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Abstract
Spatial and temporal occurrence can mediate behavioural interactions between apex predators, mesocarnivores and herbivores.
Predators should adapt their activity to that of prey, whereas predator avoidance would be expected to influence activity patterns
and space use of prey and smaller competitors. We evaluated interspecific spatiotemporal relationships in a prey-rich community
including an apex predator (the wolf), three wild ungulates and several smaller herbivores/mesocarnivores, through camera
trapping. All considered species (i.e. wolves and potential prey/smaller competitors: wild boar, fallow deer, roe deer, crested
porcupine, red fox and European badger) were active especially at night and/or twilight. Among wild ungulates, the wolf showed
the greatest temporal overlap with the wild boar and the lowest one with the least abundant and used of them, i.e. the roe deer. The
main prey (i.e. the fallow deer) showed more diurnal activity and a lower temporal overlap with the predator in sites with high
wolf activity than in low-activity ones. Among mesocarnivores, the red fox showed extensive temporal overlap with the wolf: the
overlap between the two canids was greater in sites intensively used by this apex predator than in sites with low wolf activity,
supporting a concurrent study which suggested a potential for facilitative—rather than competitive—interactions. Spatiotemporal
relationships suggest complex interactions between the apex predator, prey and smaller carnivores, for which a substantial
temporal or spatial association was often supported.

Significance statement
There is a growing interest in the influence of apex predators on ecosystems through their effects on the behaviour of prey and smaller
carnivores, especially in the light of the ongoing recovery of large carnivores in temperate areas. Predators should synchronise their
activity to that of prey; conversely, prey and smaller carnivores would be expected to avoid predators. In a rich community including
thewolf, threewild ungulates and several mesomammals, we detected (i) a substantial temporal overlap betweenwolves andwild boar,
porcupines and mesocarnivores; (ii) a negative temporal association between the predator and its main prey (i.e. the fallow deer) and
(iii) a great temporal overlap between the wolf and the red fox. We provide a baseline to evaluate temporal changes of predator-prey-
mesocarnivore behavioural interactions along with variations of carnivore-prey densities.
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Introduction

Apex predators are expected to influence the behaviour of
prey and smaller carnivores (Palomares and Caro 1999;
Schmitz et al. 2000), with ensuing effects at individual-to-
population scales (Estes et al. 2011; Ripple et al. 2014; Ford
et al. 2014). As a result, the action of apex carnivores can
trigger top-down cascading effects on biology and ecology
of organisms belonging to lower trophic levels, with potential
consequences at the ecosystem level (e.g. Estes and Palmisano
1974; Hebblewhite et al. 2005; Ripple et al. 2014). Effects on
prey are univocally primed by predation (e.g. Sinclair et al.
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2003; Fortin et al. 2005), but relationships between apex pred-
ators and mesocarnivores are less obvious (e.g. Ritchie and
Johnson 2009; Prugh and Sivy 2020). Medium-sized carni-
vores can suffer from intra-guild competition with larger com-
petitors (Palomares and Caro 1999; Donadio and Buskirk
2006). For instance, the Mesopredator Release Hypothesis
(Soulé et al. 1988) suggests that the decline of apex predators
can ecologically “release” mesocarnivores, in turn increasing
their predation on a wider range of other prey (e.g. Crooks and
Soulé 1999; Ritchie and Johnson 2009). However,
mesocarnivores can also benefit from feeding on prey
leftovers of apex predators, thus being facilitated by
them (Selva and Fortuna 2007; Allen et al. 2015; Sivy
et al. 2018).

The presence of a predator can trigger the development of
anti-predator behavioural strategies, e.g. through the increase
of frequency and/or duration of vigilance postures, increase of
group size and/or behaviours limiting the spatial and/or tem-
poral overlap with the predator (Fortin et al. 2005; Périquet
et al. 2010; Ross et al. 2013). Prey have been shown tomodify
their behaviour to balance between the necessity to feed and
the risk of encountering predators (Theuerkauf et al. 2003;
Linkie and Ridout 2011). This balance may involve the tem-
poral avoidance of sites where the perceived predation risk is
high (Linkie and Ridout 2011). Conversely, predators are also
dependent on their relationship with prey and should be ex-
pected to adapt their hunting behaviour and activity to match
activity patterns of their prey (Kronfeld-Schor and Dayan
2003; Theuerkauf et al. 2003; Foster et al. 2013). Therefore,
temporal and spatial overlapping between predators and prey
are expected to depend on this trade-off between feeding (for
both species) and predator avoidance (only for the prey).

