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A B S T R A C T

Positive interspecific interactions in animal communities (i.e. den sharing) have long been overlooked in animal
ecology. The assessment of spatiotemporal overlap among species living within the same burrow system is
paramount to explain their strategies of interspecific coexistence. We studied spatiotemporal behavioural pat-
terns of coexistence among four den-sharing mammal species (i.e. the crested porcupine Hystrix cristata, the
Eurasian badger Meles meles, the red fox Vulpes vulpes and the European pine marten Martes martes), inhabiting a
hilly area of central Italy. Intensive camera trapping (September 2015-September 2018) was used to estimate the
interspecific overlap of both temporal and spatial activity patterns for all species combinations. An extensive
nocturnal temporal overlap was recorded among all the species, except the diurnal pine marten. However,
crested porcupines were mostly active in the darkest nights, whereas bright moonlight enhanced the hunting
success of the red fox. Activity of badgers was limited in bright nights only during cold months, when predation
pressure and poaching risk were the highest. Crested porcupines avoided spatial sharing outside the den with
both nocturnal carnivores, particularly during the winter, when its cubs are in the den. Overlap in ranging areas
and activity rhythms between the red fox and the Eurasian badger may be promoted by a remarkable food niche
partitioning. Conversely, spatiotemporal overlap between red foxes and pine martens suggested a significant
interspecific spatial partitioning, due to the overlap in feeding habits. Den-sharing represents a form of positive
interspecific interaction which may limit energy waste and increase local species diversity and densities. Species
using the same burrow system may show both spatial and temporal niche partitioning throughout the year, thus
allowing a non-competitive coexistence.

1. Introduction

Species coexistence in ecological communities is mostly influenced
by mechanisms of intraspecific competition, predation and niche par-
titioning (e.g. Tannerfeldt et al., 2002; Broekhuis et al., 2018; Tilman
and Kareiva, 2018). These factors may in turn affect spatiotemporal
behaviour of animal species ranging on the same study area (Savino and
Stein, 1982; Cozzi et al., 2012; Kohl et al., 2018). In particular, predator
species modulate their behaviour to increase their hunting success,
balancing costs and benefits and often forcing most prey species to be
active in concealed habitats and in the darkest nights, where and when
their detection probability is the lowest (e.g. Bowman and Harris, 1980;
Lima and Dill, 1990; Fattorini and Pokheral, 2012; Prugh and Golden,
2014). Species sharing the same spatial and temporal behaviour may
compete for food, if diet partitioning does not occur (cf. Ciampalini and

Lovari, 1985; Patalano and Lovari, 1993), as well as for shelter sites
(e.g. Richards and Cobb, 1986; Sullivan and Wilson, 2001; Glen and
Dickman, 2008).

