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Abstract

Urbanisation exerts profound effects on biodiversity, driving species extinctions while
promoting behavioural adaptations in generalist taxa. The European badger (Meles meles)
exemplifies such adaptability, exploiting anthropogenic resources and modifying activity
rhythms. This study assessed badger activity within the Varese province in northern Italy,
comparing an urban park and a sub-urban landscape. From August 2023 to August 2024,
camera traps recorded badgers and sympatric mesocarnivores, including red foxes (Vulpes
vulpes), domestic cats (Felis catus), and beech martens (Martes foina). Despite high activity
overlap between sites (A = 0.87), the Mardia-Watson—-Wheeler test revealed significant
differences. Urban badgers displayed heightened nocturnality relative to sub-urban individ-
uals, consistent with comparisons to nearby protected natural areas. This pattern indicates
anthropogenic disturbance as a driver of temporal adjustment. Urban badgers are active
from 18:00 to 07:00, whereas sub-urban badgers are active from 17:00 to 08:00. The later
onset and earlier termination of urban activity suggest behavioural avoidance of human
presence. Red foxes exhibited even greater nocturnality in urban settings, while domestic
cats were primarily crepuscular and less frequently detected, particularly in sub-urban
areas. Results underline the ecological plasticity of badgers, highlighting their capacity
to accommodate urban pressures and providing city administrations with information to
improve park management planning.

Keywords: activity patterns; urban; mesocarnivores; nocturnality; foxes; domestic cat;
beech marten

1. Introduction

Nowadays, 75% of the European human population lives in cities [1] and the trend
is expected to increase in the future [2]. This large-scale urbanisation is one of the most
important drivers causing biodiversity loss [3]. In this context, many species go extinct [4,5],
while others adapt, modifying their activity patterns, their habits, and more generally their
behaviour [6-8]. Urban development accelerates extinction rates at local levels and often
leads to the loss of native species [9,10]. Overall, urbanisation is one of the fastest and
most persistent human threats for biodiversity [9]. Within cities, urbanisation usually
reduces both species richness and evenness [11] and alters the species composition of biotic
communities. As a consequence, biological communities in cities are often dissimilar to
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surrounding ones, as urban species are reshuffled into novel “urban” communities [11,12].
Although diversity, as previously mentioned, decreases with development, some mammals
take advantage of favourable conditions within the urban matrix. In general, urban ver-
tebrates are often generalists that can exploit a wide variety of habitats, including those
altered by human activities [13,14].

Depending on the structure of cities within the urban matrix, it is possible to find green
spaces such as small woodlands, public parks, and private gardens that can contribute to
shaping fauna community [15]. For animals and especially mammals, these green patches
are important for them to thrive in cities [16].

The mammalian species living in these green spots are termed urban adapters [9].
Urban adapters are often generalist and, in non-urban areas, they commonly thrive on
edges. These animals exploit many food sources, including human-subsidised foods, such
as cultivated plants and garbage [9]. Common urban-adapted mammals include burrowing
species, which can find refuge in their burrows beneath porches and houses [17].

Many medium-sized carnivores, like red fox (Vulpes vulpes), coyote (Canis latrans) and
European badger (Meles meles), that consume a wide variety of prey and can also forage on
human-subsidised food supplies [18], have remarkable success in the city. Sometimes, their
presence is also favoured by the absence of potential predators [9,18,19].

The red fox, one of the most adaptable carnivores, is very common in cities all around
the world [20] and among the first to dwell in urban habitats. Besides red foxes, badger
populations have become a stable presence in urban environments in recent decades
and, in the near future, they are expected be a permanent element of urban areas [21].
Badgers exhibit high flexibility in diet, home range size and social organisation, territorial
behaviour, and dispersal. Once they settle in urban environments, these attributes facilitate
coexistence with humans [22]. Badgers that live in the city tend to expand their diet
range to include anthropogenic food sources, which are often more abundant than natural
food sources (e.g., refuse and garden crops) and use a variety of sites for denning [23].
However, urban areas also produce new challenges; for example, roads contribute to habitat
fragmentation [24] and road accidents have been listed as a major cause of mortality, and an
estimated 50,000 badgers are believed to die on British roads each year [20]. Furthermore,
with their digging and foraging activities, badgers can come into conflict with people [25].