The coexistence between different species of carnivores is
achieved through partitioning of the ecological niche in rela-
tion to temporal, spatial and/or trophic components (Schoener
1974; Kronfeld-Schor and Dayan 2003). Interspecific interfer-
ence, escalating up to the killing of the smaller species by the
larger one, is a key determinant of interactions between carni-
vores (Palomares and Caro 1999; Donadio and Buskirk 2006,
for reviews). In turn, smaller species are expected to develop
mechanisms leading to avoid encounters with larger ones, e.g.
by adjusting their activity and movements (Bu et al. 2016;
Torretta et al. 2016).

Avoidance of the top predator would be expected to occur
in both prey and mesocarnivores, whereas the former would
be predicted to adapt its behaviour to that of its main prey
(Lima 2002; Foster et al. 2013). Most studies investigated
predator-prey or apex predator-mesocarnivore interactions
separately (e.g. Monterroso et al. 2013; Haswell et al. 2018).
Conversely, studies dealing with relationships between top
predators and both prey and meso-carnivores at the same time
are scarce (Mori et al. 2020). We considered interspecific spa-
tiotemporal interactions in a community including an apex

predator (the wolfCanis lupus), three wild ungulates (the wild
boar Sus scrofa, the fallow deer Dama dama and the roe deer
Capreolus capreolus) and eight medium-sized mammals.
Moreover, we investigated whether activity patterns of
prey/mesocarnivores differed between sampling sites
more/less used by the apex predator. During our study, fallow
deer and wild boar built up more than 75–80% of the diet of
wolves, with other wild mammals being c. 10–15% of diet, in
terms of occurrences, volume or biomass (Ferretti et al. 2019).
We have tested the following predictions: (i) temporal overlap
of the fallow deer and the wild boar with the wolf would be
greater than that of roe deer, porcupine and mesocarnivores
with this apex predator; (ii) for all species, activity overlap
with the wolf would be lower in sites highly used than in sites
less used by this apex predator and (iii) the potential for spatial
association would be greater between the wolf and its main
prey (wild boar and fallow deer) than between the apex pred-
ator and other study species.

Materials and methods

Study area

Our study was conducted in a c. 30 km2 sector of the
Maremma Regional Park (c. 90 km2, Central Italy, 42° 39′
N, 11° 05′ E; Fig. 1). The climate is Mediterranean, with dry
summers and wet winters, a mean seasonal rainfall of c.
72 mm in summer, 143 mm in spring, 202 in winter and
229 mm in autumn (RDM 2002). Mean annual rainfall is c.
670 mm and mean annual temperature is 13.2–15.5 °C (RDM
2002). The study area lies on the northern sector of Uccellina
hills (maximum elevation: 417 m a.s.l.) and the Granducale
Pinewood. Vegetation is dominated by Mediterranean
sclerophyllic scrubland on the hills and by Pinus spp. in the
pinewood (Sforzi et al. 2012; Melini et al. 2019). Other hab-
itats are olive groves, some of them with shrubs, and
meadows, with abundant Juniperus oxycedrus macrocarpa
along the sandy dune next to the Mediterranean Sea (Fig. 1).

