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Abstract
Interspecific interactions are key drivers in structuring animal communities. Sympatric animals may show such behavioural
patterns as the differential use of space and/or time to avoid competitive encounters. We took advantage of the ecological
conditions of our study area, inhabited by different ungulate species, to investigate the spatial and temporal distribution of
Capreolus capreolus, Dama dama and Sus scrofa. We estimated intraspecific interaction arising from the concomitant use of
resources by using camera trapping. We collected 2741 videos with the three ungulates, which showed peculiar activity patterns.
The three species were observed in all the habitat types of the study area over the four seasons, thus highlighting an evident spatial
overlap. Moreover, our analysis demonstrated that the three species did not avoid each other through temporal segregation of
their activities, rather showing a high overlap of daily activity rhythms, though with differences among the species and the
seasons. Despite the high spatial and temporal overlap, the three species seemed to adopt segregation through fine-scale spatial
avoidance: at an hourly level, the proportion of sites where the species were observed together was relatively low. This spatio-
temporal segregation revealed complex and alternative behavioural strategies, which likely facilitated intra-guild sympatry
among the studied species. Both temporal and spatio-temporal overlap reached the highest values in summer, when environ-
mental conditions were more demanding. Given these results, we may presume that different drivers (e.g. temperature, human
disturbance), which are likely stronger than interspecific interactions, affected activity rhythms and fine-scale spatial use of the
studied species.
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Introduction

Interspecific interactions are key drivers in structuring animal
communities (e.g. Gause 1934; Hutchinson 1959) and may
affect distribution, resource use, behaviour and population
dynamics of interacting species (Sinclair and Norton-
Griffiths 1982; Putman and Putman 1996; Forsyth and
Hickling 1998; Latham 1999; Murray and Illius 2000).
Among animal species, at least four types of interactions were
described (Krebs 1985): two positive (mutualism and com-
mensalism) and two negative (predation and competition)

ones. Interspecific competition occurs when species of the
same trophic level share the same resources with limited avail-
ability (De Boer and Prins 1990), which may result in a spe-
cies negatively affecting the fitness of the other. Competition
was described across several taxa (insecta: Human and
Gordon 1996; reptiles: Polo-Cavia et al. 2009; fish:
Bergstrom and Mensinger 2009; birds: Maron et al. 2011),
and it is the most frequent interspecific interaction in ungu-
lates (Latham 1999). Researchers described two main patterns
of competition in ungulates: resource and interference compe-
tition. The former refers to direct interactions between two or
more species which use and compete for shared resources
(food and space, Latham 1999). The latter includes adverse
social interactions as well as the negative impact of a species
on the environment, thus reducing its quality for other species
(Latham 1999).

Competitive interactions may occur at both spatial and
temporal levels. However, spatial and temporal interactions
are not always estimated properly and simultaneously
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(Lewis et al. 2015; Swanson et al. 2016; Karanth et al.
2017; Cusack et al. 2017). Sympatric animals may show
such behavioural patterns as the differential use of space
and/or time to avoid competitive encounters (Karanth and
Sunquist 1995; Durant 1998). Subordinate competitors
may avoid locations in which activity levels and/or popu-
lation density of dominant species are high (Sherry 1979).
Likewise, species may adapt their circadian activity pat-
terns to reduce temporal activity overlaps (Carothers et al.
1984).

Wild animals showed a vast array of daily and seasonal
activity patterns, which are the result of a complex compro-
mise between best time for feeding, social activity and envi-
ronmental constraints (Aschoff 1963). Theoretically, time
budgeting is usually considered a process of optimisation.
The time spent for an activity may increase until costs do
not exceed benefits (MacArthur and Pianka 1966).
Consequently, we may expect changes in activity patterns as
the quality and quantity of environment resources change.
Moreover, activity rhythms are likely influenced by predation
risk as well as by interspecific competition. For these reasons,
the study of spatial and temporal distribution of activity in
sympatric species may contribute to understand interspecific
competition.