Dens and den systems (named “setts”) are important refuge to
protect vertebrate species from predation (mostly on cubs) and as a
buffer against extreme temperatures (Kinlaw, 1999; Roper et al., 2001;
Monetti et al., 2005; Mukherjee et al., 2017a, 2017b; Dawson et al.,
2019), allowing a safe and successful reproduction (Butler and Roper,
1996; Mori et al., 2016; Mukherjee et al., 2018). Primary excavators
directly dig burrows and include both strictly fossorial species (e.g.
moles Talpa spp. and mole rats Nannospalax spp.), and semifossorial
ones (i.e. the Savi’s pine vole Microtus savii, the Eurasian badger Meles
meles and the crested porcupine Hystrix cristata). Secondary modifiers,
including all the semifossorial mammals, modify and occupy existing
burrows. To conclude, simple burrow dwellers (e.g. the black footed
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ferret Mustela nigripes, martens Martes spp., the burrowing owl Athene
cunicularia and the pine snake Pituophis melanoleucus) only use burrows
without adding modifications (Campbell and Clark, 1981; Clark et al.,
1982; Kinlaw, 1999; Monetti et al., 2005; Mukherjee et al., 2017a).
Digging burrows require high costs for semifossorial mammals (e.g.
Covell et al., 1996; Zelová et al., 2010). Therefore, where natural dens
are abundant (e.g. caves in calcareous areas, rocky areas, archaeological
sites and abandoned mines), single den setts are often used by single
species in family groups (i.e. up to 30 individuals: Kruuk, 1989; Monetti
et al., 2005; Mori et al., 2018; Dorning and Harris, 2019). Conversely,
interspecific vertebrate aggregations within the same sett may occur in
deciduous woodlands and in the surroundings of urban areas, i.e. where
dens represent a limiting resource, as well as where density of semi-
fossorial species is high (Campbell and Clark, 1981; Pigozzi, 1986;
Covell et al., 1996; Mori et al., 2015; Mukherjee et al., 2017a). These
facilitative interactions might occur as dens are often constituted by
multiple entrances and multiple chambers, which may allow inter-
specific coexistence (Kruuk, 1989; Kowalczyk et al., 2008; Mori et al.,
2015). Patterns of spatiotemporal behavioral overlap among species
sharing the same den sett have never been analysed in depth. For in-
stance, crested porcupines may share their dens with at least four other
medium-sized mammal species in Italy, including the Eurasian badger,
the red fox Vulpes vulpes and the European pine marten Martes martes
(Mori et al., 2015). Interspecific den sharing may occur throughout the
year, but crested porcupines have been reported to force other species
to move towards alternative setts when their cubs are in the den (Mori
et al., 2015, 2016). In Italy, the birth peak in porcupines occurs in late
winter (late February- early March: Santini, 1980; Mori et al., 2016).
The red fox may represent a predator for porcupine cubs (Lucherini
et al., 1995), thus forcing adult paired porcupines to alternate at their
dens and to be particularly aggressive to defend offspring (Mori et al.,
2014a). Therefore, given that behavioural interference has been ob-
served among species sharing the same setts, a spatiotemporal beha-
vioural segregation may also occur, together with trophic niche parti-
tioning (e.g. among foxes and badgers: Ciampalini and Lovari, 1985;
among foxes and martens: Goszczyński, 1986; diet of porcupines mainly
consists of underground storage organs: Bruno and Riccardi, 1995; Mori
et al., 2017). Following the review by Prugh and Golden (2014), for
instance, carnivores (i.e. the red fox and the mustelids) should be
mostly active in moonlight nights; thus, the crested porcupine, a prey
species, has been reported to be more active in the darkest nights (Mori
et al., 2014b).

In our work, we studied the spatiotemporal mechanisms of coex-
istence in a community of mammals sharing den setts in central Italy,
through an intensive camera-trapping project. We predicted that: (i)
crested porcupines and den-sharing mesocarnivores would shape their
spatiotemporal behaviour to enhance their coexistence; (ii) nocturnal
mesocarnivores would be more active during bright moonlight nights
(cf. Prugh and Golden, 2014).

2. Materials and methods

2.1. Study area

Our survey was conducted in the north-eastern part of the province
of Grosseto, central Italy (Poggi di Prata: 43.08 N, 10.099 E; 1350 ha,
475–903m a.s.l.: Fig. 1).

Over 65% of the study area was covered with deciduous woodlands
(mostly Quercus cerris, Castanea sativa, Ostrya carpinifolia and Carpinus
betulus). The Mediterranean macchia (Juniperus communis, Rubus ulmi-
folius and Spartium junceum: about 1.7%) created a belt around the
woodland. Fallows and cultivations (sunflowers, cereals and vegetable
gardens) covered about 19.5% and 7.8%, respectively. Coniferous
woodlands and human settlements (including the villages of Prata and
Il Gabellino) covered the remaining part of the study area (Mori et al.,
2018). During our survey period, average annual rainfall was

691 ± 34mm, with three episodes of winter snowfall. Average annual
temperature was 15.3 °C, with summer peaks up to 30 °C.

