (Table 1).

For both orders of selection, we developed MRSFs estimat-
ing a generalized linear mixed model (GLMM) using the /me4
R package (Bates et al., 2016). For both orders of selection,
we used pack ID as a random effect to account for repeated
observations within the same wolf pack and variation in the
number of observations across packs (Gillies et al., 2006). We
allowed covariates to enter the model at different grain sizes,
as previously indicated by the single variable grain analysis
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Table 1 Variables used to develop multi-grain resource selection functions to investigate territory and rendezvous site habitat selection by

wolves in the Abruzzo Lazio and Molise National Park, 2005-2010

Variables Wolf pack territories Rendezvous sites®
Type Description Study area Mean =+ sp Mean =+ sp
Environmental® Forest (For) 57.6% 68.4 (+£9.4) % 75.3 (£8.8) %
Shrubland (Shrub) 4.6% 3.9 (+£4.6) % 2.8 (£6.7) %
Pastures (Past) 18.9% 17.4 (£5.0) % 2.9 (+4.1) %
Agricultural (Agri)® 14.3% 1.8 (£1.2) % 1.7 (£9.3) %
Topographic Elevation (DEM)®© 1115 (£451) m asl 1492 (£115) m asl 1547 (£204) m asl
Mean slope® 18.3 (£11.8)° 22.0 (£3.4)° 21.0 (£5.0)°
Terrain roughness (TRI)® 4192 (£2205) 5081 (+£766) 4973 (£1362)
Anthropogenic Human settlements® 1945 (+£1542) m 3144 (£611) m 3617 (£1287) m
Primary roads (Dist_lroads)® 1602 (+£1384) m 2622 (£829) m 3186 (£1238) m
Secondary roads (Dist_lIroads) 572 (£566) m 583 (£190) m 685 (+474) m
Dist_Iroads_human 1519 (£1300) 2642 (£812) m 3098 (£1240) m
Trails (Dist_trails) 3669 (£3711) m 478 (£122) m 526 (+£292) m

Due to collinearity, not all covariates were retained in the final models.

‘Calculated within a 500 m buffer around the RVs' centroid.
’Except non-vegetated and anthropogenic areas.

‘Excluded from the model due to collinearity.

‘Terrain roughness index range in the study area is 2.24-18636.43.

“Due to high correlation between these two variables, they were merged into a unique composite anthropogenic variable (Dist_Iroads_human).

(Laforge et al,, 2015). We standardized the wvariables and
accounted for collinearity using the same approach of the sin-
gle variable grain analysis (see above). To account for overfit-
ting, we considered models of low complexity and reduced the
number of models to compare (Anderson, 2007). We also did
not account for annual variation, assuming it did not signifi-
cantly affect RVs selection by wolves during our study.

We performed model selection using the AICc and adopted
multi-model inference averaging estimates based on model
weights (MuMIn R package; Barton, 2016) limited to models
whose AICc value was <2 from the best supported model
(Burnham & Anderson, 2002). Because few candidate models
received Akaike weights >0, this avoided the risk of spurious
results from averaging parameter estimates of too many models
with low weight (Grueber et al., 2011). We estimated uncondi-
tional standard errors and 95% confidence intervals for aver-
aged parameters and determined the relative importance of
each covariate by summing the AIC weights of all models in
which  the covariate was included (Burmham &
Anderson, 2002).

At the 2nd order of selection, we used a k-fold cross-
validation, removing 10% of the observations at a time (valida-
tion dataset) and using the remaining data (training dataset) to
predict the MRSFs coefficients of the fixed effects for the vali-
dation dataset, repeating the procedure 100 times. We then
split the MRSFs predicted values into 10 bins, computing for
each the ratio between the relative frequencies of used (pre-
dicted) and available (expected) observations and used the
Boyce index (Boyce et al., 2002) to assess the calibration
power of the model. The Boyce index is based on the Spear-
man’s rank correlation coefficient (r;) between the mean value
of each habitat suitability class (bin) and the predicted-to-
expected ratios, with values close to 1 indicating a high

predictive value. At the 3rd order of selection, we assessed the
calibration power of the MRSF using the leave-one-out
cross-validation (LOOCYV), by removing one RV at a time and
then following the same procedure used at the 2nd order of
analysis.

Based on the models’ coefficients, we developed a map of
RVs suitability for wolves in the PNALM. We first produced a
habitat suitability map at the 2nd order; then, based on the cut-
off value that maximizes sensitivity and specificity (P = 0.26),
we delineated the area within the PNALM where wolves have
a higher probability to establish a territory and used this area
to project suitability for RVs at the 3rd order. To enhance
interpretation for practical management, we then discretized
continuous values into 3 classes (low, medium, and high)
based on quantiles.