Wild boar (c. 10–13 individuals/100 ha during our study,
estimated through faeces counts), fallow deer (c. 9 ind.s/
100 ha) and roe deer (c. 5–7 ind.s/100 ha) occur in our study
area (Ferretti et al. 2019). Mesocarnivores are the red fox
Vulpes vulpes, the European badger Meles meles, the wildcat
Felis silvestris, the stone martenMartes foina, the pine marten
and Martes martes; other meso-mammals are the European
brown hare Lepus europaeus, the crested porcupine Hystrix
cristata and the coypu Myocastor coypus (an alien invasive
species). A pack of wolves Canis lupus was present in the
study area at the time of our study; a second pack formed in
2017, north of the Ombrone river, and may have visited the
area (Ferretti et al. 2019). Further details on the study area are
provided in Ferretti et al. (2019).
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Camera trapping

Temporal activity patterns were assessed using camera trap-
ping. A sampling grid (cell size: 1.3 km × 1.3 km) was
superimposed to the study area through a Geographic
Information System (GIS) (Li et al. 2012; Bu et al. 2016).
Between September 2017 and August 2018, twenty-one cam-
era trapping locations were defined (1 location per grid cell).
On September 2017, 7 cameras were put on site, along trails or
forest roads, at a height of 30–60 cm from the ground (Torretta
et al. 2017). Cameras were subsequently rotated to other 7
locations monthly, to monitor all 21 locations for at least c.
1 month/season (“autumn”: September–November; “winter”:
December–February; “spring”: March–May; “summer”:
June–August), i.e. each location was monitored c. 4 months
throughout the study (Fig. 1). Each month, we considered a
minimum distance of at least 1 km between each pair of neigh-
bour cameras.

We used IR-Plus HD-2 cameras, triggered by an infrared
motion sensor. The cameras were supplied with 16 GB SD
cards and external batteries and set to operate continuously
(i.e. 24 h per day). The cameras were set to record videos of
30 s with a minimum time lag between consecutive ones of
5 s; trigger time was 1 s. The cameras were inspected every 1–
2 weeks to replace batteries and memory cards and relocated
every 4 weeks. The sampling effort at each location was the
number of days between installation and collection of the

camera (Li et al. 2012). When batteries ran flat before they
had been replaced, the time of the last exposure was deter-
mined from the downloaded videos and considered as the last
operational date (Rowcliffe et al. 2008; Li et al. 2010).

Temporal activity patterns

For all videos, the date and the solar time of capture were
recorded. From each video, we obtained the following infor-
mation: date, time, species, number of individuals and camera
location, and we inserted them in a dataset. Videos were
screened and analysed by two of us (MR and FF). To limit
pseudoreplication, when the same camera trap took more than
1 video of the same species in less than 30 min (Monterroso
et al. 2014; Torretta et al. 2017), we counted them as 1 event
and used the time at which the first video was taken for sub-
sequent analyses (Tobler et al. 2008; Lucherini et al. 2009;
Torretta et al. 2016; de Satgé et al. 2017). The record of each
species was categorised as: daytime (between 1 h after sunrise
and 1 h before sunset), night (between 1 h after sunset and 1 h
before sunrise), dawn (from 1 h before sunrise to 1 h after
sunrise) and dusk (from 1 h before sunset to 1 h after sunset)
(Lucherini et al. 2009). The sunrise and sunset hours were
obtained for the study area on each recorded date, using
Moonphase SH 3.3 software (see Pratas-Santiago et al.
2016). The selection for different time periods (night, dawn,

Fig. 1 Map of the study area with locations of camera traps. The pale blue solid line indicates the borders of our study area
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daytime, dusk) was evaluated using Ivlev’s index of selectiv-
ity (Ivlev 1961) for each species.

Temporal activity patterns and associated 95% confidence
intervals were assessed for each considered species. For each
species, we calculated diel activity patterns using Kernel den-
sity estimation. The obtained density functions used the time
variable as continuous and circular (Bu et al. 2016), instead of
defining discrete time categories. Graphically, the area under
the function obtained corresponds to the probability of observ-
ing the animal for each period of time (Foster et al. 2013). The
Watson’s two-Sample test of homogeneity was calculated to
test the uniformity of the distribution (Lund et al. 2017). All
these analyses were conducted at yearly and 6-month tempo-
ral scales (i.e. “colder” season: September–February; “warm-
er” season: March–August). It was not possible to record data
blind because our study involved focal animals in the field.