2.2. Camera-trapping

Camera-trapping data were collected in a four-year mammal survey
(September 2015–September 2018). We used four (Ziboni Tecnofauna
Explorer Case 1988) and three (Multipir 12) camera traps (NTOT=7
camera traps), rotated throughout the study area. Camera traps were
located to cover all the habitat types in the study area, along the main
paths located in the immediate surroundings of the den entrance (Mori
et al., 2016), 20–50 cm above the ground level. The survey involved
2722 trap nights at 25 trap sites, evenly distributed throughout the
study area. Each camera trap site was kept active for at least 25 nights,
24 h/day, to take 3 pictures/event. Camera traps were checked at least
once every 10 days, to download photos and recharge batteries.

2.3. Spatiotemporal overlap analysis

Interspecific temporal overlaps were calculated between species
pairs by considering the time each photo/video was taken. We identi-
fied a cold (October-March: mean temperature, 8.9 ± 2.9 °C) and a
warm (April–September: mean temperature, 17.2 ± 4.7 °C) period
(Mori et al., 2014b). All records of the same species occurring in<
30min per site were deleted from the final dataset to avoid pseudo-
replications (Meredith and Ridout, 2014).

We calculated the interspecific temporal overlap for all the pairwise
species, and for both cold and warm periods (as well as for the total
annual period), with the R package overlap (Meredith and Ridout,
2014), to estimate the coefficient of overlapping (Δ4: 0, no overlap→ 1,
total overlap: Linkie and Ridout, 2011; Meredith and Ridout, 2014)
between temporal activity patterns all pairwise species combinations.
We ranked the temporal overlap of activity patterns following
Monterroso et al. (2014), i.e. considering a high overlap with
Δ4 > 0.75, a moderate overlap if 0.50 < Δ4 < 0.75 and a low
overlap if Δ4 < 0.50.

We performed Mardia-Watson-Wheeler tests (W) to compare the
circadian distribution of each species pair, as a complementary analysis
to the estimation of the coefficient of overlapping (Massara et al.,
2018).

Moonlight variation has been reported over the 29 days of the lunar
cycle (Mori et al., 2014b; Mazza and Mori, 2017), to assess if it affects
the temporal pattern of activity of nocturnal mammals. Moon phases
were classified as follows: phase (1) from new moon to ¼; (N=695
nights); phase (2) from ¼ to ½ (N=690 nights); phase (3) from ½ to ¾
(N=672 nights) and phase (4) over ¾ and full moon (N=665 nights).
Circular statistics (Rayleigh test) were used to assess whether the noc-
turnal activity of each species was related to moon phase, through the R
package CircStat (Agostinelli, 2009). Rayleigh tests were also conducted
to assess whether each species exhibited random (i.e. cathemeral) ac-
tivity patterns over a 24 h cycle (e.g. Pratas-Santiago et al., 2016).

Spatial overlap among den-sharing species was estimated by cal-
culating the Pianka index (0, no overlap → 1, total overlap: Pianka,
1974), considering the proportion of records of each species in different
camera trapping stations. We calculated the Pianka index following the
formula Ojk=(Σpij*pik)/(Σpij2*Σpik2)1/2, where pij is the percentage of
records of species j and pik is the proportion of records of the species k.

3. Results

A high overlap was observed amongst pairwise comparison of
temporal activity rhythms of crested porcupines, Eurasian badgers and
red foxes (Fig. 2; Tables 1 and 2). The pine marten was the only diurnal-
crepuscular species showing a moderate temporal overlap with other
species. The Mardia-Watson-Wheeler tests showed significant dissim-
ilarities between the daily distributions of records of the pine marten
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and other species (W=3.35–4.85; d.f.= 2; P= 0.036−0.042: Fig. 2).
Conversely, no significant differences were recorded in each species
pair comparison (W=9.42–16.31; d.f.= 2; P= 0.088−0.159: Fig. 2).
The crested porcupine avoided moonlit nights throughout the year.
Eurasian badgers avoided moonlight only in cold months, while in
warm ones, activity patterns were irrespective to moon phase. Con-
versely, the red fox was mostly active in moonlit nights, throughout the
year (Table 3). Spatial overlap among porcupines and nocturnal
mammals was high in warm months, while being low in cold ones
(Fig. 3). Spatial overlap between the red fox and the pine marten re-
mained low throughout the year (Fig. 3).