Results

Out of 60 sites in 9 wolf packs from which we successfully
elicited chorus howls with pups, 31 in 8 packs reflected our
criteria to be subsequently used in MRSFs (3—7 RVs per year;
Table S2). We detected use of RVs from 25 June to 30 Sep-
tember and, based on wolf howling replicates, each RV was
used on average for 32 (£22 sp) days. In all cases, their loca-
tion was estimated through acoustic triangulation, aided in
three cases by GPS locations of a collared wolf in the pack,
and in 18 cases supported by on-site confirmatory field surveys
(Table S1). On average, the latter were conducted 29 (£16 sp)
days after RVs had been vacated by wolves. Based on field
verifications, the linear error of the acoustically estimated RVs’
locations averaged 339 (£180 sp) m (95% Cls: 300480 m).
At the 2nd order of selection, two subsets of the global
model were most supported (Table 2), with adequate
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Table 2 Multi-grain, mixed effects logistic regression model selection to assess the effects of environmental, topographic, and anthropogenic
variables on habitat selection by wolves when establishing the territory within the landscape (2nd order selection), and RVs within the territory
(3rd order selection) in the Abruzzo Lazio and Molise National Park, central Italy, 2005-2010

Order of
selection Variables d.f. AIC, AAIC.  w;
2nd order Forestsooom + Pasturesgoom + Shrublandsgoom + TRlsgom + Dist_trails + Dist_lroads_human 8 2279.14 0.00 0.71
Forestspgom + Pasturesgoom + Shrublandsegom + TRIs00m + Dist_ 9 2280.93 1.78 0.29
trails + Dist_Iroads_human + Dist_lIroads
Forestspgom + Pasturesgoom + TRlsgom + Dist_ trails + Dist_Iroads_human 7 2282.40 3.25 0
3rd order Forestsoom + Pasturesgoom + Shrublandyspgm + TRIsgom + Dist_ trails + Dist_lIroads 8 208.17 0.00 0.61
Forestsoom + Pasturezggom + Shrublandsgom + TRIsgom + Dist_ 9 209.11 0.93 0.39
trails + Dist_lIroads + Dist_Iroads_human
Forestsoom + Shrublandqsgom++TRIs00m + Dist_ trails + Dist_lIroads 8 21159 3.41 0

Variables' subscripts indicate the optimal grain size as estimated through single variable grain analysis (see text). All models with AAIC <4 are
shown.

AIC., Akaike's Information Criterion adjusted for small sample size; d.f., degrees of freedom; Dist_lIroads, distance to secondary roads; Dist_Ir-
oads_human, distance to primary roads and human settlements; Dist_trails, distance to trails; TRI, terrain roughness; w; models’ Akaike

weights.

calibration power (Boyce index: 7, = 0.76). Accordingly, when
establishing territories in the study area, wolves selected at a
wide grain (i.e., 5000 m) forested areas and shrubland cover,
with the presence of pastures; they also selected higher rough-
ness and areas further from primary roads and settlements, and
closer to trails (Table 3). At the 3rd order of selection, two
subsets of the global model were most supported (Table 2),
also with adequate calibration power (Boyce index: rg = 0.78).
Similar to the 2nd order selection, within their territories
wolves responded at finer grains (i.e., 500-3000 m) selectively
locating RVs in forested areas, shrubland cover with the occur-
rence of pasture (Fig. 2). Compared to the 2nd order, however,
wolves relaxed avoidance of areas closer to primary roads and
settlements, increased avoidance of areas closer to secondary

Table 3 Coefficients of multi-grain resource selection functions to
investigate habitat selection by wolves when establishing territories
at the landscape scale (2nd order selection), in the Abruzzo Lazio and
Molise National Park, central Italy, 2005-2010

95% Confidence

intervals

Variable B SE Lower Upper

Intercept —1.573 0.077 —1.724 —1.422
Forestsooom 1.168 0.116 0.937 1.395
Pasturesooom 0.373 0.096 0.181 0.556
Shrublandsggom 0.128 0.054 0.019 0.231
TRIs00m 0.209 0.057 0.094 0.319
Dist_trails —0.510 0.079 —0.667 —0.353
Dist_lroads_humans 0.581 0.062 0.459 0.681
Dist_llroads —0.030 0.063 —0.154 0.093

Variables' subscripts indicate the optimal grain size as estimated
through single variable grain analysis.

Dist_llroads, distance to secondary roads; Dist_lroad_humans, dis-
tance to primary roads and human settlements; Dist_trails, distance
to trails; TRI, terrain roughness.

roads (Fig. 2), and switched selection for (i.e., avoided) com-
plex orography and proximity to trails (Table 4; Fig. 3).

