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Abstract
Assessing the spatiotemporal behaviour of alien species is pivotal to designing effective management plans. Interspecific 
niche partitioning among ungulates is reported as a strategy to avoid direct interactions. The Mediterranean mouflon and 
wild boar are two ungulates introduced to Elba island for hunting and aesthetic purposes. We used intensive camera trap-
ping to test whether species occupancy and temporal activity rhythms would vary in response to the presence or absence 
of the co-occurring species through multi-species occupancy modelling. Our findings report a lack of spatial and temporal 
segregation between the two species for the late spring–summer and late summer–autumn seasons. In contrast, results for 
the winter–early spring period suggest that spatial partitioning between wild boar and mouflon is present in areas with high 
artificial cover (e.g., paved roads). Animals may indeed exploit roads to move more rapidly in search of food; however, their 
occurrence in these areas seems to be influenced by the presence of the other species.

Keywords Activity rhythms · Interspecific interactions · Multi-species occupancy models · Ovis aries · Sus scrofa · 
Wildlife camera trapping

Introduction

Interspecific interactions, such as competition and ecologi-
cal niche partitioning, play a key role in shaping ecological 
communities and species spatiotemporal distribution. When 
two or more species interact, one can directly or indirectly 
affect the other (Connell 1983), both at the individual and 
population levels, by altering the ecological processes that 
determine competitor species fitness—including habitat use, 

activity rhythm, and feeding behaviour (MacArthur 1972; 
Ferretti and Mori 2020). For this reason, understanding the 
nature and the extent of these interactions is essential in 
implementing effective wildlife management and conserva-
tion practices (Connell 1983; Miller et al. 2017).

Competition arises from the combinations of the three 
following conditions: (1) the presence of different species 
sharing the same resources, (2) limited resources, and (3) 
the emergence of negative effects following the joint exploi-
tation of resources (Minle 1961; Prins 2000; Pascual-Rico 
et al. 2020).

Co-existence among co-evolved competing species is 
made possible by their ability to fill different ecological 
niches; this process, known as niche partitioning, is the 
result of the exploitation of resources and conditions that 
are shaped by the interactions between species over time 
(Wright 2002; Grassel et al. 2015; Ballejo et al. 2018; Pas-
cual-Rico et al. 2020). In addition, Hutchinson (1957) argues 
that “niche partitioning” can occur on different dimensions, 
including dietary requirements, habitat use and temporal 
distribution (Botella 2020).

The introduction of non-native species beyond their 
natural range can trigger novel intraguild competition that, 
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in turn, can have far-reaching consequences for the com-
plex web of relations that determine the natural functioning 
of ecosystems (Weller et al. 2011; Donihue et al. 2020). 
Despite the considerable progress in the study of biological 
invasions, much remains to be understood on the dynamics 
and effects of co-occurring non-native species (Grosholz 
et al. 2000; Crooks 2002; Johnson et al. 2009).

Interactions among non-native species can generate three 
possible outcomes (Rauschert and Shea 2017): positive (i.e., 
invasional meltdown—a species invasion is facilitated and/
or its impacts are made worse by the presence of another 
non-native species, see Simberloff and Von Holle 1999), 
neutral (i.e., species invasions may not impact or be inde-
pendent of each other: Jackson 2015), or negative (i.e., 
invasional interference—the invasion of one species may be 
impeded or obstacle by the presence of another non-native 
species: Yang et al. 2011; Rauschert and Shea 2012, 2017). 
As the number of non-native species increases, it becomes 
ever more imperative to assess the ecological consequences 
of biological interactions for the integrity of natural com-
munities (Vitousek et al. 1997; Kuebbing et al. 2013).

The Mediterranean mouflon Ovis aries musimon (here-
after, mouflon) is a feral subspecies of domestic sheep that 
originated in the three Mediterranean islands of Sardinia 
and Corsica (Hermans 1996), which is currently under 
intensive conservation management to reduce the risk of 
localised extinctions (c.f. Hadjisterkotis 2001). However, it 
was introduced into other regions of Europe for recreational 
and ornamental purposes in the twentieth century (Gippoliti 
et al. 2006). Following the establishment of viable popula-
tions, increasing grazing pressure has caused considerable 
damage to both agriculture and natural systems (Guidi et al. 
2009). It is now the object of population control programmes 
(Chiatante et al. 2013).

On the contrary, the wild boar Sus scrofa is a widespread 
species native to much of Eurasia and North Africa and 
shows a strong ability to adapt to different environmental 
conditions (Lowe et al., 2000; Barrios-García and Ballari 
2012). The species is now considered a major conservation 
concern in numerous natural systems in Europe and farther 
afield (Lowe 2004; Gürtler et al. 2017). The main drivers 
for the rapid spread of wild boar in recent decades are repre-
sented by the extirpation of natural predators, habitat modifi-
cation, and the progressive abandonment of the countryside 
(Gamelon et al. 2012; Massei et al. 2015; Vetter et al. 2015; 
Gürtler et al. 2017).

The introduction of the species to new areas in response 
to sport hunting and further recreation interests has raised 
concerns among ecologists and conservationists for the det-
rimental repercussions for the local biodiversity (Lowe et al., 
2000; Barrios-García and Ballari 2012; Greco et al. 2020).

