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Abstract 
Human presence and activities have profoundly altered animals’ habitats, exposing them to greater risks but also providing new opportunities 
and resources. The animals’ capacity to effectively navigate and strike a balance between risks and benefits is crucial for their survival in the 
Anthropocene era. Red foxes (Vulpes vulpes), adept urban dwellers, exhibit behavioral plasticity in human-altered environments. We investigated 
variations in detection frequency on trail cameras and the behavioral responses (explorative, bold, and fearful) of wild red foxes living along an 
urbanization gradient when exposed to a metal bin initially presented clean and then filled with anthropogenic food. All fox populations displayed 
an increased interest and similar explorative behavioral responses toward the anthropogenic food source, irrespective of the urbanization gradi-
ent. Despite no impact on explorative behaviors, foxes in more urbanized areas initially showed heightened fear toward the empty bin, indicating 
increased apprehension toward novel objects. However, this fear diminished over time, and in the presence of food, urban foxes displayed 
slightly reduced fear compared with their less urban counterparts. Our results highlight foxes’ potential for adaptability to human landscapes, 
additionally underscoring the nuanced interplay of fear and explorative behavioral response of populations living along the urbanization gradient.
Key words: anthropization, bold, explorative, fearful, human footprint, Vulpes vulpes.

Human presence and activities are rapidly expanding, sub-
stantially transforming animals’ natural habitats, and forcing 
them to encounter the considerable risks of human vicinity 
(Gaynor et al. 2019; Suraci et al. 2019). However, urban areas 
can also provide animals with novel and favorable opportu-
nities, mainly represented by access to a stable food source 
(Prange et al., 2004; Oro et al. 2013), but also favorable cli-
matic conditions (Williams and Newbold 2020), protection 
from predators (Ryder et al. 2010), and shelter (Lowry et al. 
2013). The ability to make use of such resources, and navigat-
ing the intricate and dynamic peri-urban and urban environ-
ments, represents a crucial aspect of species’ survival in the 
Anthropocene era (Sol et al. 2013).

Indeed, animal populations living in human-dominated 
environments have shown considerable behavioral variabil-
ity. For example, they can flexibly adjust their diel and sea-
sonal activity patterns (Murray and St. Clair 2015; Gaynor 
et  al. 2018; Gallo et  al. 2022), vary their spatial behavior 
(Lowry et al. 2013; Newsome et al. 2015; Ritzel and Gallo 
2020; Brogi et al. 2023), and change their social organization 
(Macdonald et al. 2015; Łopucki et al. 2021; Gall et al. 2022) 
in response to resource distribution and the extent of human 
disturbance.

Behavioral plasticity (i.e., the change in the expressed 
phenotype of a genotype as a function of the environment; 
Scheiner 1993) may allow animals to exploit such novel 

and variable environments long before the onset of changes 
brought about by selective pressures. Two main behavio-
ral responses have been considered particularly relevant for 
species living in more heavily anthropogenic environments: 
“explorative behavior” defined as the investigation of a novel 
environment or novel stimuli (Réale et al. 2007), and “bold-
ness” defined as the propensity to take risks in a non-novel 
situation (Réale et  al. 2007). Importantly, although both 
these behavioral responses can be temperament traits with an 
underlying genetic basis (Réale et al. 2007), they need not be 
because they can also be the result of an individual’s capacity 
to flexibly alter their response in relation to the specific envi-
ronmental conditions (Price et al. 2003). Thus the “popula-
tion norm” along the bold-shy, explorative-avoidant gradient 
between two populations may differ as a result of the species’ 
behavioral plasticity, without requiring an adaptive/selective 
change in the animals’ genetically -determined personality 
trait.