4. Discussion

In our work, we observed a remarkable temporal overlap among
temporal activity patterns of crested porcupines, red foxes and Eurasian
badgers, all being mostly nocturnal with limited diurnal activity (e.g.
Corsini et al., 1995; Torretta et al., 2016). Conversely, the pine marten

was confirmed to be mostly a diurnal species in Italy (Torretta et al.,
2017), thus temporally avoiding all the other species sharing the same
den.

However, when temporal overlap was analysed in terms of moon

Fig. 1. Location, camera trap stations and habitat type composition of the study area. Villages of Prata and Il Gabellino are reported.

Fig. 2. Overlap of temporal activity patterns among den-sharing mammals.

Table 1
Coefficients of overlapping of activity patterns among den-sharing mammals in
the warm and cold periods, and throughout the study period.

Species pairs Coefficient of overlapping (Δ4)

Cold period Warm period Annual

Crested porcupine – Eurasian badger 0.82 0.81 0.84
Crested porcupine – Red fox 0.73 0.82 0.78
Crested porcupine – Pine marten 0.62 0.50 0.63
Eurasian badger – Red fox 0.78 0.90 0.84
Eurasian badger – Pine marten 0.53 0.58 0.56
Red fox – Pine marten 0.64 0.58 0.62
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phases, we observed a niche segregation also between the crested
porcupine, mostly active in dark nights (cf. Mori et al., 2014b;
Mukherjee et al., 2018), and its main local predator (Lucherini et al.,
1995), the red fox, which increased its activity patterns in bright
moonlit nights (cf. Penteriani et al., 2013). Conversely, the temporal
behaviour of the badger in relation to moon phases was different be-
tween the cold and the warm periods, avoiding the moonlight only in
the former. During the winter period, the badger is reported as a po-
tential, although rare, prey of the grey wolf Canis lupus in the study site
(Battocchio et al., 2017). Furthermore, in cold months, the Eurasian
badger shifts its diet towards cultivated fruits, e.g. olives (Rosalino
et al., 2005a), which may increase the risk of poaching (see Revilla
et al., 2001). In warm months, insects and earthworms build up the diet
of the Eurasian badger in Mediterranean countries (Ciampalini and

Lovari, 1985; Rosalino et al., 2005a). Thus, concentrating ranging
movements in dark nights or concealed habitats in cold months may
limit predation by large carnivores and visibility to humans, i.e.
poaching pressure (cf. Lovari et al., 2017).

In cold months, the crested porcupine highly reduced its spatial
overlap with both the red fox and the Eurasian badger. Accordingly, the
birth peak for this large rodent occurs in February (Sonnino, 1998; Mori
et al., 2016), and, during this period, porcupines are particularly ag-
gressive and displace all the other den-sharing species from their bur-
rows (cf. Mori et al., 2014a, 2015). Spatial overlap between the crested
porcupine and the pine marten remained high as this small carnivore
does not represent a predator nor a competitor for the crested porcu-
pine (cf. Biancardi and Rinetti, 2002; Balestrieri et al., 2011). Both
species are linked to dense woodland areas and concealed habitats
(Storch et al., 1990; Monetti et al., 2005; Pereboom et al., 2008;
Balestrieri et al., 2010; Mori et al., 2014c). Furthermore, interspecific
encounters are limited by temporal partitioning (e.g. Corsini et al.,
1995; Mori et al., 2014b; Torretta et al., 2017).