Camera traps are cost-effective, non-invasive and highly
efficient tools to collect data and are increasingly used to
determine the potential relationship among sympatric spe-
cies (Di Bitetti et al. 2009; Foster et al. 2013; Tambling
et al. 2015; Cusack et al. 2017; Mori et al. 2020). Camera
trapping has been widely used in ecology and conservation
to investigate the distribution of species, estimate popula-
tion density and assess biodiversity (O’Connell et al. 2011;
Burton et al. 2015; Steenweg et al. 2017). This methodolo-
gy was also applied to the study of activity rhythms with
encouraging results (Tobler et al. 2008; Centore et al. 2018;
Caruso et al. 2018; Lashley et al. 2018). More specifically,
camera trapping offers the possibility to consider the activ-
ity patterns and space use of different species at the same
time in the same recording area (Monterroso et al. 2014;
Centore et al. 2018; Caruso et al. 2018; Mori et al. 2020) to
estimate intraspecific competition arising from the concom-
itant use of resources.

We investigate the spatial and temporal distribution of ac-
tivity of roe deer Capreolus capreolus, fallow deer Dama
dama and wild boar Sus scrofa. We took advantage of the
ecological conditions of our study area, a large fenced area
inhabited by these species, and ascertained whether they
adopted behavioural strategies to avoid potential competitive
encounters among each other. Given the similar feeding habits
of the two deer species, their different size and social habits
and the competition that may arise between them (Ferretti
et al. 2011), we predicted (1) a limited overlap of their activity
rhythms. Moreover, given the wild boar’s predatory habit on

deer fawns, we also predicted that (2) the activities of these
species seldom overlapped during deer fawning period, i.e.
from late April to the end of June.

Materials and methods

Study area

The Presidential Estate of Castelporziano is a protected area
located at about 20 km south-west of Rome. It represents one
of the most important Mediterranean forests still existing in
Italy.

The area is part of the Mediterranean climatic region, in
particular, the mesothermal Mediterranean region (Blasi
1996), characterised by hot and dry summers and cold and
rainy winters. During the year of data collection, monthly
mean temperature ranged from 6.4 °C in January to 26.6 °C
in August (Fig. S1 in Online Resource). The estate represents
a biologically interesting environmental system thanks to the
presence of a wide variety of natural environments, such as
newly formed and old dunes, wetlands, Mediterranean scrub-
land, evergreen (Quercus ilex, Quercus suber, Pinus pinea,
Eucalyptus spp) and deciduous forests (Quercus robur,
Quercus frainetto, Quercus cerris, Carpinus orientalis)
Grignetti et al. 1997; Pignatti et al. 2001).

The estate is a 6000-ha wide, fenced, rather flat area. In the
past, it was mainly used for farming, forestry, livestock breed-
ing and hunting activities. Nowadays, about 600 ha are devot-
ed to cereal crops and livestock breeding (horses and cows).
Wild ungulates in this area are wild boar, fallow deer, roe deer
and red deer (Cervus elaphus), with an estimated population
size of 2600 wild boars, 695 fallow deer, 150 roe deer and 128
red deer (ISPRA 2017). Wild boar and fallow deer are culled
each year (mean ± standard deviation, 410.67 ± 251.44 and
218.67 ± 86.29 heads during last 3 years, respectively) during
autumn/winter in order to keep their number stable.

Data collection

We monitored the ungulate species by using camera trapping
during four 30-day sessions, one for each season: autumn
(from 12 November to 16 December 2016), winter (from 11
February to 12 March 2017), spring (from 8 May to 6
June 2017) and summer (from 31 July to 28 August 2017).

In order to select camera stations, we overlaid a 1 × 1 km
grid onto the study area. From this grid, we randomly selected
40 cells and put the camera waypoint in their centroids.
The randomisation of the 40 stations was stratified on the area
size of each habitat, meaning that the proportion of stations
inside each habitat mirrored the proportion of that habitat in-
side the study area (Table S1 in Online Resource). Camera
waypoints were digitised in Quantum GIS (3.4.4) and located
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in the field by means of a handheld GPS. Within each camera
waypoint, we searched for the spot with the best light condi-
tion in close proximity and placed the camera station. On
average, we placed camera stations 946.32 ± 196.63 m apart.
During each season, the survey was conducted by using 20
camera traps (UOVision UV595-HD and IR PLUS BF 110°),
which were placed for 2 weeks in 20 stations randomly select-
ed out of the 40 available ones and then relocated in the other
20 stations for 2 more weeks.