On the one hand, enhanced explorative tendencies might 
favor urban colonizers or urban dwellers allowing animals to 
interact with a variety of novel and potentially advantageous 
environmental stimuli (Sol et al. 2013). Additionally, increased 
boldness, which has often been observed among urbanized ani-
mals (Lowry et al. 2013; Ritzel and Gallo 2020), might lead to 
an overall increased tolerance to disturbance and human prox-
imity and a higher propensity to engage in risky but potentially 
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rewarding situations (Breck et  al. 2019; Gil-Fernandez et  al. 
2020). On the other hand, increased avoidance of novelty 
and shyness might protect animals in specific human-altered 
environments or situations (Greenberg and Mettke-Hofmann 
2001; Miranda et  al. 2013). Hence, a context-dependent bal-
ance between exploration-avoidance as well as shyness-boldness 
might allow subjects to carefully weigh the dangers and benefits 
of facing a potentially novel and/or risky situation and should 
be particularly relevant for animals living in extremely variable 
anthropogenic environments.

Overall, the behavioral changes required to adjust and 
thrive in human-altered habitats might vary between differ-
ent species (Santini et  al. 2019), between research method-
ologies (Greggor et al. 2015), and also between populations 
facing different environmental pressures (Griffin et al. 2016, 
2017; Ellington and Gehrt 2019), as well as in relation to 
the stage of the “urban invasion” (Griffin et al. 2017). Thus, 
studies investigating such changes in urbanized animals have 
often found inconsistent results (Griffin et  al. 2017). This 
inconsistency might additionally arise from significant differ-
ences in the categorization of “urban” and “non-urban” sites 
across different studies (e.g., threshold-based grouping, Gil-
Fernandez et al. 2020, vs. stratified sampling based on pre- 
existing information, Johnson-Ulrich et al. 2021). Additionally, 
comparing discrete categories may entail a substantial infor-
mation loss. Taking into account the urbanization gradient 
may reflect the nuances of animal behavior in relation to the 
different environmental challenges (Batáry et al. 2018).

Among mammals, red foxes (Vulpes vulpes) (hereafter “fox”) 
are one of the most successful urban dwellers (Gloor 2002; 
Contesse et  al. 2004; Scott et  al. 2014; Handler et  al. 2020). 
Studies have shown foxes’ ability to exploit such environments 
highlighting changes in their diet (Contesse et al. 2004), move-
ment patterns (Harris and Trewhella 1988; Walton et al. 2017; 
Lovell et al. 2022) and social structure (Macdonald et al. 2015) in 
urbanized areas. Foxes’ behavioral plasticity together with their 
high diet diversity (Contesse et al. 2004; Hartová-Nentvichová 
et al. 2010; Balestrieri et al. 2011; Bassi et al. 2012; Castañeda 
et al. 2022), are likely important factors in their success in the 
human-altered environment.

Despite red foxes representing an interesting study subject 
to investigate the behavioral changes occurring in human- 
altered habitats, there are only 2 studies investigating the 
effect of urbanization on the foxes’ behavior in relation to 
novel objects/resources (Gil-Fernandez et  al. 2020; Morton 
et  al. 2023). In line with previous findings on other carni-
vores (i.e., coyote, Canis Latrans: Breck et al. 2019; Brooks 
et  al. 2020; and hyenas: Greenberg and Holekamp, 2017), 
the studies provide evidence that red foxes living in more 
urbanized environments tend to be bolder than their rural 
counterparts. In fact, foxes living in urban areas (defined as 
>900 habitations/km2) were more likely than foxes living in 
peri-urban areas (900 habitations/km2) to show bold behav-
ior when approaching a lure attached to a canid pest ejector 
(i.e., interacting with a lure or marking around the area) (Gil-
Fernandez et  al. 2020). Interestingly, such a difference has 
not only been found when comparing 2 groups of foxes liv-
ing in urban and peri-urban environments but has also been 
observed along an urbanization gradient, with foxes living in 
more human-altered environments being more likely to touch 
baited human-made objects (Morton et al., 2023).