Discussion

Conducted in a historical stronghold of wolves in Italy, where
the species always cohabited with humans, our findings concur
in documenting that, although adaptable in terms of habitat
requirements, wolves display specific selection patterns for cer-
tain behaviors and life cycle events (Ciucci et al., 2024). This
is the case for the pup rearing period, during which wolves
attend vulnerable pups at dens and rendezvous sites (home-
sites), whose locations reveal selection for habitat features that
may enhance pup survival (Benson et al.,, 2015; Kaartinen
et al., 2010; Sazatornil et al., 2016). In the human-modified
landscape of our study area, we expected wolves to avoid
human disturbance both at the landscape and at the territory
scales, a tendency that would become more apparent when
establishing RVs by selecting habitat features that ensure cover
and enhanced safety from humans. The results we obtained
confirm our hypotheses, revealing a habitat-mediated behav-
ioral response by wolves when living in human-modified land-
scapes. This is in line with previous studies indicating that the
avoidance of anthropogenic pressure plays a critical role in
wolves’ habitat decisions, a tendency particularly apparent
when locating homesites (e.g., Iliopoulos et al., 2014; Kaarti-
nen et al., 2010; Theuerkauf et al., 2003). We caution, how-
ever, that even though we sampled the great majority of wolf
packs in the PNALM, our study has a relatively limited num-
ber of wolf packs and RVs, forcing us to develop relatively
simple models.

At the landscape scale, wolves in the PNALM positively
selected forest, shrubland, and rough terrain, all features related
to cover and areas hardly accessible by humans; wolves also
positively selected pastures, a likely proxy of prey availability
and hunting grounds (Heard & Williams, 1992). Distance to
human settlements and primary roads combined was also
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Figure 2 Relative probability of wolves establishing a territory within the landscape (2nd order selection; dashed line) and locating a rendezvous
site within the territory (3rd order selection; solid line) as a function of land cover and anthropogenic variables based on multi-grain resource
selection functions in the Abruzzo Lazio and Molise National Park, central Italy. To enhance comparability between orders of selection, relative
probability (y-axis) has been standardized by dividing predicted values by their maximum.

positively selected, indicating a tendency to minimize the risk
associated with a higher level of human presence and activity.
Overall, these findings concur in revealing that wolves in
human-modified landscapes, given the opportunity, select their

Table 4 Coefficients of multi-grain resource selection functions to
investigate habitat selection by wolves when locating a RV within the
territory (3rd order selection) in the Abruzzo Lazio and Molise National
Park, central Italy, 2005-2010

95% Confidence

intervals

Variable B SE Lower Upper

Intercept —-4.610 0.566 —5.684 —3.5636
Forestsoom 2.580 0.670 1.440 4.075
Pasturespoom 0.588 0.248 0.100 1.076
Shrublandsgom 0.528 0.173 0.187 0.869
TRIs00m -0.720 0.271 —1.253 -0.188
Dist_trails 0.546 0.181 0.189 0.903
Dist_lroads_humans 0.092 0.183 —0.205 0.686
Dist_llroads 0.546 0.215 0.124 0.968

Variables' subscripts indicate the optimal grain size as estimated
through single variable grain analysis.

Dist_lIroads, distance to Il roads; Dist_lroad_humans, distance to pri-
mary roads and human settlements; Dist_trails, distance to trails; TRI,
terrain roughness.

territories in a way to minimize encounters with humans, there-
fore necessitating particular combinations of land cover types
and orography (Ciucci et al., 2018; Iliopoulos et al., 2014).
Yet, when establishing their territories, wolves selected for
proximity to trails, suggesting that the different nature and
lower intensity of human disturbance along trails allow wolves
to take advantage of them to enhance traveling efficiency (e.g.,
hunting, territory patrolling). It has also been reported else-
where that wolves tend to select linear features to facilitate
travel (Ciucci et al., 2003; Dickie et al., 2017; James & Stuart-
Smith, 2000; Whittington et al., 2005), enhancing efficiency
compared to traveling in the forest (Dickie et al., 2017; Zim-
mermann et al., 2014) and increasing prey encounter rates
(Dickie et al., 2017; Frid & Dill, 2002). Based on resource
and step selection functions at the 3rd order of selection, how-
ever, we showed that the response by wolves to roads is quite
complex, varying seasonally and depending on road type (i.e.
main vs secondary roads), the time of the day, social context
(i.e. pack members vs solitary floaters), and behavior (i.e.,
traveling vs resting) (Mancinelli et al., 2019). During summer,
coincident with our study, pack members avoided main roads
throughout the day, both when traveling and resting, and
showed a similar response to secondary roads, although relax-
ing avoidance when traveling during the night (Mancinelli
et al.,, 2019). Unfortunately, in that study we did not investi-
gate the response by wolves to trails.
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When choosing RV location within the territory, wolves in
the PNALM still positively selected forest and shrubland cover,
possibly to ensure concealment and safety for the litter, and
again positively selected for pastures as a likely proxy of prey
occurrence. In contrast to the 2nd order of selection, however,
when selecting RV locations, they avoided terrain roughness at
fine grains, similar to wolves when traveling across their terri-
tory (Mancinelli et al., 2019). Especially in mountainous areas,
more gentle terrain in proximity to RVs would be functional to
save energy for the daily, centripetal travels from and to the
RVs (Ausband et al., 2010; Ciucci et al., 2018; Person & Rus-
sell, 2009). In addition, also different from the 2nd order of
selection, when locating RVs, wolves avoided proximity to
secondary roads and trails, as this implies increased risks of
impact by humans (Capitani et al., 2006; Ciucci et al., 1997,
2018; Person & Russell, 2009; Theuerkauf et al., 2003).