Camera traps were secured to trees and wooden poles at an
average height of 60–70 cm from the ground and adequately
hidden from the animals’ sight. To prevent too many animals
being attracted and avoid any modification of their behaviour,
no lure or bait was used at the camera stations. The position of
camera traps and the range of vision were the same during the
four sampling seasons. At all camera stations, we set the cam-
eras to operate 24/7. Cameras were triggered by motion and
programmed to take a 30-second video, with a 5-second delay
between consecutive triggers. We checked camera stations at
least weekly to replace camera batteries and memory card
when needed.

We extracted the habitat type surrounding each camera
station from a 10-m resolution digital map of vegetation
(Grignetti et al. 1997). We pooled the habitats recognised by
Grignetti et al. (1997) in 5 main classes: deciduous oak forest,
evergreen oak forest, pine forest, mixed forest and grassland
(Fig. 1).

All applicable international, national and institutional
guidelines for animal care and use were strictly followed.

Data analysis

For each camera trap record, we identified ungulate species,
date, time and habitat type. We defined distinguished records
of the same species at the same camera station as independent
when pictures were taken at least 30 min apart (Linkie and
Ridout 2011b), thus reducing pseudoreplication biases
(Meredith and Ridout 2014). Only independent records were
used in the subsequent analyses. We estimated activity levels
of ungulate species for which we had a reasonable number of
records, defined by inspecting the distribution of sample sizes.
Red deer were detected only 39 times, while roe deer, fallow
deer and wild boar were recorded 267, 737 and 1737 times,
respectively. As a limited sample size may negatively affect
the accuracy and precision of activity curve estimates
(Lashley et al. 2018), we excluded red deer from the analyses.

Spatial overlap analysis

For each camera station and species, we calculated capture
frequency as the number of independent sightings per cam-
era-day, by dividing the total number of recorded individuals
of that species by the number of days in which the camera trap

was active. To prevent biased analyses owing to the different
population sizes of each species, detection probability for each
season was obtained by dividing the number of daily detec-
tions (capture frequency) at each station by the total number of
detections for the corresponding species (wild boar, fallow
deer and roe deer):

DP ¼ CFstation i

∑
station 1−i

CF

0
@

1
A

in which DP stands for detection probability and CF for
capture frequency.

In order to verify whether the three ungulates showed a
differential use of space over the four seasons, we modelled
DP by using generalised linear mixed models (GLMMs) with
a Gaussian distribution of errors by using the nlme package in
R (Pinheiro et al. 2018). DP was arcsin-root-transformed in
order to improve normality of residuals and to reduce skew-
ness. Species, season, habitat type and their interactions were
included in the model as fixed factors. Camera station ID was
fitted as a random intercept to control for the influence of
camera-related factors (e.g. vegetation cover, distance to wa-
ter). Based on the model predictions, we derived the estimated
marginal means (EMMs) for each factor and interaction in-
cluded in the model. We tested pairwise comparisons of
EMMs by using the emmeans package in R (Lenth 2020).

Temporal overlap analysis

To carry out the temporal overlap analysis, each individual
captured by a camera trap record was treated as a single ob-
servation in the dataset. The temporal distribution of observa-
tions of each species was used to represent its daily activity
budgets. Firstly, we converted the time of each capture event
into radians to account for the circular distribution of the time
of day (Meredith and Ridout 2014; Rowcliffe et al. 2014). For
each species, we estimated seasonal activity patterns by fitting
a circular kernel density distribution to radian time-of-day data
by means of the fitact function in the activity package in R
(Rowcliffe 2016), which provided the percentage of activity
time (activity level) during the day (24 h). Then, we calculated
the percentage of activity time during daylight hours bymeans
of the densityPlot function, by taking into consideration sun-
rise and sunset times for the study area (obtained from the
website https://www.usno.navy.mil/). We calculated the
percentage of activity time during nocturnal hours by
subtracting the percentage of daylight activity from the total
(24 h). Furthermore, we used the compareAct function, which
uses a Wald test, to compare the activity levels of each species
during the different seasons.

To determine the activity overlaps among the three species,
we calculated the coefficients of overlapping (Δ) in a pairwise
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manner for each season by using the overlap package in R
(Ridout and Linkie 2009). The Δ coefficient measures the
extension of the overlap between two kernel density estimates
by taking the minimum density function from two sets of
samples compared at each point in time. The area under both
density curves was considered an overlap. The coefficient of
overlapping ranged from 0 (no overlap) to 1 (complete
overlap; Ridout and Linkie 2009; Linkie and Ridout 2011a).
We used Δ4 estimator, which was recommended for large
sample sizes (>75 camera records Meredith and Ridout
2014). We calculated the 95% confidence intervals of each
overlap index by using smoothed bootstrap with 1,000
resamples (Meredith and Ridout 2014).