To better understand the effect of human-driven envi-
ronmental alteration on red foxes’ explorative and bold 

behavioral responses, we assessed the patterns of detection 
frequency on trail cameras and the behavioral reactions to 
a metal bin along an urbanization gradient. The urbaniza-
tion level was measured using the global Human Footprint 
(HF) index, encompassing various human activities (Mu et al. 
2022). We assessed fox behavior in wooded areas spanning 
a range of HF values (from ~14 to ~43, on a scale from 0 
to 50), including both wild and human-altered environments, 
but excluding strictly city-dwelling animals (Padovani et al. 
2021).

Two test conditions were designed: an “empty bin” con-
dition to examine explorative-avoidant behavioral response 
(sensu Réale et  al. 2007; i.e., including that the behavioral 
response occurs in a “novel” situation) and a “full bin” con-
dition to assess bold-shy behavioral response after habitua-
tion (sensu Réale et  al. 2007; i.e., when the object was no 
longer novel, but now contained an anthropogenic food 
source, potentially enticing the animals into taking the risks 
of approaching the human artifact).

Foxes show opportunistic feeding habits that should make 
them strongly attracted to human waste (Reshamwala et  al. 
2018). Thus, we expected an overall increase in red foxes’ 
detection frequency on cameras in the full bin condition com-
pared with the empty bin condition as well as an increase in 
the likelihood of occurrence of behaviors that possibly denote 
interest in the resource, such as sniffing the air and looking at 
the bin. However, we expected a more marked increase in foxes’ 
detection frequency and in the likelihood of sniffing and look-
ing, the higher the HF. In fact, previous studies have shown that 
red foxes’ use of anthropogenic food sources increases in more 
anthropogenic environments (Handler et al. 2020).

We predicted foxes’ behavioral response to being more 
explorative and bolder (i.e., higher likelihood of approach, 
touch, and mark, Gil-Fernandez et  al. 2020) in the full bin 
condition than in the empty bin condition due to the com-
bined effect of longer exposure to the object and the addi-
tional interest elicited by the presence of the food. We 
additionally predicted both an overall more explorative and 
bolder behavioral response the higher the urbanization gra-
dient, and a stronger increase of such behavior in the full bin 
compared with the empty bin condition with an increase of 
the urbanization gradient.

We predicted foxes’ behavioral response to being overall 
less fearful (i.e., lower likelihood of run/startle/wince and 
wary stance) (Gil-Fernandez et al. 2020) in the full bin condi-
tion than in the empty bin condition due to the longer expo-
sure to the object, and less fearful the higher the urbanization 
gradient. We additionally expected a stronger decrease in 
fearful behavior toward the full bin compared with the empty 
bin with an increase in the urbanization gradient.

Finally, because the length of exposure to the full versus 
empty bin may differently affect the foxes’ behavior (e.g., a 
loss of interest in the empty bin, but an increase of interest in 
the increasingly smelly full bin), we investigated the potential 
effect of exposure time on foxes’ detection frequency and on 
the likelihood of the occurrence of both explorative and fear-
ful behavior.

Materials and Methods
Study area
Data were collected in the Tuscany region of Central Italy, 
between April and August 2021, 2022, and 2023 (see 
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Supplementary Table S1). With a total population of 3.65 
million people over an area of around 23,000 km2, Tuscany 
has a medium-high population density of around 160 people 
per km2. We selected 28 sites across the provinces of Arezzo, 
Florence, Pisa, Pistoia, and Prato with a wide variability in 
landscape urbanization (Mu et al. 2022) (Figure 1, Table 1). 
We selected sites at least 3.70 km apart from each other. With 
fox’s home range sizes averaging 1.24 km2 in Central Italy 
(Cavallini and Lovari 1994), this choice substantially reduced 
the likelihood of testing the same individuals in different sites.