Through our multiscale modeling approach, we confirmed
that both extent and scale affect our ability to assess selection
patterns by wolves (Ciucci et al., 2018). First, we revealed that
different grains explained habitat selection both among vari-
ables at the same order of selection (e.g., forest cover and
roughness at the 2nd order of selection; Figs S2 and S3) and
for the same variable between orders of selection (e.g., forest
cover at the 2nd and 3rd order of selection; Figs S2 and S3).
Taken together, these findings reveal that habitat variables are
perceived differently by wolves and that their response to a

given variable may vary depending on the prevailing behavior
(e.g., establishing a territory vs ensuring offspring safety). For
instance, the smaller grain (i.e., 500 m) at which forest cover
was selected when choosing RVs within the territory reveals
the immediacy of response by wolves compared to the broader
selection for cover across the entire territory (i.e., 5000 m
grain; Table 2). Second, we revealed that selection for specific
habitat variables changed (i.e., relaxed, intensified, or switched)
across orders of selection, indicating possible ecological
domains and the corresponding behavioral mechanisms. Com-
pared to the 2nd order of selection, wolves relaxed the avoid-
ance of human settlements and primary roads when locating
RVs within the territory (Tables 3 and 4), likely because such
avoidance already took place when establishing the territory at
the landscape scale, ensuring an adequate level of security.
Similarly, they changed response towards secondary roads and
trails, switching selection from positive to avoidance at the
2nd and 3rd order, respectively. Similar insights into ecological
domains might enhance our understanding of the inherent com-
plexity and the adaptive value of habitat choices. For example,
changing responses towards secondary roads, trails, and rough
topography from the 2nd to the 3rd order of selection may be
an indication that, during the energetically demanding period
of pup rearing, wolves in the PNALM strategically choose
RVs locations to enhance traveling and hunting efficiency, thus
maximizing food intake and minimizing the time pups are left
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unattended. In addition, whereas selection for rough topogra-
phy at the landscape scale may indicate that wolves preferen-
tially use areas hardly accessible to humans, selection of
relatively more gentle terrain in the proximity of RVs suggests
that wolves inhabiting mountainous areas have an ergonomic
response when traveling centripetally about the RV during the
pup rearing period. An ergonomic interpretation of the land-
scape by wolves is also consistent with previous findings in
the PNALM, showing that wolves tend to prefer more gentle
topography when traveling across the territory as opposed to
higher roughness when resting (Mancinelli et al., 2019).

Rendezvous sites selection by wolves in the PNALM is
highly consistent with a similar multiscale study conducted in
the Pollino National Park, another historical stronghold of
wolves in Italy (Zimen & Boitani, 1975), located in the south-
ern Apennines at about 320 km south-east from the PNALM
and featuring quite different ecological and anthropogenic con-
ditions (i.e., lower prey abundance, lower wolf density, and
higher human and road density; Ciucci et al., 2018). Although
this similarity reflects comparable modeling approaches and
habitat variables, it is remarkable that selection patterns were
very similar and that in both studies we revealed the same
shifts in habitat selection between the 2nd and the 3rd orders
of selection, indicating that scale-dependency in habitat choice
by wolves may be consistent across different study areas. In
turn, while adding to the generalizability of our results, this
indicates how replication of local studies can contribute to our
understanding of broader ecological phenomena.