Spatio-temporal overlap analysis

We evaluated the spatio-temporal overlap following the meth-
odology proposed by Karanth et al. (2017). For each season
and species, we created a matrix in which we verified the
hourly presence of the species at all camera stations: the rows
of the matrix represented the camera stations and the columns
the hourly intervals of the diel cycle. Each cell of the matrix

contained the total number of detections of the species at a
particular site during a specific hourly interval, aggregated
throughout the entire season. We then calculated the propor-
tion of camera stations, at each hourly interval, when (i) each
species was detected alone, in the absence of the other species,
(ii) detection of activity of any two species overlapped and (iii)
all three species were active. The proportions were calculated
for each hourly interval by dividing the number of camera
stations where the species were recorded (alone, in pairs, all
together) by the total number of stations where the species
were actually detected. Finally, for each species and season,
we calculated the hourly average and its relative standard
error.

Results

During the four sampling sessions, we recorded 2741 videos:
1737 videos with wild boars, 737 with fallow deer and 267
with roe deer. Throughout the year, all the species were re-
corded in the five types of environment considered (Table S2
in Online Resource).

Fig. 1 Map of Italy (left) showing the localisation of in the Estate of Castelporziano (Rome, Italy) and an enlargement of the map (right) with the
distribution of camera traps inside the study area.
We used Quantum GIS (3.4.4) Medeira graphics program to create this figure.
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The results of the GLMM (Table 1) showed that DP sig-
nificantly varied according to the species, with a higher prob-
ability to detect wild boar. However, the pairwise comparison
of EMMs showed that this difference was not statistically
significant (Table S3 in Online Resource). The two-way inter-
action between species and habitat type showed that through-
out the monitoring period, the patterns ofDPwere significant-
ly different among the species. Specifically, wild boar was
detected more frequently in grassland (DP = 0.22 ± 0.02,
mean ± standard error) with respect to both fallow deer (DP,
0.06 ± 0.02) and roe deer (DP, 0.07 ± 0.02). Moreover, it was
detected more frequently in deciduous oak forest (DP, 0.14 ±
0.02) with respect to roe deer (DP, 0.10 ± 0.02, Table S4 in
Online Resource). However, when comparingDP of the three
species in the different habitat types during each season, no
significant difference was found (Table S5 in Online

Resource). This result highlighted that, when considering the
seasonal patterns, the three species showed a clear seasonal
spatial overlap (Fig. S2 in Online Resource).

During summer and autumn, wild boar showed higher ac-
tivity level with respect to winter and spring (Tables 2 and 3),
with an equal distribution during daylight and nocturnal hours
(Table 2). During winter, wild boar showed mainly nocturnal
activity patterns, while during spring its activity was mainly
concentrated during daylight hours. Throughout the year, wild
boar reached the maximum peak of activity at dusk, with the
exception of summer, when it showed two distinct peaks of
activity, at dawn and dusk (Fig. 2).

The activity levels of fallow deer were not significantly
different during the four seasons (Tables 2 and 3) and diurnal
activity was prevalent during spring only. Surprisingly, during
autumn and winter, fallow deer showed mainly nocturnal ac-
tivity patterns (Table 2). Fallow deer did not show well-
defined activity peaks during autumn and winter, while its
activity seemed to peak at dawn and dusk during spring and
summer (Fig. 2).

Roe deer showed similar activity levels over the four sea-
sons (Tables 2 and 3). No clear distribution of activity patterns
was observed either during the day or at night: they were
mainly diurnal during spring (Table 2) and almost equal dur-
ing daylight and nocturnal hours in autumn and winter
(Table 2). During summer, roe deer shifted to a mainly noc-
turnal activity (Table 2). During winter and summer, it
showed two clear peaks of activity at dawn and dusk. The
peak at dawn was delayed during spring and autumn, while
the peak at dusk disappeared in spring (Fig. 3).