Sampling design
Test setting
All 28 sites were on paths frequented by humans in wooded 
areas, typically on junctions between trails that foxes often use 
to travel and where they typically scent marks (MacDonald 
1980). We placed 2 no-glow video trail cameras (Browning 
Spec Ops Advantage BTC-8A) at each testing site to reduce 
the risk of data loss due to camera malfunctions and to 
achieve a more detailed view of the foxes’ behavior (Jacobs 
and Ausband 2018). To obtain a complete view of the test-
ing site, the cameras were positioned to face opposite direc-
tions, and both had the test apparatus in the frame (Figure 2;  
Video 1; https://figshare.com/s/7c879c2a539a5f0df276). We 
initially set both cameras to a 24-h working time. However, 
to avoid data loss due to memory card saturation, we checked 
each testing site after approximately 2 weeks and, in case of 

intense sunlight repeatedly triggered the cameras, we left one 
camera with a 24-h working time (camera A) and set the 
other camera to a reduced working time (camera B). Such 
setting for camera B excluded 2–6 h of time with intense sun-
light, on the basis of local canopy cover and exposure (e.g., 
from 10:00 AM to 12:00 PM or from 10:00 AM to 04:00 
PM). On account of the mainly nocturnal habits of the spe-
cies (Díaz‐Ruiz et  al., 2016), camera B’s schedule curtailed 
the possible loss of fox detections during the day, when any-
how camera A was active. Nonetheless, to ensure a reliable 
and rigorous count of fox visits across sites and testing con-
ditions, we used only the data collected with camera A for 
the detection frequency analysis. The cameras were attached 
to trees, using cables and padlocks, and depending on the 
characteristics of the test site and setting, they were located 
between 1 and 3 m above the ground and 4–10 m distant 
from the testing apparatus. Trail cameras were equipped with 
128 GB SD cards and an external battery (12V, 5Ah), which 
were changed every 2 weeks. Cameras were set to film for 
1 min after the triggering of the PIR sensor. During the day, 
cameras continuously recorded if the subject was in sight and 
moving (function “smart video”), whereas during the night 
the cameras were set to record with their minimum recovery 
time of 0.6 s. At each testing site, we placed a metal bin of 
20 × 20 × 24 cm. The bin was constructed with a metal grid 
reinforced with 2 metal plates on 2 sides and with a metal 
lid fixed on the top by 4 metal clamps to make its content 

Figure 1. Study sites (blue dots) overlayed on a map showing the Human Footprint (HF) provided by Mu et al. (2022) (yellow: low HF, brown: high HF). 
The top-right panel shows the position of the study area (blue box) in Southern Europe.
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inaccessible to the animals. To ensure the rubbish bin would 
be a novel object for all foxes, the bin was home-built with 
materials bought from a hardware store. The bin was screwed 
to a tree whenever possible or fixed on the ground using metal 
pegs (Figure 3).

Test procedure
The test procedure consisted of 2 conditions, an empty bin 
condition followed by a full bin condition, both lasting 4 
weeks. We chose each condition to last one month to allow 
animals to habituate to the empty bin by repeatedly passing 
by the bin location. During the first condition (empty bin) the 
bin was empty, whereas during the second condition (full bin) 
a bag of rubbish was placed inside it. The rubbish consisted 
of the typical content of a household (leftover vegetables and 
fruits, cheese, bread, cooked food such as pasta and rice) 
with a standardized addition of a 250 g mixture of cooked 
and raw meat. The rubbish bag was replaced after the first 2 
weeks of the full bin condition. The smell of the human lefto-
ver food likely varied over time and between testing sites due 
to differences in humidity, temperature, and the composition 
of leftovers in each bin. This allowed us to test foxes’ reaction 
toward human leftover food in general and not to some spe-
cific food item. Furthermore, no attempts were made to avoid 

leaving human-related smells when setting up or re-loading 
the apparatus, thereby creating a mix of odors that included 
the food items but likely also the humans manipulating the 
objects/rubbish.