Interspecific relationships

According to Ridout and Linkie (2009), we estimated yearly
and 6-month interspecific temporal overlap between the wolf
and the other study species through the non-parametric calcu-
lation of the overlap coefficient, (Δ: Weitzman 1970). This is
an estimate of the overlap between two activity patterns cor-
responding to two species, ranging from 0 (no overlap) to 1
(complete overlap) (Linkie and Ridout 2011). We adopted the
Δ1 coefficient when sample size was lower than 75, and the
Δ4 one when the number of recorded videos was > 75 (Ridout
and Linkie 2009).We calculated the 95% confidence intervals
for overlap coefficients as percentile intervals from 999 boot-
strap samples (Meredith and Ridout 2017). Moreover, for
each location, species and temporal scale, we calculated the
passage rate as number of events/number of days when the
camera was actually operating. Then, we tested the correlation
between passage rates of each species and that of the wolf
through the Pearson’s correlation coefficient, to evaluate the
potential for spatial association between the apex predator and
prey/meso-carnivores.

Temporal activity patterns in sites with high vs. low
wolf activity

We compared the temporal activity patterns of potential prey
(ungulates; porcupine) and mesocarnivores between sites with
high and low frequency of wolf activity. For each location and
temporal scale, we calculated the rate of wolf passages as
described above. Then, we calculated the average passage rate
across locations (Oberosler et al. 2017). We considered as
sites with high wolf activity those with passage rates greater
or equal to the mean value (i.e. 0.16 events/day at the yearly
scale; 0.21 events/day in the colder season; 0.11 events/day in
the warmer season). Conversely, we considered as sites with
lowwolf activity those with passage rates lower than the mean

passage rate. In this way, we defined 5–6 locations as “high
wolf” and 15–16 locations as “low wolf”, depending on the
study period (see below). Then, we compared activity patterns
of each species (potential prey/mesocarnivores) between loca-
tions with high and low wolf activity. All these comparisons
were based on coefficients of temporal overlap and Watson’s
test for homogeneity. Statistical analyses were conducted
through the R software, version 3.4.2 (R Core Team 2020),
using the “circular” and “overlap” packages (Lund et al. 2017;
Meredith and Ridout 2017).

Data availability

The datasets generated and/or analysed during the current
study have been collected under an agreement between the
Maremma Regional Park Agency and the Institution of the
corresponding author (Department of Life Sciences,
University of Siena) and are available from the corresponding
author on reasonable request and upon permission of the
above mentioned parties.

Results

Temporal activity patterns

Over a total of 2104 trapping days (Colder season: n = 1149;
Warmer season: n = 955), we collected 4912 videos (Colder
season: n = 3239; Warmer season: n = 1673; Table 1). All
study species were active especially at night or at dawn/dusk
(Fig. 2; Watson test: U = 1.07–6.38, p < 0.01; Supplementary
Material: Table S1 and Figs. S1, S2, S3), but for the fallow
deer, which showed temporal activity patterns not differing
significantly from homogeneity (U = 0.15, p > 0.05). The wild
boar showed a preference for dusk-night periods. Night was
clearly avoided by roe deer, which selected dawn/dusk pe-
riods. The wolf also selected dawnwhereas fallow deer select-
ed dusk (Fig. S3). These patterns were confirmed by analyses

Table 1 Number of camera-trap records of each study species at the 1-
year scale and for each 6-month period (Colder season: September 2017–
February 2018; Warmer season: March–August 2018)

Species Colder season Warmer season Year

Wolf 253 117 370

Wild boar 781 263 1044

Fallow deer 1323 799 2122

Roe deer 25 40 65

Red fox 650 280 930

European badger 39 46 85

Crested porcupine 168 128 296
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at 6-month temporal scales (Table S1 and Figs. S1, S2).
However, the wild boar avoided dusk in the colder season,
whereas porcupines also selected dusk and dawn, in the warm-
er season (Table S1).

Interspecific relationships

Among all study species, the red fox showed the greatest
temporal overlap with the wolf (Δ = 0.89), whereas the crest-
ed porcupine, badger and wild boar showed overlaps greater
than 0.75 (Δ = 0.77–0.79), followed by fallow deer (Δ =
0.72) and roe deer (Δ = 0.62) (Fig. 3). This pattern was gen-
erally confirmed at a 6-month scale (Fig. 3; Figs. S4, S5).