In general, the activity overlap among the three species was
high in all seasons with aΔ4 never lower than 0.63 (Figs. 2, 3

Table 1 Effect of predictor variables (habitat type, species, season and
their interactions) on the detection probability of wild boar, fallow deer
and roe deer over the four seasons of data collection in the Estate of
Castelporziano (Rome, Italy)

numDF denDF F value P value

(Intercept) 1 385 270.59 < 0.001

Habitat type 4 35 0.59 0.672

Species 2 385 4.18 0.016

Season 3 385 0.34 0.793

Habitat*Species 8 385 5.50 < 0.001

Habitat*Season 12 385 1.85 0.038

Species*Season 6 385 0.42 0.868

Habitat*Species*Season 24 385 0.86 0.658

Table 2 Estimates of the
proportion of active time during
daylight hours and the percentage
of active time during the 24-hour
cycle over the four seasons of data
collection in the Estate of
Castelporziano (Rome, Italy)

Species Seasons N Prop. diurnal Activity level SE CI

Autumn 859 49% 0.48 ± 0.03 0.42–0.54

Wild boar Winter 214 30% 0.34 ± 0.03 0.28–0.40

Spring 262 64% 0.36 ± 0.04 0.30–0.46

Summer 402 47% 0.50 ± 0.04 0.42–0.58

Autumn 184 40% 0.38 ± 0.05 0.30–0.47

Fallow deer Winter 93 37% 0.55 ± 0.08 0.40–0.71

Spring 199 53% 0.49 ± 0.05 0.38–0.59

Summer 261 45% 0.46 ± 0.05 0.38–0.57

Autumn 47 50% 0.52 ± 0.08 0.33–0.64

Roe deer Winter 87 52% 0.36 ± 0.05 0.25–0.46

Spring 62 65% 0.48 ± 0.07 0.33–0.59

Summer 71 36% 0.35 ± 0.07 0.23–0.50

n = number of individual records (prop. diurnal = proportion of active time during daylight hours; activity level =
estimated percentage of active time during the 24-hour cycle (see Rowcliffe et al. 2014 and the Methods section
for more details); SE = standard error for the estimated activity level; CI = 95% confidence intervals for the
estimated activity level)
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and 4). Overall, the season with the highest coefficients of
overlapping was summer (range of mean Δ4, 0.82–0.88)
showing that the drivers of activity forced all the species to
be active simultaneously. During autumn, the general overlap
estimates provided a range of Δ4 from 0.76 to 0.84, whereas
in winter (Δ4, 0.64–0.71) and spring (Δ4, 0.63–0.77) results
showed a decrease of overlap.

Considering the paired coefficients of overlapping, the
highest activity overlap was found between fallow deer and
roe deer (Fig. 4), particularly during summer (Δ4 = 0.84, CI =
0.75–0.88). Conversely, the overlap between wild boar and
either roe deer or fallow deer was not homogeneous through-
out the year, reaching the minimum values in spring (wild
boar-roe deer, Δ4 = 0.63, CI = 0.53–0.73, Fig. 3) and winter
(wild boar-fallow deer, Δ4 = 0.64, CI = 0.56–0.72, Fig. 2).

Patterns of combined spatio-temporal overlap showed that
the species pair overlap was much lower when compared to
the exclusively temporal overlap. Generally, the three species
were detected together (same station and hourly interval) in
less than 12% of cases, with the only exception of roe deer,
which in summer was observed with the other two species at
27% of the stations where it was detected (Table 4). By com-
paring pairs, the species that showed the highest level of over-
lap were fallow deer-wild boar and roe deer-wild boar, partic-
ularly during autumn and summer (Table 4). Roe deer was

generally the species with the highest level of spatio-temporal
overlap (Table 4), reaching the highest values in summer
when it was detected alone only in 26% of the stations. On
the contrary, spring was the season when its degree of overlap
reached the lowest values. Unlike the temporal overlap, the
level of spatio-temporal overlap between roe deer and fallow
deer was quite low and never higher than 11% during all
seasons. From a seasonal point of view, the season that
showed the lowest percentages of overlap was winter, while
summer showed the highest levels of spatio-temporal overlap
(Table 4).

Discussion

The three species were observed in all the habitat types of the
study area over the four seasons of our data collection, thus
highlighting an evident spatial overlap. Our results showed
that the three species did not avoid each other by means of
temporal segregation of their activities as their daily activity
rhythms highly overlapped. Nevertheless, by using a finer
scale analysis of the spatio-temporal dimension, we highlight-
ed the three species’ ability to reduce interspecific interactions
either by being active at the same hours but in different areas
or by using the same areas at different times of the day. This
spatio-temporal segregation indicated that, under the ecologi-
cal conditions of our study area, the three species developed
the skills to implement complex and alternative behavioural
strategies, which likely facilitated intra-guild sympatry.