Urbanization gradient assessment
To calculate the magnitude of landscape urbanization expe-
rienced by the tested foxes, we used the 1 × 1 km resolution 
Human Footprint index provided by Mu et  al. (2022). We 
used the latest released version (2018) to ensure the repre-
sentativeness of the real urbanization gradient experienced 
by the foxes during the study period. This index is expressed 
within the relative scale from 0 to 50 (0 low; 50 high) and 
considers the buildings in the environment, the human popu-
lation density, nighttime lights, the prevalence of agriculture- 
modified environments, and the road and railway networks. 
To obtain a representation of the average HF of the area that 
was most likely used by the tested individuals, we averaged 
the HF index over circular buffers centered on each testing 
site and covering half of the expected home ranges of foxes 
in Central Italy (i.e., 0.62 km2 (Cavallini and Lovari, 1994). 
Because mammals do not homogeneously use their home 
range, but rather concentrate movements within inner core 
areas (Samuel et al., 1985) and because we had no informa-
tion on the real spatial distribution of the tested individuals’ 
home range, using buffers half of the expected home range 
size allowed us to conservatively estimate the HF most likely 
experienced by the tested foxes.

Video analyses
Analysis of foxes’ detection frequency
We performed the detection frequency analysis using only the 
data collected with camera A (1697 videos). Rather than using 
an arbitrary time threshold to identify independent detections 
(Suraci et al. 2019; Gallo et al. 2022), we estimated the tem-
poral autocorrelation decay to rigorously establish objective 
time thresholds after which events may be considered as inde-
pendent. For each site, we created a table with a row per minute 
and counted the events observed within that minute interval, 
by means of the software R. This resulted in a table represent-
ing the frequency of events for each minute. Then, we meas-
ured the correlation between observations at different time 
lags using the acf() R function to calculate the autocorrelation 
function (ACF) on the event frequency. Finally, we determined 
the lowest lag at which the absolute autocorrelation fell below 
0.05, thus representing the threshold at which the likelihood 
of observing the species at that location became independent 
of previous events. We repeated the whole process separately 
for each site. One testing site was excluded from this analy-
sis because we recorded only 3 events on different days, for 
2 sites we merged events occurring within a 2-min interval, 
for 20 sites within a 3-min interval, and for 5 sites within a 
4-min interval (see Supplementary Table S1). We identified a 
total of 1,478 independent fox detections (649 and 829 in 
the baseline and test conditions, respectively) and used their 
time of recording to assess the daily detection frequency. To 
account for the mainly nocturnal habits of the species (Dìaz-
Ruiz et al. 2016) and hence use biologically meaningful daily 
timespans, we considered the continuity of events occurring 
before and after midnight by assigning detections recorded 
between 00:00 AM and 12:00 PM to the previous date. In 
other words, our “fox date” started at midday and ended at 
midday 24 h later. We then determined for each test site and 

Table 1. Landscape urbanization values and year of data collection for the 
28 testing sites. Values of HF, which range from 0 to 50 (0 low; 50 high), 
have been averaged over a circular area covering half of the expected red 
fox home range (0.62 km2) surrounding each test site

Site code HF Test year

FMC 14.44 2022

SGMS 14.45 2023

VEC1 14.6 2022

FFB 14.72 2022

CNT16 14.92 2021

PCBA 15.15 2021

SGVCA 15.2 2023

SRIM 15.32 2021

FCC 15.82 2023

SGCB 16.06 2023

BSCTB 16.84 2023

PNOMO 17.35 2021

BMCM 17.55 2023

POM1 17.64 2022

BMF 18.19 2023

POCC 18.75 2022

FPT2 19.62 2022

CEMP 20.09 2023

BSSCC 20.72 2023

FMA 22.4 2022

COTT 23.14 2022

PIPP 24.16 2022

PISVC 25.64 2022

COTC 26.95 2022

COAE 27.05 2022

PIGB 27.77 2022

CEGE 34.15 2022

POVT 42.84 2022
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condition, the actual working days measured from the first to 
the last recorded video (regardless of whether it was empty 

or containing any species). We then counted the total number 
of independent fox detections per day during each “fox date” 
within each test site, assigning zero to the date/locations with 
no detections. This dataset comprised 1,634 dates/sites (804 
and 830 in baseline and test conditions, respectively). We 
excluded from these analyses one site (POVT) in which only 3 
independent detections were recorded. Finally, for each date/
site, we calculated the number of days because our last visit to 
the test site, which occurred twice for each test condition (at 
the beginning and after approximately two weeks). This vari-
able (hereafter “test day”) ranged from 0 to 17 and was used 
in the subsequent models as a proxy to account for possible 
habituation and/or to account for the effect of variation in the 
bin odor over time.