Passage rates of wolves were slightly correlated to those of
wild boar at the yearly scale and in the colder season (r =
0.37–0.43, p = 0.05–0.09), but not in the warmer season
(r = − 0.09, p = 0.694). No significant correlation was found
with fallow deer and roe deer (r = − 0.30–0.03, p > 0.17). A
positive correlation was observed between the wolf and the
porcupine (r = 0.61–0.75, p < 0.003) and between the wolf

and mesocarnivores (red fox: r = 0.50–0.62, p = 0.002–0.02;
badger: r = 0.41–0.70, p = 0.001–0.06).

Temporal activity patterns in sites with high vs. low
wolf activity

These analyses were conducted on wild boar, fallow deer, red
fox and crested porcupine, because of sample size constraints
for the other species (Table 2). At all temporal scales, activity
patterns of wild boar, fallow deer and red fox differed between
“high wolf” and “low wolf” sites (U2 = 0.19–1.72, p < 0.05),
but differences were not significant for the porcupine (U2 =
0.12–0.15, p > 0.05) (Figs. S6, S7). Temporal activity patterns
of fallow deer and wild boar were significantly different from
those of wolves in both sites with high and low wolf activity
(U2 = 0.25–4.36, p < 0.05), with the exception of the warmer
season, in “low” wolf sites (U2 = 0.07–0.14, p > 0.05). At the
6-month scale, temporal activity of the fox was comparable to
that of the wolf in “high wolf” sites and, in the warmer season,
in low wolf sites (U2 = 0.07–0.15, p > 0.05). At 1-year scale

N = 370

N = 1044 N = 2122

N = 65

N = 930 N = 85 N = 296

Time

Ac
�v

ity

Ac
�v

ity

Fig. 2 Temporal activity patterns ofmedium-sized and largemammals (September 2017–August 2018). Coloured lines represent bootstrapped estimates
of activity patterns; dashed black lines represent 95% confidence intervals
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and in “low wolf” sites (colder season), activity patterns of the
fox differed significantly from those of the wolf (U2 = 0.18–
0.26, p < 0.05). Activity patterns of the porcupine differed
from those of the wolf in the warmer season and at the yearly
scale (U2 = 0.26–0.48, p < 0.05), but not in the colder season
(U2 = 0.10–0.17, p > 0.05).

Temporal overlap with the wolf tended to decrease in “high
wolf” sites in respect to “low wolf” sites for fallow deer,
whereas it showed the opposite pattern for red fox (Table 3).
As examples, interspecific overlap between wolf and fallow
deer and red fox, respectively, in sites with high vs. low wolf
activity are shown in Figs. 4 and 5. In particular, in “high
wolf” sites, fallow deer activity was higher during daylight
periods than in “low wolf” sites (Fig. 4).

Discussion

We investigated temporal relationships between an apex pred-
ator and other species of the local community of mammals in a
Mediterranean area recently recolonised by wolves. We
discussed our results in the light of predator-prey and apex
predator-mesocarnivore interactions.

Predator-prey interactions

In the absence of heavy human disturbance, apex predators are
expected to regulate their activity mainly according to their
biological clock (Kronfeld-Schor and Dayan 2003), thus
adjusting it to the peak activity of their prey. Throughout our
study, wolves showed bimodal activity patterns, with peaks at
dawn and dusk, and with a higher nocturnal activity than that
during the day (see also Theuerkauf 2009; Torretta et al. 2016;
Smith et al. 2019). Presence of tourists is usually concentrated
along the coast in late spring-summer, suggesting no major
influence of human activity on our results.