According to the limiting similarity theory by Macarthur
and Levins (1967), competing species should differ at least for
one dimension of their ecological niche: space, time or re-
source exploitation. In our study, we did not find spatial seg-
regation among the three species. In contrast to other studies
(e.g. Mori et al. 2020), spatial partitioning did not seem to play
a major role in structuring interspecific coexistence in our
study system. It is worth noting that the study area is fenced
and surrounded by a territory strongly affected by human
presence as it is located in the suburbs of the largest city in
Italy (i.e. Rome). Consequently, the spatial overlap we found
may be the result of the limitations in dispersal opportunity.
Given the high spatial overlap, a considerable potential for
overlap in resource exploitation might be expected, particular-
ly between roe deer and fallow deer (Ferretti et al. 2011). On
the other hand, interference competition with wild boar might
be expected primarily on account of its destructive feeding

Table 3 Results of Wald test used to compare activity levels of each
species during four different seasons

Species Seasons Difference SE W P

Wild boar Autumn vs winter 0.14 0.05 8.88 0.003

Autumn vs spring 0.12 0.05 5.48 0.019

Autumn vs summer −0.02 0.05 0.23 0.632

Winter vs spring −0.02 0.05 0.14 0.711

Winter vs summer −0.16 0.05 9.58 0.002

Spring vs summer −0.14 0.06 6.44 0.011

Fallow deer Autumn vs winter −0.17 0.09 3.43 0.064

Autumn vs spring −0.11 0.07 2.48 0.116

Autumn vs summer −0.09 0.07 1.55 0.213

Winter vs spring 0.06 0.10 0.44 0.507

Winter vs summer 0.09 0.10 0.80 0.371

Spring vs summer 0.02 0.07 0.09 0.760

Roe deer Autumn vs winter 0.15 0.10 2.52 0.112

Autumn vs spring 0.04 0.11 0.11 0.736

Autumn vs summer 0.16 0.11 2.33 0.127

Winter vs spring −0.12 0.09 1.61 0.204

Winter vs summer 0.01 0.09 0.01 0.915

Spring vs summer 0.13 0.10 1.51 0.219

Difference = differences between activity estimates during the different
seasons; SE = Standard errors of the differences;W =Wald statistics; P =
p values (H0 is no difference between estimates)

�Fig. 2 Seasonal activity overlap between wild boars and fallow deer. The
grey lines show dawn and dusk. Δ = index of overlap, value in brackets
for confidence interval. Records are double plotted on a 48-h time scale to
help the interpretation.
We used R (3.6.1) software graphics program to create this figure.
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habits (i.e. rooting). Consequently, we expected a differential
exploitation of the temporal niche by these sympatric species
to avoid resource and interference competition, as shown in
other studies (Di Bitetti et al. 2009; Monterroso et al. 2014).
For instance, Di Bitetti et al. (2010) showed that the ability of
pumas (Puma concolor) and oncillas (Leopardus tigrinus) to
adjust their activity patterns to local conditions resulted in a
temporal segregation which may facilitate their coexistence
and explain the lack of spatial segregation in this assemblage.
Contrary to our expectation (1), the three sympatric ungulates
apparently did not develop a strategy to avoid being active at
the same time. Indeed, our results showed a high temporal
overlap among the three species during all seasons. This is
consistent with the findings of Mori et al. (2020), which point-
ed at a high temporal overlap among ungulates species, partic-
ularly between wild boar and roe deer. It is interesting to note
that, despite the high temporal overlap of activity among the
studied species, our results showed that during autumn, winter
and spring, roe deer and fallow deer had a peak of activity at
dawn, when wild boar was less active. This may be a strategy
adopted by the two deer species to avoid being active at dusk,
whenwild boar reached its peak of activity.Moreover, the three
species adopted segregation through fine-scale spatial avoid-
ance as the proportion of sites where the species were observed
together was relatively low. In this framework, the species
which showed the higher spatio-temporal overlap with other
ungulates was roe deer, which was less frequently observed
alone, likely on account of its lower density inside the study
area. Wild boar, being numerically prevalent, was detected
more frequently and this affected the probability of spatio-
temporal overlap with fallow and roe deer.