To adapt to urban environments, mammals can also modify their activity patterns
to avoid humans [26], for example, by becoming more strongly nocturnal in urbanised
areas [8]. In the wild, badgers are generally nocturnal [27], and their activity may be
influenced by weather factors, life cycle, and variation in food availability [28].

In the context of increasing urbanisation, we investigated whether badgers, and meso-
carnivores in general, alter their activity patterns and whether these changes could lead to
greater temporal overlap between species. In this study, we analysed the activity patterns
of two clans (the social units of badgers consisting of several sexually mature males and
females [29]), in two different sites in the Varese province (northern Italy), using camera
traps. The first clan inhabits a city garden park within a heavily urbanised area, whereas
the second one occupies a sub-urban area characterised by a field—-urban-wood mosaic. We
compared activity patterns between the two sites to evaluate the badgers’ behavioural re-
sponse. Furthermore, we compared the activity patterns of the mesocarnivore communities
(badger, red fox, domestic cat (Felis silvestris catus) and beech marten (Martes foina) at both
sites as they may share similar environmental requirements. This comparison allowed us to
examine whether temporal overlaps among species differ in urban environments compared
to areas with lower human pressure. Finally, we compared badger activity patterns with
those observed in two nearby protected natural areas to assess any differences between
urban and natural environments.
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2. Material and Methods
2.1. Study Area

The two study sites are in the Varese province, in the Lombardy region, Northern
Italy (Figure 1a). The study site within the city of Varese (79,018 residents [30]) is in the
Villa Baragiola urban park (VB) (45°83' N, 8°79" E) (Figure 1b). The park covers about five
hectares and consists of a few buildings and green spaces. The site, featuring a small wood
patch with rich shrub cover, as well as another accessible area to citizens, is characterised
by many exotic tree species. Within the urban park, a small expansion basin for the Vellone
river has been created to limit the damage from flooding of this small river crossing the
city. The park is fenced off. The most common tree species in the park is chestnut (Castanea
sativa). The northern slope has a high percentage of shrub cover, with hedges, like common
laurel (Prunus laurocerasus), but also with bushes; the most common is elmleaf blackberry
(Rubus ulmifolius) [31]. Nearby, there are other green areas and private gardens, while the
forested areas of Campo dei Fiori Regional Park, about 1 km from Villa Baragiola, are
connected by the river corridor. In fact, the Vellone River, which only floods after rainfall,
creates a green strip with trees and shrubs in a residential area, situated between the Campo
dei Fiori forest and Villa Baragiola park (Figure 1b).

b © Cameratraps
— Vellone river
B8 Campo dei Fiori Regional Park

@ Cameratraps
— Tencre river
B urban

Non Urban

Figure 1. Lombardy region (a) with Milan (black dot) and Varese (red dot). Camera traps position in
Villa Baragiola (VB) (b) and in Castelseprio (CS) (c). Dark grey is urban tissue, while light grey is
non-urban areas.
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The sub-urban study site is in the municipality of Castelseprio (CS, 1330 residents [30]),
a little village, about 17 km southeast of Varese (45°70" N, 8°85" E). The area is a typical
rural landscape with fields alternating with broadleaf woods (Figure 1c). Open areas are
mainly mowing meadows and cornfields. The woods consist of broad-leaved trees, with
some Scots pine (Pinus sylvestris) [32]. River Tenore crosses the study site. The study site
was seven hectares. Castelseprio study site is close to the Pineta di Appiano Gentile e
Tradate Regional Park (5 km).

To account for differences in urbanisation levels, we measured land use cover within
a 1 km radius of the sett sites using Corine Land Cover 2018 [33] data. In VB, artificial
surfaces account for 91%, agricultural areas 0.5%, and forest and seminatural areas 8.5%. In
CS, these same land-use categories account for 13.4%, 52.4%, and 34.2%, respectively. The
1 km radius was chosen based on the average home range size of badgers [34].