Both wild boar and mouflon were introduced into the 
offshore island of Elba, part of the Tuscan Archipelago 

National Park in central Italy (hereafter, TANP), during the 
second-half of the twentieth century (De Marinis et al. 1996; 
Boitani et al. 2003; Angelici et al. 2009; Meriggi et al. 2015; 
Greco et al. 2020), where, under favourable habitat condi-
tions and in the absence of predators, both have established 
self-sustaining populations. Furthermore, the combination 
of rooting, grazing, browsing and treading by these large, 
introduced animals represents, amongst others, a primary 
threat to the local vegetation, which in turn is known to be 
an essential resource for endemic animal species (see Cini 
et al. 2021). To the best of our knowledge, however, there 
has been no study on the ecological implications of the co-
occurrence of wild boar and mouflon on the protected eco-
system of Elba.

While direct interspecific competition in the form of 
resource exclusion remains to be assessed and is beyond 
the scope of this research, previous studies have reportedly 
confirmed negative interactions between wild boar and mou-
flon. In this regard, calves and lamb predation by wild boar 
has been observed in the wild (Bratton 1974; Plant 1997). 
Further negative interactions may stem from the tendency of 
wild boar to soil waterholes that mouflon uses for drinking, 
with the additional possibility of disease transmission that 
can further hinder the coexistence of the two species (Had-
jisterkotis 2001). Finally, potential competition over food 
arises when and where resources are limited (Hadjisterkotis 
2001). Understanding the nature of the interactions is criti-
cal for implementing effective non-native species manage-
ment programmes (c.f. Kuebbing and Nuñez 2015; Jackson 
2015). In particular, the asynchronous removal of species 
may either favour or oppose the expansion of the other with 
yet unknown repercussions for the island ecosystem.

In addition, reported damages to the island's agriculture 
and natural system have prompted the park’s authorities 
to promote the eradication of the two non-native species 
(TANP 2010). In this regard, by focusing on the study of 
niche partition along two main dimensions—namely, spa-
tial and temporal segregation—the current research aims to 
investigate the extent and nature of the interactions between 
wild boar and mouflon in Elba. The aim is to form a baseline 
to inform TANP authorities on the likely effects of popu-
lation control management practices on the occurrence of 
the two species and, therefore, the repercussions for the 
ecosystem.

Using 1 year of camera-trap data (i.e., April 2018–2019) 
collected over three consecutive sampling seasons in TANP, 
we investigated whether and to what extent wild boar and 
mouflon interactions influence their occurrence at the spatial 
and temporal dimensions.

To this aim, we first applied the multi-species occupancy 
modelling approach developed by Rota et al. (2016) to assess 
whether spatial segregation exists between the two species. 
We drew from the conclusions of Greco et al. (2020) on wild 
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boar occurrence on Elba, and Ferretti and Mori (2020) on 
ungulate species interactions, to derive three broad catego-
ries of environmental variables to be used in our modelling:

1. Habitat: Greco et al. (2020) showed that a key limit-
ing factor for the occurrence of wild boar in the study 
area is food availability; building from this finding, we 
expected that, if segregation exists, the two species will 
tend to occupy habitats characterised by different veg-
etation structures (e.g., different resources). In addition, 
as wild boar has been recorded to select areas with rich 
deciduous forests (Melis et al. 2006; Meriggi et al. 2015; 
Greco et al. 2020) and ecotones (Fattorini and Ferretti 
2020; Ferretti et al. 2021), we anticipated that, in case of 
segregation, mouflon occupancy would be the lowest in 
these habitats, which are predominantly found along the 
northern slope aspect of mount Capanne (Fig. 1), i.e., 
in mostly unsuitable areas for the wild boar (cf. Ferretti 
et al. 2021).

2. Human: we predicted that mouflons would occupy 
areas with high proportions of artificial cover to avoid 
encounters with the wild boar, especially in spring, as 
documented in other ungulate species (e.g., Ferretti 
et al. 2011). These could include human settlements, 
inland industrial sites, or infrastructures, where they 
would experience greater human disturbance but lower 
encounters with the other species (Chirichella et al. 
2013; Ohashi et al. 2013; Palupe et al. 2016; Blehyl et al. 
2019). We also decided to include distance to human set-

tlements to test whether proximity to urban landscapes 
can influence species occurrence.

3. Elevation: as wild boar is expected to occupy areas at 
lower altitudes, where water and vegetation cover are 
more abundant, we expected mouflon to occupy regions 
at higher altitudes of mount Capanne, which occupies 
the westernmost sector of the island (Foggi et al. 2006; 
Meriggi et al. 2015; Greco et al. 2020).

Second, we assessed whether temporal segregation 
occurs between wild boar and mouflon, especially during 
the breeding season, to limit the potential risk of nega-
tive interspecific interactions. Temporal partitioning has 
been observed in other taxa as a common coping strategy 
adopted by co-occurring species (Hayward and Slotow 
2009). According to Greco et al. (2020), the wild boar 
population on Elba is predominantly nocturnal; we, there-
fore, hypothesized that mouflons would display a diurnal 
activity pattern, possibly to reduce encounters with wild 
boar. In addition, as for other primarily diurnal species 
(Carnevali et al. 2016; Grignolio et al. 2018), the nocturnal 
activity of wild boar mainly occurs on bright moonlight 
nights to better detect natural predators (Brivio et al. 2017; 
Gaudiano et al. 2022, but see Gordigiani et al. 2022). With 
this in mind, we also sought to assess whether patterns of 
activity rhythms between wild boar and mouflon would 
vary in response to moon phases.