The high annual spatial overlap of movement patterns between the
red fox and the Eurasian badger might be promoted by a remarkable
trophic niche partitioning (e.g. Ciampalini and Lovari, 1985; Canova
and Rosa, 1994). Accordingly, red foxes mainly feed on small mammals
and birds, whereas badger’s diet mostly consists of fruits, insects and
earthworms (Marassi and Biancardi, 2002; Rosalino et al., 2005a; Soe
et al., 2017). In general, Eurasian badgers have been reported to be
dominant competitors over red foxes (Neal and Roper, 1991;
Macdonald et al., 2004). However, at shared setts, once it was evident
that encounters will not escalate to aggression, each species was un-
affected by the presence of the other (Macdonald et al., 2004).

Niche partitioning and temporal segregation may allow also a spa-
tial peaceful coexistence between the badger and the pine marten
(Balestrieri et al., 2004; Biancardi and Rinetti, 2002; Marassi and
Biancardi, 2002; Balestrieri et al., 2011). Conversely, the low spatio-
temporal overlap detected between the pine marten and the red fox
may imply a sort of interspecific competition among these carnivores
(cf. Palomares and Caro, 1999; Donadio and Buskirk, 2006), possibly
due to a high dietary overlap (up to 70%: Storch et al., 1990;
Baltrūnaitè, 2002).

Den-sharing represents a form of positive interspecific interaction,
which may limit energy waste and stress. Den sites are often reported to
represent a limiting resource, thus promoting interspecific sharing,
when possible (Fernández and Palomares, 2000; Revilla et al., 2001;
Rosalino et al., 2005b). This positive interaction may also increase local
species diversity, i.e. promoting the range expansion and dispersal of
both native and alien species (Hacker and Gaines, 1997; Kowalczyk

Table 2
Peaks of activity for each nocturnal mammal species expressed through the
Rayleigh test (Z); CI, confidence interval around the mean direction (i.e. hour of
activity peak).

Species Period Mean direction CI Z P

Crested porcupine Warm 00:28 0.09 6.18 < 0.005
Cold 01:55 0.11 29.29 < 0.001
Annual 01:11 0.08 31.05 < 0.001

Eurasian badger Warm 22:28 0.05 2.14 < 0.001
Cold 00:08 0.06 25.90 < 0.001
Annual 23:13 0.08 15.77 < 0.005

Red fox Warm 23:24 0.04 28.54 < 0.001
Cold 00:17 0.11 45.12 < 0.001
Annual 23:45 0.09 36.28 < 0.001

Pine marten Warm 18:51 0.18 45.58 0.032
Cold 17:26 0.22 39.55 0.001
Annual 18.02 0.20 54.13 0.018

Table 3
Peaks of inactivity for each nocturnal mammal species (all but for the pine
marten), calculated through circular statistics (Rayleigh test).

Peak of inactivity Rayleigh test

Species Period Day r Moon phase Z P

Crested porcupine Warm 13.8 ± 2.7 0.18 4 5.92 < 0.005
Cold 16.3 ± 0.9 0.49 4 46.05 < 0.001

Eurasian badger Warm 8.3 ± 0.6 0.33 3 1.96 0.151
Cold 15.6 ± 1.4 0.22 4 27.58 < 0.001

Red fox Warm 4.3 ± 1.1 0.33 1 32.03 < 0.001
Cold 27.3 ± 3.2 0.44 1 45.12 < 0.001

Fig. 3. Spatial overlap coefficients among den-sharing mammals (crested porcupine, Eurasian badger, red fox and pine marten) in the warm and cold periods, and
throughout the study period.
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et al., 2008; Geiger et al., 2018). Species using the same den sett may
show both spatial and temporal niche partitioning throughout the year,
thus allowing a non-competitive coexistence. Further studies are
needed to assess the chamber organization and sharing within den setts,
to clarify whether different species are present at different depths
within the same sett (cf. Bassano and Peracino, 1997).
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