Spatiotemporal overlap is usually high between apex pred-
ators and their main prey (Weckel et al. 2006; Arias-Del Razo
et al. 2011; Basille et al. 2013; Courbin et al. 2013; Foster
et al. 2013; Yang et al. 2018). In turn, prey is expected to
adopt behavioural ploys to limit predation risk. Throughout
our study, the fallow deer was the main prey of wolves
(Ferretti et al. 2019). In our study area, local aggregation and
accessibility of fallow deer herds in ecotone/open habitats
have been suggested to favour their selection by wolves
(Ferretti et al. 2019). A moderate temporal overlap occurred
between predator and its main prey, whereas their passage

Fig. 3 Coefficients of
interspecific overlap (Δ4) of
temporal activity patterns
between the wolf and 6 species of
mammals with 95% confidence
intervals at 1-year scale and for
each 6-month period (colder
season: September 2017–
February 2018; warmer season:
March–August 2018)

Table 2 N. of camera-trap records of species at the 1-year scale and for
each 6-month period (Colder season: September 2017-February 2018;
Warmer season: March-August 2018), in sites with high vs. low wolf
activity. Sites with high wolf activity (“High wolf”) were defined as

sites where the rate of wolf detections/day was equal or greater than the
average value across all locations. Sites with low wolf activity (“Low
wolf”) were the sites where the rate of wolf detections/day was lower
than the average value

Species Colder season Warmer season 1-year

High wolf Low wolf High wolf Low wolf High wolf Low wolf

Wild boar 362 419 114 149 476 568

Fallow deer 432 891 252 547 684 1438

Red fox 258 392 142 138 400 530

Crested porcupine 71 97 74 54 145 151
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Table 3 Coefficients of temporal
overlap and 95% confidence
intervals between the wolf and
wild boar, fallow deer, red fox
and crested porcupine at yearly
and 6-month temporal scales, in
sites with high wolf activity and
sites with lowwolf activity. These
analyses were conducted for these
4 species only, because of sample
size constraints

Species pair Period High wolf activity Low wolf activity

Δ CI (lower) CI (upper) Δ CI (lower) CI (upper)

Wolf-Wild boar Year 0.72 0.67 0.80 0.74 0.67 0.83
Colder 0.71 0.68 0.81 0.75 0.7 0.89
Warmer 0.78 0.73 0.93 0.71 0.64 0.89

Wolf-Fallow deer Year 0.57 0.54 0.64 0.71 0.66 0.82
Colder 0.58 0.55 0.67 0.76 0.72 0.88
Warmer 0.61 0.51 0.70 0.66 0.6 0.87

Wolf-Red fox Year 0.9 0.83 0.93 0.81 0.69 0.84
Colder 0.89 0.86 0.97 0.75 0.69 0.91
Warmer 0.88 0.84 0.98 0.67 0.59 0.87

Wolf-Crested porcupine Year 0.76 0.71 0.85 0.69 0.59 0.78
Colder 0.79 0.74 0.92 0.70 0.65 0.86
Warmer 0.69 0.64 0.84 0.61 0.53 0.83

Δ4 = 0.58 
(0.55-0.67)

Δ4 = 0.61 
(0.51-0.70)

Δ4 = 0.76 
(0.72-0.88)

Δ4 = 0.66 
(0.60-0.87)

a

b

Fig. 4 Example of interspecific temporal overlap in sites with high vs.
low wolf activity: interspecific overlap of temporal activity patterns of
wolf and fallow deer in the colder (a September 2017–February 2018)

and warmer (b March–August 2018) seasons, in sites with high wolf
activity (left) and sites with low wolf activity (right)
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rates were not correlated across camera trapping sites. Most
importantly, fallow deer were more diurnal in sites with high
wolf activity than in sites less attended by this top predator.
After at least a century of absence, large predators recolonised
our study area in mid 2000s (Caniglia et al. 2013; Ferretti et al.
2019). Suggestively, in times when the wolf was absent from
the area, radio-tracking revealed activity peaks at dawn and
dusk for fallow deer, with a substantial activity at night (n = 8
individuals; Niglio 1995). Our data suggest that antipredator
mechanisms based on temporal avoidance may have devel-
oped, although our results require confirmation through a
greater sample size and a long-term study. Further work is
required to assess whether other behavioural reactions could
be triggered, such as increased vigilance and aggregation as
anti-predatory behaviour. Moreover, the effects of site-
specific habitat features on spatial and temporal relationships
between predator and prey should be tested, controlling for
potential spatial variation of detection probability. Increase in

group size and/or surveillance may allow ungulates to remain
at feeding places in the presence of predators (e.g. Creel and
Winnie 2005; Liley and Creel 2008; Dröge et al. 2017). Our
results are consistent with the risk of predation shaping activ-
ity patterns of main prey (e.g. Fischhoff et al. 2007; Tambling
et al. 2015; Smith et al. 2019).