Fig. 1  Study area located in the westernmost sector of Elba island. Black dots represent CT stations
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Materials and methods

Study area

The research was conducted in the Mount Capanne 
(1019 m a.s.l.) area on the western sector of Elba Island 
(42° 46′20.4''N, 10° 10′14.4''E), part of the TANP in 
central Italy (see Greco et al. 2020; Mori et al. 2021, for 
the location of the study site and camera trap stations). 
Deciduous woodlands are restricted to the northern slope, 
whereas Mediterranean maquis and garrigue (Quercus ilex 
L., Pistacia lentiscus L., Salvia rosmarinus L., Lavandula 
stoechas L., Erica arborea L., Arbutus unedo L. and Cis-
tus spp.) occupy the southern slopes. As a result of refor-
estation policies after the Second World War, patches of 
pine plantations (mostly Pinus pinea L., Pinus pinaster 
Aiton and Pseudotsuga menziesii (Mirb.) Franco) are also 
present along the mountain slopes (Foggi et al. 2006). 
Villages and cultivations (including orchards and vine-
yards) occur outside the borders of the TANP, while a 
major paved road connects villages around the park bor-
ders (Greco et al. 2020). The climate is predominantly 
Mediterranean (annual average T, 17 °C; mean annual 
rainfall, 95 mm), with dry summers and mild winters 
and sporadic snowfall events restricted to the summit of 
Mount Capanne. Terrestrial mammal species in the study 
area include several small rodents and shrew species, wild 
boar Sus scrofa, European mouflon Ovis aries, Italian hare 
Lepus corsicanus, European brown hare Lepus europaeus 
and pine marten Martes martes (Greco et al. 2020; Mori 
et al. 2021).

Sampling design

Fieldwork was conducted over three seasons to cover an 
entire solar year (cf. Greco et al. 2020; Mori et al. 2021): 
7th April–15th July 2018 (spring–summer); 1st Septem-
ber–18th November 2018 (late summer–autumn), and 18th 
January–8th April 2019 (winter–early spring), season 
duration varied slightly according to field team availabil-
ity. During each season, 80 stations covering an area of 
about 2878 ha were sampled using 20 unbaited, motion-
triggered camera traps deployed in four consecutive arrays 
for an average of 18 days each (Mori et al. 2021). Three 
different brands of camera trap (hereafter CT), similar in 
technical characteristics (e.g., IR flash and 0.8–1 s trig-
ger speed), were used, including Ltl Acorn–Shenzhen, 
Guangdong, China; Spromise–Shenzhen, Guangdong, 
China; and U-way—Atlanta, Georgia, USA. To provide 
relatively unbiased measures of species distribution across 
environmental gradients (i.e., elevation and vegetation 

composition), CTs were run in a systematic design, from 
the low elevation points to the peak along with both sec-
tors of mount Capanne (Fig. 1). In other words, the first 
location was selected randomly, and the other were placed 
at fixed distances (Mori et al. 2021). Due to the terrain's 
harshness and the dense vegetation characterising the 
study area, CTs were placed along trekking trails, about 
20 m off-trails, following the altitudinal gradient, at a set 
distance of at least 500 m from each other (Fig. 1). CTs 
were secured to tree trunks or rocks at about 50 cm from 
the ground level, near signs of wildlife such as scats and 
tracks (see Greco et al. 2020). During each visit, we col-
lected landscape data to estimate the probability of occu-
pancy and species detection. These included percentages 
of tree cover (plants taller than 5 m), shrub cover (plants 
less than 5 m in height), herbaceous cover (herbaceous 
plants) recorded within 10 m radius from the CT station, 
elevation (recorded using Garmin GPS Etrex 32X), and 
mountain aspect (i.e., north–south, see Mori et al. 2021). 
Eight CT stations were moved within similar habitat con-
ditions after the first season due to the inaccessibility of 
the original locations' terrain, which had limited on-site 
operations (Fig.  1). Across seasons, CTs were placed 
within a buffer area of 20  m2 off the selected point to mini-
mize errors in the sampling design.

Detection and occupancy covariates

To explore if and how wild boar and mouflon spatially segre-
gate, we used three categories of environmental and anthro-
pogenic factors (Table 1) to fit multi-species occupancy 
models implemented in “unmarked” (Fiske and Chandler 
2011):

1) Habitat: we used the Corine Land Cover Classifica-
tion System (hereafter C.L.C.; European Environment 
Agency, 2018) (20 m resolution) to derive eight non-
mutually exclusive percentage classes of habitat types 
within 100 m in from the CT (Table 1). These included 
“artificial surfaces” (C.L.C. 1—level 1, including 
urban, industrial, construction and commercial sites, 
mines, and non-agricultural vegetated areas), “agricul-
tural areas” (C.L.C. 2—level 1, permanent crops and 
arable lad), “broad-leaved forests” (C.L.C. 311—level 
3), “coniferous forests” (C.L.C. 312—level 3), “mixed 
forests” (C.L.C. 313—level 3), “sclerophyllous vegeta-
tion” (C.L.C. 323—level 3), “transitional woodland-
shrub” (C.L.C. 324—level 3), and “bare rocks” (C.L.C. 
332—level 3). Based on the ecological requirements of 
wild boar (see Greco et al. 2020), we considered “natu-
ral” areas (i.e., C.L.C. 311–324) to represent suitable 
habitats; therefore, segregation would restrict mouflon 
occurrence to other habitats in the study area. We also 
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included the slope aspect of mount Capanne (north–
south), as varying solar radiation intensity can shape 
optimal microhabitat characteristics for which compe-
tition may arise between the two species (Greco et al. 
2020; Måren et al. 2015).