To obtain a more precise picture of activity patterns, as a second step, we included
in our analysis data collected with camera traps in two nearby protected areas: Campo
dei Fiori Regional Park (CDF) and Pineta Regional Park (PP) (Figure S1). The first is a
prealpine park, immediately north of Varese city; beech (Fagus sylvatica) is the widespread
tree species, accompanied by chestnut and ash. Pineta park is a foothill and flat protected
area, near the CS study site; the park is dominated by mixed Scots pine and broadleaf
forests (CDF: artificial surfaces 6%, agricultural areas 5%, and forest and seminatural
area 89%; PP: artificial surfaces 5%, agricultural areas 25%, and forest and seminatural
area 70%).

The mean temperature in the city of Varese in the period 19672024 was 12.9 °C, while
the average annual rainfall in the period 19662019 was 1561 mm [35].

2.2. Data Collection

We operated 40 camera traps, 25 in CS and 15 in VB, from August 2023 to August
2024. We were able to conduct a year-round analysis because badgers in the warmest,
south-western part of their range, such as our study area, do not hibernate, and their
activity remains relatively constant [36]. The camera traps used were Browning, BolyGuard,
and Cuddeback models. Each camera trap worked 62 days (9-221) on average. Camera
traps were placed on natural supports, trees, or fallen trees at a height of 20 to 100 cm
above the ground, in order to maximise the capture angle and detection area. In CS, all
the camera traps were placed near signs of badger presence in a 150 m buffer area from
burrows, main or outlier. In VB, all the camera traps were placed within the fenced park in
a 150 m buffer area from the main sett, with the exception of the two camera traps placed
along the Vellone river at 170 and 650 m from the city park border. In VB, the distance
between camera traps operating at the same time ranged between 20 and 190 m (mean
96 m). In CS, the distance ranged from 15 to 180 m (mean 92 m).

Each camera trap was set to record a video of 20 s duration and a minimum latency
interval between consecutive videos. Camera traps were operated throughout the 24 h cycle.

Given that the two study sites were located in urban and sub-urban contexts, we
incorporated the analysis data collected from two nearby protected areas (Regional Parks)
to provide a comparative framework for badger activity patterns. We are aware that
there are differences in camera trap deployment methodologies, but this does not af-
fect information collected on activity patterns. The study period for CDF corresponded
to the entire year 2022, during which 92 camera traps were deployed across a grid of
21 squares throughout the park, each measuring 2 km per side [37]. In PP, camera traps
were active in the same period as CDF throughout 2022. A total of 34 camera traps were
used, positioned within a grid of 19 squares, each also measuring 2 km per side [38] and, in
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this case, throughout the entire park area. The camera trap settings were the same as those
used in CS and VB study sites.

2.3. Data Analysis
2.3.1. Mammal Community

All analysis were carried out with the R programme (version 4.3.2 [39]). In VB and CS,
we tested for differences between the medium-large mammal community of the two sites.
We calculated the relative abundance index (RAI) dividing the number of events of each
species by the efforts (camera trap days); in this way, we calculated the number of videos
acquired per day [40]. To test if the two mammal communities differed from each other, we
compared RAI for each species between urban and sub-urban site with a Mann-Whitney U
test [41]. Finally, we tested the differences between the two sites, considering only the RAI
of mesocarnivores (badger, red fox, cat, and beech marten).

2.3.2. Activity Patterns

For the study of activity patterns, firstly, we tested if activity patterns were different
between urban and sub-urban environments. Secondly, we analysed activity patterns
and their overlap between mesocarnivores, not only wild ones (badgers, foxes and beech
martens) but also including domestic cats. Furthermore, we measured, only for badgers,
the overlap between four different seasons (winter, spring, summer and autumn) in the
two study sites separately. Every seasons included three months: December, January,
and February were winter; March, April, and May were spring; June, July, and August
were summer; September, October, and November were autumn. Finally, we investigated
changes in activity patterns between our urban/sub-urban study areas, with separate study
sites, and the two Regional Parks. For all the analysis, the times of the recorded events
of the species were considered and the R package overlap (0.3.9) was used [42]. With the
non-parametric Kernel Density Estimate method [43], we produced an estimate of circadian
activity patterns via a density probability function. Once the patterns for the different areas
were calculated, they were compared to each other to test for differences. Following Ridout
and Linkie [43] methods, a coefficient of overlapping, Dhat4 (A4), was calculated, the best
for large samples size. A lies in the interval [0, 1], with A = 1 if and only if the densities
are identical and A = 0 if and only if f(x)g(x) = 0 for all x. Considering the limited number
of beech marten videos in CS (12, Table S1), we also tested Dhatl (A1), which is more
appropriate for small sample sizes [43], specifically for the badger-marten comparison in
CS. Given the very similar results between Dhat4 and Dhatl, we present the comparison
using the same coefficient of overlap (A4). Then, we calculated the 95% confidence intervals
for A4 estimates from 1000 bootstrap samples [44,45]. Because the coefficient of overlap
is purely descriptive [46], we investigated activity differences for species and sites with
circular statistic (R package circular 0.5-1). We used the Mardia—Watson-Wheeler test
(MWW test; [47]) to compare the distribution of detections amongst each species or site
pair in the 24 h, to test whether activity patterns differed significantly. MWW test is more
appropriate in activity pattern studies: it provides a threshold value to check significant
differences between two activity patterns [44,46].