Management implications

The spatially explicit version of the RVs habitat model for
wolves in the PNALM (Fig. S4; also available in raster for-
mat) is meant to inform and support conservation management.
First, by visualizing the areas within the park most likely to
host a RV, it allows assessing the extent to which the location
of wolves’ homesites during summer is compatible with the
park’s internal zoning system (i.e., regulations involving human
activities such as tourism, livestock grazing, and forestry). Sec-
ond, understanding where wolves would most likely locate
their homesites may be useful to prevent close proximity and
avoid spatio-temporal overlap between RVs and grazing allot-
ments during the pups rearing season (Fig. S4). Third, the effi-
cacy and efficiency of wolf monitoring programs during
summer (e.g., by means of wolf howling, camera trapping, and
non-invasive genetic sampling) could be dramatically improved
if conducted in areas of higher probability of RVs occurrence.

Acknowledgements

This study was funded by a private US donor through the
Wildlife Conservation Society. Luigi Boitani helped with the
project’s coordination. The PNALM authority, the park’s war-
dens, and the Forest Service supported with personnel and
logistics. We are grateful to the many researchers, technicians,
students, and volunteers who helped with fieldwork, in particu-
lar L. Grottoli, D. Pagliaroli, O. Gallo, L. Gentile, R. Latini,
V. De Pirro. L. Maiorano assisted with statistical and modeling

Journal of Zoology ee (2025) ee—ee © 2025 The Author(s). Journal of Zoology published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

Multi-scalar rendezvous habitat selection by wolves

expertise. Additional funding was provided by the European
Union — NextGenerationEU National Biodiversity Future
Center.

Conflict of interest

The authors declare they have no conflict of interest.

References

Ahmadi, M., Lopez-Bao, J. V., & Kaboli, M. (2014). Spatial
heterogeneity in human activities favors the persistence of
wolves in agroecosystems. PLoS One, 9, ¢108080.

Anderson, D. R. (2007). Model based inference in the life
sciences: A primer on evidence. Springer.

Ausband, D. E., Mitchell, M. S., Bassing, S. B., Morehouse, A.,
Smith, D. W., Stahler, D., & Struthers, J. (2016). Individual,
group, and environmental influences on helping behavior in a
social carnivore. Ethology, 122, 963-972.

Ausband, D. E., Mitchell, M. S., Bassing, S. B., Nordhagen, M.,
Smith, D. W., & Stahler, D. R. (2016). Dog days of summer:
Influences on decision of wolves to move pups. Journal of
Mammalogy, 97, 1282-1287.

Ausband, D. E., Mitchell, M. S., Doherty, K., Zager, P., Mack,
C. M., & Holyan, J. (2010). Surveying predicted rendezvous
sites to monitor gray wolf populations. The Journal of Wildlife
Management, 74, 1043—1049.

Ballard, W., & Dau, J. (1983). Characteristics of gray wolf,
Canis lupus, den and rendezvous sites in southcentral Alaska.
Canadian Field-Naturalist, 97, 299-302.

Barton, K. (2016). MuMIn: multi-model inference. (R package
version 1.15.6). http://cran.r-project.org/package/MuMIn

Bates, D., Maechler, M., & Bolker, B. (2016). lme4: linear
mixed-effects models using ‘Eigen’ and S4. (R package
version 1.1-12). https://CRAN.Rproject.org/package=Ime4

Benson, J. F., Mills, K. J., & Patterson, B. R. (2015). Resource
selection by wolves at dens and rendezvous sites in
Algonquin park, Canada. Biological Conservation, 182, 223—
232.

Boyce, M. S., Vernier, P. R., Nielsen, S. E., & Schmiegelow, F.
K. (2002). Evaluating resource selection functions. Ecological
Modelling, 157, 281-300.

Burnham, K., & Anderson, D. (2002). Model selection and
multimodel inference. A practical information-theoretic
approach (2nd ed.). Springler-Verlag.

Capitani, C., Mattioli, L., Avanzinelli, E., Gazzola, A., Lamberti,
P., Mauri, L., Scandura, M., Viviani, A., & Apollonio, M.
(2006). Selection of rendezvous sites and reuse of pup raising
areas among wolves Canis lupus of north-eastern Apennines,
Italy. Acta Theriologica, 51, 395-404.

Chapman, R. C. (1979). Human disturbance at wolf dens-a
management problem. In Proceedings of the first conference
on scientific research in the National Parks, New Orleans,
Louisiana, November 9-12, 1976 (No. 5, p. 323). National
Park Service.