2) Anthropogenic disturbance: we used metric distance to 
the closest human settlement (QGis Development Team 
2019, 1:10,000 scale map) as a proxy for human pres-
sure (Table 1). While most urban centres are located 
along the coast, human density fluctuates noticeably 
throughout the year, reaching its peak in summer when 
the island becomes a popular destination among tourists. 
Because of this, we expected human disturbance to have 

a stronger influence on species occurrence during the 
first sampling season (i.e., late spring–summer).

3) Elevation, which was measured in m a.s.l., using Garmin 
GPS Etrex 32X, at each camera trap station during 
ground-truthing of the study area (Table 1).

In addition, we studied the effects of camera-trap brand 
and vegetation cover in the 10 m surrounding the CTs (see 
Sampling design session) on the detectability of the species 
(Table 1). CT brands may differ slightly in reaction times 
and affect the probability of recording target species (Greco 
et al. 2020; Rovero et al. 2013), whereas thicker vegetation 

Table 1  List, definition, and predicted effect of covariates used in modelling detection and occupancy of the mouflon and the wild boar across 
sites

The abbreviated acronym C.L.C. stands for Corine Land Cover Classification System (sensu Mori et al. 2021)

Covariate Definition Type Expected effect

Detection
 Camera trap Model Make of camera trap Categorical Unknown as different models may perform differ-

ently
 Grass cover (%) Herbaceous vegetation cover in 10 m radius Continuous Negative as it may conceal the species
 Shrub cover (%) Shrub vegetation cover in 10 m radius Continuous Unknown and dependent on the season
 Tree cover (%) Arboreal vegetation cover in 10 m radius Continuous Negative as it may conceal the species

Occupancy
 Distance to settlement Distance (m) from camera trap to the closest 

human settlement
Continuous Negative as human disturbance may displace the 

species
 Elevation Elevation (m) of camera trap above the sea level Continuous Unknown and dependent on the season and the 

region
 Mountain side North or South side of Mount Capanne Categorical Unknown as both sides may be suitable habitat for 

the two species
 Artificial surfaces Square meters covered in artificial surface accord-

ing to the Corine Land Cover Classification 
System (level 1)

Continuous Negative as human disturbance may displace the 
species

 Agricultural areas Square meters covered in agricultural surface 
according to the Corine Land Cover Classifica-
tion System (level 1)

Continuous Unknown and dependent on the season

 C.L.C. 311 Square meters covered in broad-leaved forest 
according to the Corine Land Cover Classifica-
tion System (level 3)

Continuous Positive as the habitat is suitable for the species

 C.L.C. 312 Square meters covered in coniferous forest accord-
ing to the Corine Land Cover Classification 
System (level 3)

Continuous Unknown and dependent on the season

 C.L.C. 313 Square meters covered in mixed forest according 
to the Corine Land Cover Classification System 
(level 3)

Continuous Positive as the habitat is suitable for the species

 C.L.C. 323 Square meters covered in sclerophyllous vegetation 
according to the Corine Land Cover Classifica-
tion System (level 3)

Continuous Positive as the habitat is suitable for the species

 C.L.C. 324 Square meters covered in transitional woodland-
shrub according to the Corine Land Cover Clas-
sification System (level 3)

Continuous Positive as the habitat is suitable for the species

 C.L.C. 332 Square meters covered in bare rocks according to 
the Corine Land Cover Classification System 
(level 3)

Continuous Unknown as the habitat may be unsuitable for the 
wild boar but suitable for the mouflon
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may conceal animals (Gu and Swihart 2002; Apps and 
McNutt 2018; Greco et al. 2020).

Data analysis

Camera-trap records were annotated and stored in Wild.ID 
(Fegraus and MacCarthy 2016), which allows for species 
identification using the IUCN nomenclature (Greco et al. 
2020). From the resultant file, we extracted the number of 
independent events (set at 30 min intervals) and estimated 
raw descriptors of species capture, including relative abun-
dance index (as the ratio of events to the sampling effort) and 
naïve occupancy (proportion of sites occupied by the target 
species on sites sampled). Each season was normalised to 
have a duration of a maximum of 18 days per CT array: 
photos taken after the end of the  18th day of operation were 
not considered for the analysis.

We used the multi-species occupancy modelling approach 
described by Rota et al. (2016), a generalization of Mac-
Kenzie et al. (2002), to research the co-occurrence effects 
of wild boar and mouflons. To do this, we exploited the 
function occuMulti implemented in “unmarked” developed 
by Fiske and Chandler (2011), using R (version 3.6.3., R 
Foundation for Statistical Computing, Vienna, Austria: 
cran.r-project.org). Each season was independently analysed. 
The advantage of following this approach is twofold: first, it 
enabled us to cope with the effects of the decision to move 
eight CTs after the first season, and second, it allowed us 
to evaluate the effects of seasonal changes in environmen-
tal and anthropogenic pressure variables on species detect-
ability and occupancy measures. As per Greco et al. (2020) 
and Mori et al. (2021), detection/non-detection data were 
arranged in i × j matrices of sites by surveys (i.e., sampling 
occasions), with each entry indicating the presence (1) or 
absence (0) of species in site i on survey j. These matri-
ces were then used as input for the downstream analysis of 
detection and occupancy. Continuous covariates were stand-
ardised to have a mean of 0 and SD equals 1 (Rovero and 
Zimmermann 2016). Covariates that exhibited a Pearson’s 
r greater than 0.6 were considered collinear and were not 
included in the same models (Table 2).