Analyses of foxes’ behavior
For all the videos collected by the trail cameras, in an Excel 
file, we noted the test site, the camera name, the date and 
time, the test condition, and the species observed using the 
independent software application “Wolf Tracker” (developed 
for this project by Dr Tiago Roldao). For the analyses of the 
foxes’ behavior, we used the videos recorded by cameras A 
and B at each test site. We recorded a total of 2,226 fox visits 
from both trail cameras. Individual recognition of foxes was 
not possible thus we followed the same protocol described 
above to identify independent events. In the process of merg-
ing the videos occurring in the identified time intervals with 
the above-described method, we also merged the videos of 
the 2 cameras A and B, when simultaneously filming the same 
subject. This allowed us to avoid double coding of the same 
behavior filmed by both cameras. After merging the videos, 
we identified a total of 1,848 events over the 4 weeks of expo-
sure for each condition (845 and 1,003 in the baseline and in 

Figure 2. Example of the test setting. Two trail cameras are mounted on trees facing different directions of the paths and both have the bin in the 
frame.

Figure 3. Metal bins screwed to a tree used to assess foxes’ explorative 
and fearful behavior along the urbanization gradient. The test consisted 
of 2 conditions, an empty bin condition and a full bin condition (shown in 
the picture). Photo by Andrea Boromello.
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test conditions, respectively). The occurrence of each behav-
ior type (Table 2) (Video 2; https://figshare.com/s/66fe03e-
13a73e4b724d2) was recorded a maximum of once per event, 
independently from its frequency of occurrence. When more 
than one individual was simultaneously present on camera 
(21 videos), if at least one subject performed a specific behav-
ior, that behavior was considered as having occurred in that 
event. Behavior data was recorded directly in the software 
Excel. Finally, analogously to the detection frequency dataset, 
we calculated the “test day” of each video as the number of 
days because our last visit to the test site (0–17 days).

Inter-observer reliability was carried out between 2 exper-
imenters (ML, VN), each coding the same 20% of videos 
(intra-class correlation coefficient, 2-way model using the irr 
package: Look ICC = 0.928; Sniffing in the air ICC = 0.934; 
Approach ICC = 0.934; Touch ICC = 1; Fear response 
ICC = 0.771; Wary stance ICC = 0.887; Marking = 0.881).

Statistical analyses
We tested whether red foxes’ detection frequency differed 
between test conditions (empty bin vs. full bin) across sites 
as a function of the varying urbanization gradient and time 
elapsed (increase in test days). To this end, we used a gen-
eral linear mixed model (GLMM) with a negative binomial 
error structure and log link function (McCullagh and Nelder 
1989). We included the number of detections per day of red 
foxes at each test site as the response variable. The test con-
dition (empty bin, full bin), the average HF of each test site, 
and the test days were included as predictors. Additionally, 
we included the interaction between test condition and HF, 
and test condition and test day. The test site was included as a 
random intercept effect.

To test whether the likelihood of red foxes exhibiting spe-
cific behaviors differed between test conditions (empty bin vs. 
full bin) and across sites as a function of the varying anthro-
pogenic landscape and the time elapsed, we carried out 7 dif-
ferent GLMM models with a binomial distribution, one for 
each response variable (“Look,” “Sniffing air,” “Approach,” 
“Touch,” “Fear response,” “Wary stance,” “Marking”). We 
included the likelihood of the occurrence of the behavior of 
interest (i.e., whether subjects performed such behavior or 
not) as the response variable, the test condition (empty vs. 
full bin), the average HF of each test site, and the test days as 
predictors. We additionally included the interaction between 
test condition and HF, and test condition and test day. The 
test site was included as a random intercept effect.