Interestingly, the season when both temporal and spatio-
temporal overlap reached the highest values was summer, i.e.
the most limiting season in the Mediterranean environment,
when food resources were scarce due to drought. On account
of these results, we may presume that different drivers, which
are likely stronger than interspecific interactions, affected the
activity rhythms and fine-scale spatial use. It is now well
established that animal activity patterns rely on endogenously
fixed rhythms, which are regulated by biological clocks but
are also regulated by environmental stimuli, the so-called
“zeitgebers” (Aschoff et al. 1982). As a result, activity patterns
are strongly affected by different external factors, which may
be either environmental (e.g. photoperiod, moon phases,
weather conditions, food and water availability) or biotic
(e.g. social signals, the presence of predators and human
activities; Maloney et al. 2005; Paul et al. 2008). Ambient
temperature was repeatedly shown to be one of the most im-
portant factors affecting the activity rhythms (Maloney et al.
2005; Pagon et al. 2013; Brivio et al. 2016, 2017; Grignolio
et al. 2018) and spatial behaviour of ungulates (Mysterud and
Østbye 1999; Marchand et al. 2015; Mason et al. 2014, 2017).
By reducing activity when it is warmer and selecting cooler

microclimates in their environment (Mysterud and Østbye
1999; Marchand et al. 2015; Brivio et al. 2019), animals
may be able to avoid heat stress, while reducing the costs for
autonomic thermoregulation (Terrien et al. 2011). Our results
are consistent with these findings and suggest that temperature
strongly affected the behavioural strategies of the monitored
individuals. Indeed, both the temporal and spatio-temporal
overlaps were particularly high exactly during the season in
which ambient temperature reached the highest levels, i.e.
summer (Fig. S1 in Online Resource). On the one hand, the
high proportion of nocturnal activity (higher than 50%,
Table 2) suggested that high temperatures in summer likely
forced the populations involved in this study to be active dur-
ing the coolest time of the day (i.e. nocturnal hours; Beier and
McCullough 1990; Berger et al. 2002; Scheibe et al. 2009;
Pita et al. 2011). On the other hand, the high hourly overlap
found in the spatio-temporal analysis suggested that the three
species in our study area simultaneously used the same habi-
tats. We may suppose that a common driver constrained
spatio-temporal choices of the three species: indeed, the high
summer temperatures likely pushed the animals towards the
coolest parts of the study area.

The activity overlap between wild boar and roe deer, both at
temporal and spatio-temporal levels, reached the lowest value in
spring, thus confirming our prediction (2). This result was likely
affected by the birth of the roe deer fawns and the territorial
activity of roe deer males—both occurring in spring. In white-
tailed deer (Odocoileus virginianus), females with vulnerable
fawns were reported to alter their temporal activity patterns argu-
ably to reduce the risk of encounters with potential predators
(Higdon et al. 2019). Wild boar can prey upon small mammals
and fawns during their early weeks of life (Loggins et al. 2002;
Wilcox and Van Vuren 2009). Consequently, the lower activity
and fine-scale spatial overlap in this season might suggest a
strategy adopted by roe deer to avoid encounters with wild boar
to reduce risks for their fawns.

Our results confirmed the great behavioural plasticity of
wild boar (e.g. Cousse et al. 1995; Caley 1997; Russo et al.
1997; Keuling et al. 2008; Barrios-Garcia and Ballari 2012;
Podgórski 2013), with considerable variations of its activity
rhythms. In our study area, wild boar activity showed a single
peak around dusk in autumn, winter and spring, as found in
other populations (e.g. Mori et al. 2020). In summer, on the
other hand, wild boar showed two distinct peaks at dawn and
dusk. Throughout the year, activity patterns switched from
predominantly diurnal to predominantly nocturnal to a quite
equal distribution between day and night. This is in contrast
with the results regarding other Italian populations which were
found to be nocturnal throughout the year (Russo et al. 1997;
Brivio et al. 2017; Mori et al. 2020). It was suggested that the
switch from diurnal to nocturnal activity may be a response to
anthropic disturbance in wild boar as well as in other animal
species (Keuling et al. 2008; Ohashi et al. 2013; Gaynor et al.