In addition to a null model (i.e., assuming constant p 
and Ψ ), we first built models for the detection (p) while 
holding occupancy probability constant ( � = 1 ; see Mac-
Kenzie et al. 2002, 2006; Johnson et al. 2020). Constant 
occupancy models’ fitness was assessed by ranking the 
candidate models according to the Akaike Information 
Criterion (AIC). Conditionally on the best detection 
structure (sensu Mori et al. 2021), we assessed environ-
mental variables’ effects on species occupancy (Greco 
et al. 2020; Mori et al. 2021). We analyzed two sets of 
occupancy models (Burnham and Anderson 2002), which 
were later integrated into the same analytic framework 

for cross-model comparison (Miller et al. 2018). The first 
entailed marginal occupancy models, where mouflons 
and wild boar were treated as two independently occur-
ring species. The second comprised conditional occupancy 
models that assumed variability in wild boar and mou-
flons’ occupancy probability in response to the presence 
or absence (Rota et al. 2016; Miller et al. 2018). This way, 
we could assess the extent of interspecific interactions 
between wild boar and mouflons. To build marginal and 
conditional occupancy models for wild boar and mouflon, 
we used the same covariates for the two species and all 
possible combinations, except for collinear variables not 
included within the same model. Using a cutoff value for 
ΔAIC of 2, models with ΔAIC ≤ 2 were considered statisti-
cally supported and were used to derive a prediction for Ψ 
and p. Variables for which credible intervals (CI) did not 
intersect 0 were considered good environmental predic-
tors and were plotted in R using ggplot2 (Wickham 2016).

Table 2  Collinearity (Pearson’s r) between covariates for each season

The abbreviated acronym C.L.C. stands for Corine Land Cover Clas-
sification System (sensu Mori et  al. 2021). Correlations may vary 
across seasons as 8 CTs were moved after Season 1

Collinear relations Pearson’s r p value

Late-spring–Summer
 Distance to settlement—artificial surfaces  − 0.70 0.012
 Distance to settlement—elevation 0.77 0.003
 Elevation—agricultural areas  − 0.70 0.012
 C.L.C.324—agricultural areas 0.68 0.014
 C.L.C.324—elevation  − 0.63 0.028
 C.L.C.332—elevation 0.60 0.040
 C.L.C.323–C.L.C.311 0.74  < 0.001
 Herbaceous cover %–Shrub cover % 0.77 0.003
 Herbaceous cover %–Tree cover %  − 0.75 0.005
 Shrub cover %–Tree cover %  − 0.97  < 0.001

Late-summer–Autumn
 Distance to settlement—artificial surfaces  − 0.75 0.003
 Distance to settlement—elevation 0.85  < 0.001
 C.L.C.324—agricultural areas 0.66 0.014
 C.L.C.311–C.L.C.323  − 0.74 0.004
 C.L.C.311–C.L.C.332  − 0.60 0.032
 Herbaceous cover %–Shrub cover % 0.87  < 0.001
 Herbaceous cover %–Tree cover %  − 0.84  < 0.001
 Shrub cover %–Tree cover %  − 0.97  < 0.001

Winter–Early spring
 Distance to settlement—artificial surfaces  − 0.70 0.008
 Distance to settlement—elevation 0.86  < 0.001
 C.L.C.311–C.L.C.323 0.86  < 0.001
 Herbaceous cover %–Shrub cover % 0.87  < 0.001
 Herbaceous cover %–Tree cover %  − 0.88  < 0.001
 Shrub cover %–Tree cover %  − 0.98  < 0.001
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Patterns of activity rhythms

We reported the date and the solar hour of capture directly 
shown on each photo on a Microsoft Excel data set, includ-
ing all records. The use of the solar hour allows a better 
evaluation of activity patterns as, differently from the “legal 
hour”, it is defined by the sun's position in the sky regard-
less of local time, which varies across seasons. We defined 
activity as the cumulative period animals spend while non-
resting, regardless of their behaviour (Mori et al. 2020a, b). 
We limited the pseudoreplication bias by removing records 
of the same species occurring in the same camera trap site 
within < 30 min (Mori et al. 2020a, b). The only wild boar 
activity patterns have previously been analyzed for the same 
sampling periods and in the same study site (Greco et al. 
2020). Instead, patterns of seasonal activity rhythms of the 
mouflon were analyzed through the R package “overlap” 
(Meredith and Ridout 2014). The overlap coefficient of 
temporal activity patterns (Δ) between the mouflon and the 
wild boar was computed during annual and seasonal peri-
ods. Particularly, we used the Δ1 estimator when records 
for at least one species in each pairwise comparison of our 
analyses were less than 75, Δ4 when records of both spe-
cies were more than 75, in line with previous literature 
and as suggested by the R package instructions (Meredith 
and Ridout 2014; Monterroso et al. 2014). We considered 
as “moderate” a Δ value included between 0.50 and 0.75, 
“high” when it was > 0.75 and “very high” when delta > 0.90 
(Mazza et al. 2019). We then estimated the 95% confidence 
intervals (hereafter, CI) for Δ, as percentile intervals from 
999 bootstrap samples (Monterroso et al. 2014). Bootstrap 
tests were used to obtain a probability test that two sets of 
circular observations belonged to the same distribution 
with the function compareCkern() of the R-package activ-
ity (Havmøller et al. 2020). The Mardia–Watson–Wheeler 
test (MWW) was calculated with the R package circular to 
compare overlapping circadian distribution of mouflons and 
wild boar among different seasons (Lund et al. 2017). The 
Hermans–Rasson test (r test) was used to estimate whether 
the mouflon exhibited a random activity pattern and the wild 
boar round-the-clock (Landler et al. 2019). A chi-squared 
test was used to estimate whether records of each ungulate 
species were uniformly distributed throughout all the four 

moon phases, classified as follows: phase 1: from new moon 
to ¼; phase 2: from ¼ to ½; phase 3: from ½ to ¾; phase 
4: over ¾.