3. Results
3.1. Mammal Community

Camera traps worked for a total of 2475 days (59,400 h); in particular, the camera
trapping effort was 1319 days in VB and 1156 days in CS. Each camera trap remained in

operation for a different length of time. From August 2023 to August 2024, we identified
9 mammal species in 4494 videos recorded in VB and 14 mammal species in 1090 videos
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recorded in CS (Table S1). We recorded up to four badgers together in a single video in
VB and up to five in CS; therefore, these represent the minimum number of individuals
present at the study sites.

The badger was the most recaptured species with 1944 total occurrences: 1420 in VB
and 524 in CS. Comparing the RAI of every species (Table S1), we did not record significant
differences in mammal communities between the two study sites (Mann—-Whitney U test,
W =23, p = 0.07). Focusing only on mesocarnivores (badgers, red foxes, cats, and beech
martens), important differences between the two sites were registered for frequency events
(Table S1), but comparing the RAI of the two sites, the two communities of mesocarnivores
did not differ significantly (Mann-Whitney U test, W =0, p = 0.125).

3.2. Activity Patterns

We analysed the overlap between badgers in urban area (VB) and sub-urban area (CS).
The coefficient of overlap (A4) was 0.87 (0.84-0.90) (Figure 2). Despite this high overlap, the
Mardia—Watson-Wheeler test revealed that badgers showed statistically different use of
the diel cycle between VB and CS (MWW test, W = 0.89, df =2, p <0.001).

— VB
CS
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Figure 2. Badgers’ activity patterns in urban area (black line) and in sub-urban area (grey line) and
their overlap (grey area).

Activity patterns are bimodal, even if the peaks are not very marked. The first peak
is approximately between 10:00 p.m. and 11:00 p.m. for both urban and sub-urban area.
The second peak for VB is about 4:00 a.m., while in CS, it is closer to the first one, at about
2:00 a.m. (Figure 2).

Badger activity in the sub-urban area starts about an hour earlier than in the urban
park, at 5:00 p.m. and 6:00 p.m., respectively. In the same way, the limit of activity in the
morning is later in sub-urban area, around 8:00 a.m., while in VB it is around 7:00 a.m.

As second step, we analysed the overlap between mesocarnivores (badgers, cats, foxes,
and beech martens) at VB (Figure 3a, Table 1) and for CS (Figure 3b, Table 1). Comparisons
between badgers’ activity and that of foxes and cats and beech martens, according to the
MWW test, yielded significantly different results in both sites, except for the marten in CS
(W =0.62, df =2, p <0.001 with foxes in VB; W = 11.52, df =2, p < 0.001 with cats in VB;
W =0.32, df =2,0.001 < p < 0.01 with beech martens in VB; W = 0.63, df = 2, p < 0.001 with
foxes in CS; W = 0.68, df =2, p < 0.001 with cats in CS, W = 0.17, df =2, 0.005 < p < 0.10
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with beech martens in CS). This exception may have been influenced by the low number of
videos for beech marten.

1

—— Meles meles

== Felis silvestris catus
- ---- Vulpes vulpes

==+ Martes foina
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Figure 3. Overlap between mesocarnivores’ activity patterns in urban area (VB), (a) and in sub-urban
area (CS), (b): badgers (continuous line), foxes (dot line), cats (dashed line), and beech martens
(dot-dash line).