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq peusenob afe Saie YO 9SN JO SajnJ o} ARIq1T 8UIUQ AS]IA UO (SUONIPUCO-PUE-SWSI/LIOO"AB | 1M ARe.d [u[UO//:SdNL) SUONIPUOD pue SWis | 8U1 89S *[5202/90/80] U0 AkeiqiTauljuo 48] ‘el euelyood Aq SE00. 0Z/TTTT OT/I0p/woo A3 |1 ArIqipuljuo'suo ol jqnd §z//:sdny wouy pepeojumod ‘0 ‘8662697T


http://cran.r-project.org/package/MuMIn
http://cran.r-project.org/package/MuMIn
http://cran.r-project.org/package/MuMIn
https://cran.rproject.org/package=lme4
https://cran.rproject.org/package=lme4
https://cran.rproject.org/package=lme4

Multi-scalar rendezvous habitat selection by wolves

Ciucci, P., Boitani, L., Falco, M., & Maiorano, L. (2018).
Hierarchical, multi-grain rendezvous site selection by wolves
in southern Italy. The Journal of Wildlife Management, 82,
1049-1061.

Ciucci, P., Boitani, L., Francisci, F., & Andreoli, G. (1997).
Home range, activity and movements of a wolf pack in
central Italy. Journal of Zoology, 243, 803—819.

Ciucci, P., Gervasi, V., Boitani, L., Boulanger, J., Paetkau, D.,
Prive, R., & Tosoni, E. (2015). Estimating abundance of the
remnant Apennine brown bear population using multiple
noninvasive genetic data sources. Journal of Mammalogy, 96,
206-220.

Ciucci, P., Mancinelli, S., Boitani, L., Gallo, O., & Grottoli, L.
(2020). Anthropogenic food subsidies hinder the ecological
role of wolves: Insights for conservation of apex predators in
human-modified landscapes. Global Ecology and
Conservation, 21, e00841.

Ciucci, P., Masi, M., & Boitani, L. (2003). Winter habitat and
travel route selection by wolves in the northern Apennines,
Italy. Ecography, 26, 223-236.

Ciucci, P., Sand, H., /&kesson, M., & Kusak, J. (2024). Wolf
Canis lupus Linnaeus, 1758. In K. Hacklander & F. E. Zachos
(Eds.), Handbook of the mammals of Europe (pp. 1-62).
Springer International Publishing.

Ciucci, P., Tosoni, E., Di Domenico, G., Quattrociocchi, F., &
Boitani, L. (2014). Seasonal and annual variation in the food
habits of Apennine brown bears, central Italy. Journal of
Mammalogy, 95, 572-586.

Curatolo, J., & Murphy, S. (1986). The effects of pipelines,
roads, and traffic on the movements of caribou, Rangifer
tarandus. Canadian Field-Naturalist, 100, 218-224.

Demma, D. J., & Mech, L. D. (2009). Wolf use of summer
territory in northeastern Minnesota. The Journal of Wildlife
Management, 73, 380-384.

Dickie, M., Serrouya, R., McNay, R. S., & Boutin, S. (2017).
Faster and farther: Wolf movement on linear features and
implications for hunting behaviour. Journal of Applied
Ecology, 54, 253-263.

Frame, P. F., Cluff, H. D., & Hik, D. S. (2007). Response of
wolves to experimental disturbance at homesites. The Journal
of Wildlife Management, 71, 316-320.

Frid, A., & Dill, L. (2002). Human-caused disturbance stimuli as
a form of predation risk. Conservation Ecology, 6, 1-11.

Galluzzi, A. (2014). Conflitto tra grandi carnivori ed attivita
zootecnica nell’Appennino centrale: Dinamica, caratteristiche
e sostenibilita delle strategie di mitigazione. PhD thesis,
Universita di Roma La Sapienza. [in Italian with English
summary].

Gillies, C. S., Hebblewhite, M., Nielsen, S. E., Krawchuk, M.
A., Aldrige, C. L., Frair, J. L., Saher, D. J., Stevensen, C. E.,
& Jerde, C. J. (2006). Application of random effects to the
study of resource selection by animals. Journal of Animal
Ecology, 75, 887-898.

Grottoli, L. (2011). Assetto territoriale ed ecologia alimentare
del lupo (Canis lupus) nel Parco Nazionale d’Abruzzo Lazio e

S. Droghei, M. Falco and P. Ciucci

Molise. PhD thesis, Universita di Roma La Sapienza. [in
Italian with English summary].

Grueber, C. E., Nakagawa, S., Laws, R. J., & Jamieson, 1. G.
(2011). Multimodel inference in ecology and evolution:
Challenges and solutions. Journal of Evolutionary Biology, 24,
699-711.

Harrington, F. H., Asa, C. S., Mech, L. D., & Boitani, L.
(2003). Wolf communication. In L. D. Mech & L. Boitani
(Eds.), Wolves: Behavior, ecology, and conservation (pp. 66—
103). University of Chicago Press.