Results

A total of 9 CTs were either stolen or damaged over the 
three different periods and, therefore, generated no data, 
while others switched off before the 18th day; this leads to 
a cumulative sampling effort of 4,137 days, yielding a total 
of 943 independent events for the mouflon (spring–summer, 
N = 231; late summer–autumn, N = 456; winter–early spring, 
N = 256) and 587 for the wild boar (spring–summer, N = 88; 
late summer–autumn, N = 355; winter–early spring, N = 144) 
(Table 3). Other species detected during the study period 
included pine martens, European brown hares, domestic 
cats, domestic dogs and humans.

Occupancy analysis

Our analysis of the detection of the two species over the 
three sampling seasons showed little variation through-
out the year. Different vegetation cover types consist-
ently improved model fit in the three seasons of samplings 
(Table 4). In particular, we confirmed that increasing tree 
cover had a positive effect on wild boar detection during 
season 1 ( pwb ± SE = 0.47 ± 0.18,P < 0.05 ; with 95% 
CI between 0.17 and 0.77) (Fig. 2a), whereas shrub cover 
percentage correlated negatively with mouflon detect-
ability ( pm ± SE = −0.349± 0.10, P < 0.05 ; with 95% CI 
between − 0.51 and − 0.18) (Fig. 2b). Herbaceous cover neg-
atively affected the probabilities of detection for both species 
in the second season ( pwb ± SE = −0.52 ± 0.13,P < 0.05 ; 
w i t h  9 5 %  C I  b e t w e e n  −  0 . 7 3  a n d  −  0 . 3 1 
and pm ± SE = −0.29 ± 0.09,P < 0.05 ;  with 95% CI 
between − 0.45 and − 0.13) (Fig. 3a, b). Finally, we recorded 
a negative impact of herbaceous cover on wild boar detec-
tion in the third season as well ( pwb ± SE = −0.48 ± 0.16 , 
P < 0.05 ; with 95% CI between − 0.75 and − 0.22) (Fig. 4a).

By feeding this information into the analysis of marginal 
and conditional occupancy of wild boar and mouflon for the 
three seasons (Table 4), we found that:

Table 3  Number of events and Relative Abundance Index (RAI) and naïve occupancy of mouflon, wild boar and humans during the three sam-
pling periods (Season 1 Late-spring–Summer, Season 2 Late-summer–Autumn, Season 3 Winter–early spring)

Species Number of events RAI Naïve estimate of ψ 

Season Season Season

1 2 3 1 2 3 1 2 3

Wild boar 88 355 144 8.07 22.72 10.30 0.44 0.70 0.63
Mouflon 231 456 256 20.15 28.06 23.85 0.75 0.74 0.67
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in season 1, no covariate was found to be a strong predic-
tor of marginal and conditional occupancy of wild boar and 
mouflon during the first sampling season, CIs intersect zero.

In season 2, similar to season 1, marginal and conditional 
occupancy of the two species appeared to have no significant 
relation with the variables analyzed in this study (Table 4).

In season 3, top-ranked models (i.e., with ΔAIC < 2 ) for 
marginal occupancy showed variation with three covari-
ates (Fig. 4). The wild boar was less likely to occupy areas 
covered in bare rocks (C.L.C. 332; Ψwb ± SE =  − 2.22 ± 
1.007,P < 0.05 ; with 95% CI between − 3.87 and − 0.56) 

(Fig. 4a), whereas mouflon occupancy decreased, where 
sclerophyllous vegetation was more abundant (C.L.C. 
323; Ψm ± SE =  − 0.69 ± 0.344, P < 0.05 ; with 95% CI 
between − 0.95 and − 0.02) (Fig. 4c) but increased with 
proximity to human settlements ( Ψm ± SE = -0.87 ± 
0.416, P < 0.05 ; with 95% CI between − 1.08 and − 0.072) 
(Fig. 4c). However, results from model-cross comparisons 
between marginal and conditional occupancy showed that 
the top-ranking model, with the lowest ΔAIC, was the con-
ditional model fm63 (Table 4 and Fig. 4d). This provided 
strong evidence of occurrence dependence between the 

Table 4  Selection and ranking of the best occupancy models for wild boar (wb) and mouflon (m) in a protected area in Elba Island, Italy, from 
April 2018 to April 2019

ID Model n. Pars AIC ΔAIC AICwj

Late-spring–Summer
fm18 pwb(treecover%) pm(shrubcover%) ~

�wb(elevation ) �m(elevation)
9 1230.16 0.00 0.09

fm46 pwb(treecover%) pm(shrubcover%) ~
�wb(1 ) �m(elevation)

8 1231.18 1.03 0.14

fm16 pwb(treecover%) pm(shrubcover%) ~
�wb(C.L.C.324 ) �m(C.L.C.324)

9 1231.49 1.33 0.18

fm15 pwb(treecover%) pm(shrubcover%) ~
�wb(L.C.323 ) �m(.L.C.323)

9 1232.02 1.87 0.21

fm40 pwb(treecover%) pm(shrubcover%) ~
�wb(1 ) �m(AgrAreas)