Species-specific anti-predatory behaviours would be expected
to trigger different consequences on predator-prey interactions. In
Mediterranean areas, usually the wild boar is the staple of the
wolf diet (Mori et al. 2016 for a review), and a high spatiotem-
poral overlap between them has been reported (Mori et al. 2020).
In our study area, it rated as the second prey of wolves (Ferretti
et al. 2019). Several studies have reported the nocturnal activity
of wild boar (Boitani et al. 1994; Campbell and Long 2010); we
observed also a significant activity at dusk. Adult wild boar have
been observed rushing to wolves approaching wild boar groups
(our observations); conversely, we found no negative association
between the wolf and the wild boar either temporally or spatially,

a

b

Δ4 = 0.89 
(0.86-0.97)

Δ4 = 0.88 
(0.84-0.98)

Δ4 = 0.75 
(0.69-0.91)

Δ4 = 0.67 
(0.59-0.87)

Fig. 5 Example of interspecific temporal overlap in sites with high vs.
low wolf activity: interspecific overlap of temporal activity patterns of
wolf and red fox in the colder (a September 2017–February 2018) and

warmer (bMarch–August 2018) seasons, in sites with high wolf activity
(left) and sites with low wolf activity (right)
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with no significant difference in wild boar activity patterns be-
tween sites with high vs. low wolf activity. Our results support
the argument that prey with a high probability of escaping from
an encounter with the predator through active defence do not
alter substantially their temporal or spatial behaviour as
an anti-predatory response (Wirsing et al. 2010).

Among wild ungulates, the roe deer was the least used
species by the wolf (Ferretti et al. 2019), with a low temporal
overlap with the predator. The antipredator behaviour of roe
deer has been reported as based on increased vigilance and
spatiotemporal avoidance of sites with high predation risk
(e.g. Bonnot et al. 2013; Sönnichsen et al. 2013; Lone et al.
2014). In our study area, behaviour, distribution and density of
this ungulate have been shown to be negatively influenced by
interspecific competition with the fallow deer (Ferretti et al.
2011; Ferretti and Fattorini 2020). Thus, roe deer avoidance of
sites with high local density of fallow deer may limit the risk
of encounters with wolves (Ferretti et al. 2019). Future work
should evaluate potential joint effects of predation, predator
activity and spatiotemporal, as well as numerical, interactions
between roe deer and fallow deer, to test whether the action of
the top predator may influence competition between these
deer species.

The porcupine also showed substantial temporal overlap with
the wolf, with no difference of temporal activity in sites with
greater probability of encountering wolves. Porcupines have
evolved in regions with a great richness of large carnivores
(e.g. lion Panthera leo, leopard Panthera pardus or tiger
Panthera tigris). Not surprisingly, defensive behaviour of this
nocturnal rodent (Corsini et al. 1995; Mori et al. 2014; Lovari
et al. 2017) is based on the use of quills, which can be quite
effective weapons (Mori et al. 2013). Accordingly, occurrence
of porcupine in the wolf diet was only occasional and, most
likely, directed to young individuals (Ferretti et al. 2019).

Predator-mesocarnivore interactions

We predicted that the temporal overlap of the wolf with
mesocarnivores would be reduced because of avoidance behav-
iour of the former by the latter (e.g. Palomares et al. 1996; Crooks
and Soulé 1999; Vanak et al. 2009). Conversely, a substantial
interspecific overlap was detected, with no negative association
between the wolf and mesocarnivores either temporally or spa-
tially. The red fox and the European badger show nocturnal and
twilight activity (Cavallini and Lovari 1994; Rosalino et al. 2005;
Barrull et al. 2014; Monterroso et al. 2014; Torretta et al. 2017).
In our study area, their diet is largely based on invertebrates and
fruits (e.g. Ciampalini and Lovari 1985; Cavallini and Lovari
1991; Mastroianni 2004; Gandolfi 2004; Ferretti et al. 2021),
thus with a low potential for exploitative competition with the
wolf. As to the badger, overlap with the wolf was lower in the
colder than in the warmer season (see also Torretta et al. 2016).
During the warmer season, this omnivorous mustelid has been

shown to increase its trophic niche breath (Ciampalini and Lovari
1985), which would be consistent with a greater probability of
encounters with the wolf.