Harrington, F. H., & Mech, L. D. (1982). An analysis of
howling response parameters useful for wolf pack censusing.
The Journal of Wildlife Management, 46, 686—693.

Heard, D. C., & Williams, T. M. (1992). Distribution of wolf
dens on migratory caribou ranges in the Northwest Territories,
Canada. Canadian Journal of Zoology, 70, 1504—1510.

Houle, M., Fortin, D., Dussault, C., Courtois, R., & Ouellet, J.
P. (2010). Cumulative effects of forestry on habitat use by
gray wolf (Canis lupus) in the boreal forest. Landscape
Ecology, 25, 419-433.

Iliopoulos, Y., Youlatos, D., & Sgardelis, S. (2014). Wolf pack
rendezvous site selection in Greece is mainly affected by
anthropogenic landscape features. European Journal of
Wildlife Research, 60, 23-34.

James, A. R., & Stuart-Smith, A. K. (2000). Distribution of
caribou and wolves in relation to linear corridors. The Journal
of Wildlife Management, 64, 154—159.

Johnson, D. H. (1980). The comparison of usage and availability
measurements for evaluating resource preference. Ecology, 61,
65-71.

Joslin, P. W. (1967). Movements and home sites of timber
wolves in Algonquin Park. American Zoologist, 7, 279-288.

Kaartinen, S., Luoto, M., & Kojola, 1. (2010). Selection of den
sites by wolves in boreal forests in Finland. Journal of
Zoology, 281, 99-104.

Laforge, M. P., Vander Wal, E., Brook, R. K., Bayne, E. M., &
McLoughlin, P. D. (2015). Process-focussed, multi-grain
resource selection functions. Ecological Modelling, 305, 10—
21.

Mancinelli, S., Boitani, L., & Ciucci, P. (2018). Determinants of
home range size and space use patterns in a protected wolf
(Canis lupus) population in the central Apennines, Italy.
Canadian Journal of Zoology, 96, 828-838.

Mancinelli, S., Falco, M., Boitani, L., & Ciucci, P. (2019).
Social, behavioral and temporal components of wolf (Canis
lupus) responses to anthropogenic landscape features in the
central Apennines, Italy. Journal of Zoology, 309, 114—124.

McLoughlin, P. D., Walton, L. R., Cluff, H. D., Paquet, P. C., &
Ramsay, M. A. (2004). Hierarchical habitat selection by
tundra wolves. Journal of Mammalogy, 85, 576-580.

Person, D. K., & Russell, A. L. (2009). Reproduction and den
site selection by wolves in a disturbed landscape. Northwest
Science, 83, 211-224.

Piovesan, G., Bernabei, M., Di Filippo, A., Romagnoli, M., &
Schirone, B. (2003). A long-term tree ring beech chronology

10 Journal of Zoology ee (2025) ee—ee © 2025 The Author(s). Journal of Zoology published by John Wiley & Sons Ltd on behalf of Zoological Society of London.

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq peusenob afe Saie YO 9SN JO SajnJ o} ARIq1T 8UIUQ AS]IA UO (SUONIPUCO-PUE-SWSI/LIOO"AB | 1M ARe.d [u[UO//:SdNL) SUONIPUOD pue SWis | 8U1 89S *[5202/90/80] U0 AkeiqiTauljuo 48] ‘el euelyood Aq SE00. 0Z/TTTT OT/I0p/woo A3 |1 ArIqipuljuo'suo ol jqnd §z//:sdny wouy pepeojumod ‘0 ‘8662697T



S. Droghei, M. Falco and P. Ciucci

from a high-elevation old-growth forest of Central Italy.
Dendrochronologia, 21, 13-22.

Riley, S. J., DeGloria, S. D., & Elliot, R. (1999). Index that
quantifies topographic heterogeneity. Intermountain Journal of
Sciences, 5, 23-27.

Ruprecht, J. S., Ausband, D. E., Mitchell, M. S., Garton, E. O.,
& Zager, P. (2012). Homesite attendance based on sex,
breeding status, and number of helpers in gray wolf packs.
Journal of Mammalogy, 93, 1001-1005.

Sazatornil, V., Rodriguez, A., Klaczek, M., Ahmadi, M.,
Alvares, F., Arthur, S., Blanco, J. C., Borg, B. L., Cluff, D.,
Cortés, Y., Garcia, E. J., Geffen, E., Habib, B., Iliopoulos, Y.,
Kaboli, M., Krofel, M., Llaneza, L., Marucco, F., Oakleaf, J.
K., ... Lopez-Bao, J. V. (2016). The role of human-related
risk in breeding site selection by wolves. Biological
Conservation, 201, 103—-110.