8 1232.08 1.92 0.25

fm12 pwb(treecover%) pm(shrubcover%) ~
�wb(AgrAreas ) �m(AgrAreas)

9 1232.12 1.96 0.28

Null p (1) ~ ψ (1) 4 1245.25 15.10 1.00
Late-summer–Spring
fm36 pwb(herbcover%) pm(herbcover%) ~

�wb(C.L.C312 + C.L.C323 ) �m(C.L.C312 + C.L.C323)
10 2075.45 0.00 0.22

fm33 pwb(herbcover%)pm(herbcover%) ∼

�wb(C.L.C.311 + C.L.C.312)�m(C.L.C.311 + C.L.C.312)

10 2076.85 1.40 0.32

fm14 pwb(herbcover%)pm(herbcover%) ∼

�wb(C.L.C.312)�m(C.L.C.312)

8 2076.95 1.50 0.43

Null p (1) ~ ψ (1) 5 2105.48 30.03 1.00
Winter–early spring
fm63 pwb(herbcover%) pm(1) ~

�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf )
10 1464.17 0.00 0.15

fm74 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + C.L.C.311)

11 1464.46 0.29 0.28

fm73 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + AgrAreas)

11 1464.60 0.43 0.41

fm75 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + C.L.C.312)

11 1464.75 0.58 0.52

fm76 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + C.L.C.323)

11 1465.60 1.43 0.60

fm77 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + C.L.C.324)

11 1465.99 1.82 0.73

fm81 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + C.L.C.332)

11 1466.08 1.91 0.85

fm78 pwb(herbcover%) pm(1) ~
�wb(C.L.C323 + DistSett ) �m(C.L.C332)�wb,m(ArtSurf + C.L.C.313)

11 1466.11 1.95 0.91

Null p (1) ~ ψ (1) 6 1486.15 21.98 1.00
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two species during the final season of sampling when we 
estimated lower mouflon occupancy in areas with a high 
proportion of artificial cover given the presence of wild 
boar ( Ψm|wb ± SE = −2.01 ± 0.84,P < 0.05 ; with 95% CI 
between − 3.39 and − 0.64). Top ranking model predictions 
of marginal and conditional occupancy of wild boar and 
mouflon relative to the three sampling seasons are reported 
in Table S1.

Patterns of activity rhythms of the mouflon 
and overlap with the wild boar

Pairwise inter-seasonal overlaps of the mouflon were all 
moderate (Fig. 5; Table 5). Pairwise inter-seasonal differ-
ences were not significant, i.e., both analysed sets of circular 
observations come from the same distribution (all P > 0.05) 
and all analysed overlaps were similar one-another (MWW 
test: 0.002 < W < 0.173; P > 0.10).

Pairwise overlaps between mouflon and wild boar were 
moderate or high in all seasons (Fig. 6). Both analysed sets 

of circular observations come from the same distribution (all 
P > 0.05) and all analysed overlaps were similar one-another 
(MWW test: 0.002 < W < 0.173; P > 0.10). A non-random 
activity pattern round-the-clock was exhibited throughout 
the year by the wild boar and the mouflon, with main peaks 
at dawn and dusk (Hermans–Rasson tests: R = 198.4–203.1; 
P < 0.001).

We detected no effect of moon phases on the activity of 
both mouflons

(χ2 = 3.14–5.08, df = 3, P > 0.05) and wild boar 
(χ2 = 1.16–2.87, df = 3, P > 0.05) in any season.

Discussion

This work represents the first study on the co-occurrence of 
two alien ungulates on Elba island. The ecology of wild boar 
and Mediterranean mouflon has long been a focal point of 
scientific research, with particular attention to the repercus-
sions for ecological communities as they alter ecosystem 

Fig. 2  a Predicted wild boar detection in response to tree cover, b predicted mouflon detection in response to shrub cover during sampling sea-
son 1

Fig. 3  a Predicted wild boar detection in response to herbaceous cover, b predicted mouflon detection in response to herbaceous cover during 
sampling season 2
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processes and functions (Barrios-García and Ballari 2012; 
Celesti-Grapow et al. 2017). Studies have also highlighted 
significant socio-economic issues related to the rate at which 
these species can colonise new environments (Volery et al. 
2020).

Spatial predictions for wild boar and mouflon occurrence 
on Elba showed no evidence of segregation amongst species. 
Ranking of the multi-species occupancy models consistently 
revealed that neither marginal nor the conditional occupancy 
were affected by any of the analysed variables. However, 
the apparent spatial segregation documented during the 

Fig. 4  a Predicted wild boar occupancy in response to bare rocks 
cover (C.L.C. 332), b predicted mouflon occupancy in response to 
sclerophyllous vegetation cover (C.L.C. 323), c predicted mouflon 

occupancy in response to distance to settlements, d predicted condi-
tional occupancy of mouflon in relation to artificial surfaces and in 
response to wild boar presence and absence during sampling season 3

Fig. 5  Inter-seasonal overlap of activity rhythms of the mouflon in Elba Island assessed through kernel density estimates. Coefficients of tempo-
ral overlap and 95% relevant CIs of inter-seasonal activity patterns of the mouflon in Elba Island are shown. Black

Table 5  Coefficients of temporal overlap and 95% relevant CIs of 
inter-seasonal activity patterns of the mouflon in Elba Island

Time periods Δ4 CIs (95%)

Spring–summer–Late summer–autumn 0.71 0.67–0.75
Spring–summer–Winter–early spring 0.72 0.68–0.80
Winter–early spring–Late summer–autumn 0.68 0.63–0.71
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winter suggests that wild boar and mouflon tend to avoid 
each other during the colder months in areas with relatively 
high artificial surface cover. This category (C.L.C. Artificial 
surfaces—Level I) includes paved roads, which are com-
monly used by animals to move more efficiently in search for 
food as confirmed by similar studies (Portanier et al. 2018).