Table 1. Coefficient of overlap (Dhats4) and confidence interval between badgers and cats, badgers
and foxes, badgers and beech martens in urban (VB) and sub-urban area (CS).

Species VB CS
Badger—cat 0.62 (0.59-0.65) 0.67 (0.56-0.79)
Badger—fox 0.90 (0.86-0.94) 0.76 (0.66-0.85)

Badger—beech marten 0.83 (0.74-0.93) 0.75 (0.57-0.92)

The seasonal analysis yielded different results for the two study sites. In the urban
area (VB), the overlap between seasons was high, averaging 0.86. In contrast, the sub-urban
area (CS) showed a lower average seasonal overlap of 0.69. These values represent the
mean overlap across all pairs of seasons (Table S2).

Finally, we tested for differences in badger activity patterns between the two study
sites and the two regional parks (Table 2; Figures 52 and S3). Activity in VB yielded different
results compared to that of the two regional parks with MWW test: Campo dei Fiori Park
(W =048, df =2, p <0.001) and Pineta Park (W = 0.26, df = 2, 0.01 < p < 0.05). Badgers in
urban park were more nocturnal than in the two regional parks. On the other side, activity
in CS was not different compared to that of the two regional parks. Activity patterns in
sub-urban and in natural environment yielded similar results: there was a higher temporal
overlap and the diel cycle was not statistically different.

Table 2. Coefficient of overlap (Dhats4) and confidence interval between urban (VB) and regional
parks and between sub-urban (CS) and regional parks.

CS

0.92 (0.86-0.97)
0.88 (0.77-0.99)

VB

0.86 (0.79-0.92)
0.79 (0.67-0.91)

Sites

Campo dei Fiori
Pineta Park

4. Discussion

Overall, badger was the most captured species even if in VB, domestic cats were the
most captured species, followed by badgers, dogs and humans; this emphasises how the
urban park is greatly influenced by the presence of humans and their pets. In the sub-urban
site (CS), the community was similar to the city, except for the presence of two Cervidae,
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roe (Capreolus capreolus) and red deer (Cervus elaphus), two lagomorphs, brown hare (Lepus
europaeus) and cotton tail (Sylvilagus floridanus), and dormouse (Glis glis). Wild boar (Sus
scrofa) was also recorded in the urban site.

In VB, capture frequencies of cats and badgers were similar (Table S1), whereas foxes
occurred at approximately one quarter of their frequency. In CS, badger detections exceeded
those of cats by 25-fold and foxes by 17-fold. Beech martens were present at both sites
but were five times more frequent in VB than in CS. Thus, while overall mesocarnivore
communities did not differ significantly, site-specific differences were evident. The higher
number of cat detections in Varese likely reflects the presence of residential areas, where
most cats are free-ranging pets that preferentially use green spaces such as VB [48,49]. In
contrast, the few cats detected in CS were likely strays reliant on anthropogenic resources
for food and shelter [50].

The presence of cats in areas frequented by other mesocarnivores may lead to interspe-
cific competition. Although domestic cats are primarily diurnal, they extend their ranging
activity into the night [49]. Owned cats also exhibit peaks of activity in early morning and
evening hours [51], overlapping with those of wild species. Our results indicate limited
competition between cats and badgers, but stronger potential competition between cats
and foxes. In urban areas, camera trap footage documented both species exploiting similar
prey resources, with occasional direct interactions. No direct encounters between cats and
badgers were recorded. Although badgers and foxes are known to share dens and tolerate
one another [52], we observed only a single encounter, during which a badger charged and
displaced a fox, consistent with observations by Macdonald et al. [53].

Badgers were strictly nocturnal in both study sites. We recorded only one badger
video during daylight, at 1:00 p.m. in CS. In the video, four badgers, a female with three
cubs, were moving during the day in a heavy rain period. It is possible that the badgers
had to leave the den due to a problem of flooding.

Activity peaked between 10:00 p.m. and 2:00 a.m., similar to the pattern described by
Goszczynski et al. [28] in Poland. However, unlike their findings, we observed bimodal
activity patterns at both sites. The first peak occurred at a similar time in both areas, while
the second peak in VB was more shifted toward the morning,.