156 Mamm Res (2021) 66:149–162



Fig. 3 Seasonal activity overlap
between wild boars and roe deer.
The grey lines show dawn and
dusk.Δ = index of overlap, value
in brackets for confidence
interval. Records are double
plotted on a 48-h time scale to
help the interpretation.
We used R (3.6.1) software
graphics program to create this
figure.
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Fig. 4 Seasonal activity overlap
between fallow deer and roe deer.
The grey lines show dawn and
dusk.Δ = index of overlap, value
in brackets for confidence
interval. Records are double
plotted on a 48-h time scale to
help the interpretation.
We used R (3.6.1) software
graphics program to create this
figure.
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2018). The high nocturnal activity that we found during win-
ter, when culling occurred, supports this theory and is in con-
trast with the results found by Brivio et al. (2017), which
showed that hunting activities did not influence wild boar
activity patterns. These differences may be the consequence
of the very low levels of human disturbance which
characterised our study area throughout the year, with the only
exception of the culling period. Consistently, the other culled
ungulate, i.e. fallow deer, showed predominantly nocturnal
activity during winter in our study area.

Our results on the activity patterns of fallow deer were among
the few available data on this species in the Mediterranean envi-
ronment. According to Caravaggi et al. (2018), whose data re-
ferred to Northern Ireland, fallow deer showed prevalently diur-
nal activity patterns. On the contrary, we found a prevalently
nocturnal activity, with the only exception of spring, when it
was quite equal during day and night. During winter, the activity
pattern was characterised by the presence of several peaks, with a
reduced magnitude. However, it is important to stress that we
examined the behavioural patterns of a small population for a
single year and, therefore, these results have to be taken with
caution and further studies are necessary to fully describe the
activity patterns of this species. Generally, fallow deer and roe
deer are thought to be crepuscular species, showing the highest
activity levels at dawn and dusk (Náhlik et al. 2009; Sandor et al.

2011; Krop-Benesch et al. 2013; Pagon et al. 2013; Mori et al.
2020). Several management activities, such as census, rely on
this feature. However, our findings did not completely support
this statement: only during two seasons (winter and spring for roe
deer and fallow deer, respectively), the studied individuals were
clearly crepuscular. During summer, they were mostly nocturnal,
while during the other seasons fallow deer showed several peaks
during diurnal and nocturnal hours, while roe deer seemed to
postpone activity after crepuscular hours, particularly in the
morning. These results suggest the need to improve knowledge
in order to better define management activities.

In conclusion, our study indicated a high degree of spatial
and temporal overlap, though a lower overlap was found when
data were analysed at a finer scale (i.e. spatio-temporal over-
lap). This suggests that, even though the species used the same
habitats and had similar activity rhythms, they may be able to
avoid interspecific interaction by using space during different
time periods. On the other hand, by definition, competition
can only exist when resources are actually or potentially lack-
ing (Putman and Putman 1996; Tokeshi 2009). The three
sympatric ungulates under scrutiny may be able to avoid in-
terspecific competition by using different resources. Diet anal-
ysis of each species will likely improve our understanding of
the actual interspecific competition among them.
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Table 4 Proportion of camera stations, averaged over hourly intervals,
when (i) each species was detected alone, in the absence of the other
species, (ii) detection of activity of any two species overlapped and (iii)
all three species were active

Type of interaction Autumn Winter Spring Summer

0.86 (0.09) 0.86 (0.14) 0.83 (0.15) 0.67 (0.23)

0.11 (0.01) 0.06 (0.02) 0.11 (0.02) 0.23 (0.04)

0.03 (0.01) 0.07 (0.02) 0.03 (0.01) 0.05 (0.02)

0.004 (0.003) 0.02 (0.01) 0.03 (0.02) 0.04 (0.01)

0.48 (0.06) 0.76 (0.04) 0.76 (0.05) 0.56 (0.05)

0.47 (0.06) 0.09 (0.03) 0.17 (0.05) 0.31 (0.04)

0.04 (0.02) 0.11 (0.03) 0.05 (0.02) 0.02 (0.02)

0.01 (0.01) 0.04 (0.03) 0.02 (0.01) 0.09 (0.04)

0.53 (0.07) 0.65 (0.07) 0.67 (0.07) 0.26 (0.05)

0.33 (0.08) 0.19 (0.06) 0.13 (0.04) 0.38 (0.08)

0.11 (0.04) 0.09 (0.03) 0.10 (0.04) 0.09 (0.03)

0.04 (0.03) 0.07 (0.05) 0.11 (0.05) 0.27 (0.06)

The values in brackets are the relative standard errors.

The values in brackets are the relative standard errors
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