The temporal overlap between the wolf and the fox was re-
markable (cf. Torretta et al. 2016; Mori et al. 2020). Temporal
overlap was greater in sites with “high wolf” activity than in sites
less used by the predator. A concurrent study showed that, al-
though c. 80% of the fox diet was based on invertebrates and
fruits, the volume and occurrence of ungulates in fox diet showed
a 2.8–3.5 increase in respect to times when the wolf was absent
from the area, despite no major temporal changes in ungulate
abundance (Ferretti et al. 2021). Moreover, wild ungulates oc-
curred in the fox diet c. 3–8 times more often than smaller sized
rodents or birds/reptiles, and the use of ungulates was c. 2 times
greater in the colder than in the warmer season (Ferretti et al.
2021), suggesting that it did not depend on active predation on
newborns, in spring (e.g. Aanes and Andersen 1996; Jarnemo
et al. 2004). Snowfall is usually absent in our Mediterranean,
coastal study area, supporting no climate-related increase of un-
gulate mortality in the colder months. Ferretti et al. (2021) sug-
gested that red foxes benefited of additional foraging opportuni-
ties throughwolf prey leftovers. Carcasses left by wolves may be
an important food resource (Selva et al. 2005; Bassi et al. 2012;
Wikenros et al. 2013), especially when the availability of alter-
native food is low (Cagnacci et al. 2003). Our results suggest
temporal and spatial association between the red fox and the
wolf, which would not agree with interspecific avoidance. If
so, foxes could have developed a balance between the opportu-
nity to obtain free food access and the risk of aggressive encoun-
ters with a dominant carnivore. Our results require confirmation
through a longer-term study; future work should also assess po-
tential long-term variations in the potential for competition vs.
facilitation between these carnivores, as well as the impact of
wolf abundance on fox populations (Pasanen-Mortensen et al.
2013; Wikenros et al. 2017).

Conclusions

There is a wide debate on top-down cascade effects triggered by
the wolf on other components of ecological communities (e.g.
Ripple et al. 2014; Martin et al. 2020; but see Mech 2012;
Barber-Meyer 2015). While it has been suggested that the poten-
tial for wolves to influence behaviour and ecology of other or-
ganisms should be limited in ecosystems largely modified by
human activities (Kuijper et al. 2016; Ciucci et al. 2020;
Haswell et al. 2020), the ecological role of wolves should be
more evident in complete ecological communities. In our study
area, wild ungulates dominated the diet of wolves (Ferretti et al.
2019). Our results suggest that the local main prey, i.e. the fallow
deer, showed different temporal activity patterns in sites differing
for levels of wolf activity. Potential effects on the wolf food
habits and prey selection remain to be assessed, i.e. whether
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wolves would switch their predation to alternative prey or rather
they would match the temporal activity of fallow deer.
Nevertheless, the potential for predation may be limited by
temporal—but not spatial—avoidance of predators by prey,
which should be confirmed and may reduce the potential for a
spatial modulation of intensive browsing (Fortin et al. 2005;
Kuijper et al. 2013, 2015; Flagel et al. 2016).

Mesocarnivores showed up rarely in the wolf diet, probably
because of the local presence of abundant ungulate prey (Ferretti
et al. 2019). If so, the development of behavioural adaptations
based on spatiotemporal avoidance may have not been neces-
sary. As to the red fox, a potential for facilitation from the wolf
has been detected by a parallel study (Ferretti et al. 2021). Future
work should assess wolf-fox behavioural and ecological relation-
ships along with variation in wolf numbers and prey availability.
The ongoing recovery of wolves in European countries (Chapron
et al. 2014) would provide the opportunity to test predictions on
short- and long-term effects of this apex predator on other eco-
system components, further clarifying eco-evolutionary determi-
nants of multi-species interactions.
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