The coefficient of overlap (A4) between activity in city and sub-urban sites is remark-
ably high (0.87), indicating a similar behaviour, but as explained by the MWW test, there are
differences between the two patterns. Badger activity in the sub-urban area started earlier,
likely due to lower levels of human disturbance. Before 6:00 p.m. VB is still frequented
by people and their dogs. Furthermore, activity in CS remains evident until 9:00 p.m., so
activity during dusk and in the early hours of darkness is greater in sub-urban than in urban
area. In the morning, during the early hours of daylight, activity is greater in CS, starting at
5:00 a.m. Morning activity in the sub-urban area ended later than in urban, as badgers in
VB had completed their activity by the time the park opened to the public at 07:00. The
more concentrated nocturnal activity in VB may result from the city park remaining open
to the public until at least 6:00 p.m.; similar patterns of activity have been documented in
urban parks in Mexico for species of medium-sized mammals [54]. In general, we observed
that badgers in urban areas are more strictly nocturnal than in sub-urban areas, likely to
avoid humans, which were recorded with higher RAI values in urban areas (Table S1) [55].
In contexts where parks remain open for 24 h or close later at night, activity patterns may
differ: badgers might become even more nocturnal, or in cases of high human disturbance,
their presence may become unstable or absent altogether.

Comparing mesocarnivore activity patterns in VB (Figure 3a), badgers and foxes
exhibited greater similarity than badgers and cats. Domestic cats” activity showed two
minor peaks, at dusk and dawn, with activity generally distributed throughout the day
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and increasing during twilight and nighttime, whereas badgers concentrated their activity
strictly at night. Overlap between badgers and foxes was high (A4 = 0.90), reflecting strictly
nocturnal activity in the urban environment. These results indicate substantial temporal
overlap between the two species, in contrast to studies conducted in more natural areas [56].
In the sub-urban site, badger and fox activity patterns were more similar to each other
than to cats (Figure 3b), although this pattern was less pronounced than in the urban
landscape. In CS, cats were likely stray whereas in VB, they were mostly pets; stray cats
typically show greater nocturnal activity compared to pet cats [49]. Analysis of red fox
activity across environments revealed that sub-urban foxes exhibited increased activity in
the morning, extending until midday, while urban foxes were primarily nocturnal, with all
activity ceasing before 09:00, consistent with observations in Sydney [55].

Seasonal analysis showed that in the sub-urban context (CS), badger activity patterns
varied significantly between seasons, with low overlap across different seasons. In con-
trast, in the urban area (VB), seasonal overlap was higher and activity patterns remained
more stable throughout the year (Table S2). This suggests that badgers and their activity
patterns in urban environments could be less influenced by seasonality. This topic warrants
further investigation.

Including data that is also from the two regional parks nearby the study sites
(Figures S2 and S3), we can say that the sub-urban site is similar to more natural envi-
ronments. In contrast, in the urban site, activity is more strictly nocturnal and different
from natural areas, supporting our hypothesis that badgers in the urban park adjust their
behaviour to avoid human presence. However, this comparison with natural areas deserves
further investigation, given the differences in data collection.

As our research focused on two sites, it would be valuable to include additional
areas at different levels of urbanisation to better investigate badger adaptation to
urban environments.

5. Conclusions

Although we observed that the available hours for badger activity in urban areas are
reduced, badgers have nonetheless successfully colonised cities. It is likely that the benefits
of urban living outweigh the constraints imposed by the shorter activity periods. We are
aware that our study focused on only two badger clans; therefore, for future research, it
would be optimal to expand the sample size to include additional clans, possibly in other
cities or sub-urban contexts. By expanding the sample to other sites, it would also be
possible to include additional environmental covariates collected from satellite images in
the analysis. Given the considerable ecological plasticity of the species [22], it is plausible
that variations in environmental conditions could lead to changes in activity patterns, even
within urban settings. On the other hand, the reduction and/or disappearance of highly
specialised species in urban environments [57] warrants further study. These findings
highlight the importance of understanding species-specific behavioural adaptations to
urbanisation, which can inform urban planning and wildlife conservation strategies aimed
at promoting coexistence between humans and medium-sized carnivores.
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events and RAI Table S2: Seasons’ coefficients of overlap.
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