In addition, for the winter period, our results showed that 
wild boar tends to avoid areas with comparatively high bare 
rock cover during winter. This corroborates our expecta-
tions and previous findings (Greco et al. 2020) that the spe-
cies distribution is limited by the availability of resources 
and lower resource-poor habitats, such as areas with large 
expanses of bare rocks. On the other hand, mouflons were 
found to avoid areas with a high abundance of sclerophyl-
lous vegetation while showing a preference for sites close to 
human settlements. While this behaviour requires additional 
investigations, our suggestion is that animals may be allured 
by salt licks made available by residents during the colder 
months (residents, personal communication, August 2019). 
This supports earlier results showing an increasing tendency 
among wild mammals to use human villages as shelters 
during demanding environmental conditions (Santini et al. 
2019). However, the relatively high abundance of human 
settlements along the coast, and hence at lower altitudes (as 
shown by the strong correlation between the two variables; 
Table 2), represents a confounding factor. Therefore, we may 
suggest that mouflons occurred at lower altitudes during the 
colder months to avoid harsh weather conditions and benefit 
from a more abundant resource availability.

As to activity rhythms, the mouflon confirmed a marked 
bimodal activity pattern, with activity peaks occurring at 
dawn and dusk, in line with previous literature on both radio-
tagged (Pipia et al. 2008; Bourgoin et al. 2011) and cam-
era-trapped mouflons (Centore et al. 2018). Despite a high 
interseasonal overlap of activity rhythms of this species, the 

dawn activity peak occurred earlier in the warmest month of 
the year. In contrast, the dusk activity peak was delayed, in 
line with the photoperiod (Bourgoin et al. 2011). A decrease 
in diurnal activity in warm months represents an adaptation 
to reduce thermoregulation costs (Bourgoin et al. 2008). 
However, our data have not recorded this activity reduction 
and may only represent an adaptation in mountain ecosys-
tems (Bourgoin et al. 2008). Accordingly, in Mediterranean 
areas, mouflons (particularly lactating females) may show 
the greatest activity levels in summer to fulfil their need 
to meet greater energetic demands, e.g., for lactation (Ciuti 
et al. 2009).

Similarly, in natural and undisturbed conditions, the wild 
boar is active both during the day and the night, with alter-
nating periods of activity and rest, with activity peaks at 
dawn and dusk (Podgórski et al. 2013; Brivio et al. 2017; 
Mori et  al. 2020a, b). In human-dominated landscapes, 
including also rural and suburban areas, the wild boar is pri-
marily nocturnal (Brivio et al. 2017; Rossa et al. 2021; Gor-
digiani et al. 2022), independently of the seasonal changes 
in day length to reduce interference with humans (Keuling 
et al. 2013). Seasonal variation in the activity patterns is low 
(Keuling et al. 2013; Mori et al. 2020a, b). In our data set, 
both ungulate species showed significant activity peaks at 
dawn and dusk throughout all seasons, showing no tempo-
ral niche partitioning. Furthermore, we observed no effect 
of the moon phase on the nocturnal activity of both spe-
cies. Nocturnal activity of herbivore species is reported as a 
compensatory opportunity for energy intake when activity 
in daylight is too dangerous because of humans or predators 
(Visscher et al. 2017; Grignolio et al. 2018).

In many cases, prey species tend to avoid bright moon-
light, although several ungulate species increase their 
activity on brightest nights when their ability to detect 
predators is the highest (Medici 2010; Brown et al. 2011). 

Fig. 6  Intra-seasonal activity overlap of the mouflon and the wild 
boar in Elba Island was assessed through kernel density estimates 
throughout our sampling periods. Coefficients of temporal overlap 

and 95% CIs of mouflon and wild boar seasonal activity patterns in 
Elba island are shown. Black rectangles indicate dark hours
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Similarly, when natural predators are present, the noc-
turnal activity of the wild boar mainly occurs on bright 
moonlight nights, when environmental lighting should be 
the highest, mainly where natural predators occur (Brivio 
et al. 2017). Conversely, our results fit with Johann et al. 
(2020), who detected no effect of the moon phase on 
activity patterns in rural areas, where natural predators 
are absent. As to the mouflon, no data are available on 
the effect of the moon phase on activity in the presence 
of predators. Further research is needed to assess whether 
this species also adapts to the moon phase.

While coherent conclusions are hindered by the limited 
amount of data at our disposal (1 year only), we urge the 
relevant authority to consider the possible implications 
of species population control practices. Accordingly, the 
reported absence of niche partitioning, as indicated by the 
multi-species modelling ranking results for the first two 
sampling periods, suggests that there might be a neutral 
interaction between wild boar and mouflon. Although 
a neutral interaction is likely to be due either to differ-
ent feeding requirements (and hence different ecological 
niches) or to the availability of resources on the island, 
additional studies are needed to define better the diet com-
position and resource requirements for the two non-native 
species. This might help shed light on the interactions 
between wild boar and mouflon on the island of Elba and, 
therefore, better understand how population control plans 
can affect their occurrence and ecological impacts on the 
island.
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