Smith, D. W., Metz, M. C., Cassidy, K. A., Stahler, E. E.,
Mclntyre, R. T., Almberg, E. S., & Stahler, D. R. (2015).
Infanticide in wolves: Seasonality of mortalities and attacks at
dens support evolution of territoriality. Journal of
Mammalogy, 96, 1174-1183.

Theuerkauf, J., Rouys, S., & Jedrzejewski, W. (2003). Selection
of den, rendezvous, and resting sites by wolves in the
Bialowieza Forest, Poland. Canadian Journal of Zoology, 81,
163-167.

Thiel, R. P.,, Merrill, S., & Mech, L. D. (1998). Tolerance by
denning wolves, Canis lupus, to human disturbance. The
Canadian Field-Naturalist, 112, 340-342.

Thomas, D. L., & Taylor, E. J. (2006). Study designs and tests
for comparing resource use and availability 1I. Journal of
Wildlife Management, 70, 324-336.

Unger, D. E., Keenlance, P. W., Kohn, B. E., & Anderson, E.
M. (2009). Factors influencing homesite selection by gray
wolves in northwestern Wisconsin and east-central Minnesota.
In A. P. Wydeven, T. R. Deelen, & E. J. Heske (Eds.),
Recovery of gray wolves in the Great Lakes region of the
United States: An endangered species success story (pp. 175—
189). Springer.

Wheatley, M., & Johnson, C. (2009). Factors limiting our
understanding of ecological scale. Ecological Complexity, 6,
150-159.

Whittington, J., St. Clair, C. C., & Mercer, G. (2005). Spatial
responses of wolves to roads and trails in mountain valleys.
Ecological Applications, 15, 543-553.

Zimen, E., & Boitani, L. (1975). Number and distribution of
wolves in Italy. Saugetierkunde, 40, 102—112.

Zimmermann, B., Nelson, L., Wabakken, P., Sand, H., & Liberg,
0. (2014). Behavioral responses of wolves to roads:
Scale-dependent ambivalence. Behavioral Ecology, 25, 1353—
1364.

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., &
Smith, G. M. (2009). Mixed effects models and extensions in
ecology with R. Springer.

Multi-scalar rendezvous habitat selection by wolves

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Table S1. Land cover variables used to develop habitat
selection models for wolves in the Abruzzo Lazio and Molise
National Park, central Italy, and corresponding original COR-
INE land cover classes and their description (III level).

Table S2. Rendezvous sites (n = 31) detected in eight wolf
packs the Abruzzo Lazio and Molise National Park from 2005
to 2010, and subsequently used to develop a Multigrain
Resource Selection Function to assess habitat choice by wolves
when locating RVs sites. Location of all RVs were estimated
through acoustic triangulation by 2—4 observers listening from
the distance to elicited chorus howls comprising pups. A sub-
sample of the RVs was verified through ground-truthing sur-
veys after the sites had been vacated by wolves.

Figure S1. Variability of the covariates used to represent
availability within the study area (a, 2nd order of selection)
and within each wolf pack’s territory (b, 3rd order of selection)
at increasing densities of randomly sampled points. In the box-
plots, the thick horizontal line depicts the median value, the
box the 25th-75th percentile range, the whiskers the most
extreme values (i.e., within 1.5 times the interquartile range),
and the points outliers beyond this range.

Figure S2. Grain selection for environmental variables,
except distance-based variables, through multigrain resource
selection function at the 2nd order of selection. For each vari-
able, the plots depict, across incremental grain sizes (x-axis),
the effect of adding a given variable to the quasi-global
resource selection model (sensu Laforge et al., 2015) both as
the variation in the AIC score (AAICc, top row) and as the
model coefficients (B £+ 95%  confidence  intervals,
bottom row).

Figure S3. Grain selection for environmental variables,
except distance-based variables, through multigrain resource
selection function at the 3rd order of selection. For each vari-
able, the plots depict across incremental grain sizes (x-axis) the
effect of adding a given variable to the quasi-global resource
selection model (sensu Laforge et al., 2015) both as the varia-
tion in the AIC score (AAICc, top row) and as the model coef-
ficients (B &+ 95% confidence intervals, bottom row).

Figure S4. Map of predicted habitat suitability for rendez-
vous sites of wolves in the Abruzzo, Lazio, and Molise
National Park. Suitability values, based on a multi-grain
resource selection function at the 3rd order (i.e., RV site selec-
tion within the territory), are plotted, limited to areas of high
suitability at the landscape scale (i.e. 2nd order selection). The
map is depicted in two versions: (a) continuous suitability
values; (b) suitability classes based on quantiles. The latter is
also available in raster format upon request.
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