We fitted the models in R (version 4.1.1; R Core Team, 
2021) using the functions glmer.nb and glmer of the pack-
age lme4 (Bates et al., 2015). Prior to fitting the models, we 
z-transformed HF and test days to achieve an easier interpret-
able model (Schielzeth, 2010) and ease model convergence. 
Additionally, to keep the type I error rate at the nominal level 
of 5% (Schielzeth and Forstmeier, 2009; Barr et al., 2013), we 
included condition and test days within the testing site as the 
random slope (condition was latter manually dummy coded 
and then centered) for all models. For the binomial models 
on foxes’ behavior, we also included the random slope of the 
interaction of condition and test day within the testing site. 
Additionally, for these models, we did not include the correla-
tions among random intercepts and slopes because they were 
not identifiable. We used the function vif of the R package 
car (Fox and Weisberg 2011) for screening the predictors for 
collinearity and multi-collinearity, but no issues arose (Quinn 
and Keough 2002). After fitting the binomial models on 
foxes’ behavior, we inspected the distribution of the individ-
ual specific deviations from the common intercept and slopes 
(BLUPs). After fitting the model on foxes’ detection frequency, 
we checked whether the assumptions of normally distributed 
and homogeneous residuals were fulfilled by visual inspection 
of a QQ-plot of residuals and residuals plotted against fitted 
values (Quinn and Keough 2002). These indicated no devia-
tions from these assumptions. With a dispersion parameter of 
0.944 the response of the model on foxes’ detection frequency 
was not overdispersed. We determined model stability by 
dropping levels of the random effects one at a time and com-
paring the estimates derived from models fitted on the respec-
tive subsets with those obtained for the full data set. The fitted 
models appeared to be of moderate to good stability, except 
for the estimate for the effect of HF and the interaction of HF 
with a condition for the model on foxes’ detection frequency, 
and the whole model “Touch” (Supplementary Tables S2–S9). 
To obtain confidence intervals of the model estimates we used 
a parametric bootstrap (function bootMer of the package 
lme4; N = 1,000 bootstraps) (Supplementary Table S2a–S9b). 
As an overall test of the effect of the fixed effects and to avoid 
“cryptic multiple testing” (Forstmeier and Schielzeth, 2011) 
each full model was compared with a null model lacking con-
dition, HF, test day, and their interactions but being otherwise 
identical to the full model. Because we hypothesized an effect 
of the HF as a fixed term on the red foxes’ likelihood of exhib-
iting specific behaviors but not on their detection frequency, 
solely for the detection frequency analysis we included the HF 

Table 2. Definitions of the coded behaviors

Behavior Description

Look The subject’s head is oriented towards the bin.

Sniffing air Although facing the bin, the subject lifts its nose in the air, wiggling the nose up and down in the direction of the bin.

Approach The subject approaches the bin reaching a minimum distance between its front paws and the object of ≤ 1 body length.

Touch The subject touches the bin with any part of its body.

Fear response Run: after looking at the bin, the subject runs away.
Startle: the subject exhibits a sudden, quick, and exaggerated movement directed away from the bin.
Wince: the subject exhibits a brief, rapid, and slight recoil or flinching movement of the body although facing the bin.

Wary stance Subjects’ weight is shifted forward, with the muzzle/nose reaching towards the object and the back legs extended backward. 
The subject reaches toward the object but is ready to jump back in case of danger (Gil-Fernandez et al., 2020).

Marking The subject urinates or/and defecates.
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in the null model as well. In so doing, the significance of the 
full-null model comparison will reveal an effect of the condi-
tion as a fixed term and/or of its interaction with the HF, but 
not of HF per se, on red fox detection frequency. For the full-
null model comparisons, we utilized a likelihood ratio test 
(R function “ANOVA”) (Dobson and Barnett 2018). Whether 
the full-null model comparison resulted in significance we 
tested the significance of the interactions using the function 
drop1 with the argument “test” set to “Chisq.” When these 
interactions did not result in significance we removed them 
from the model to inspect the main effect of the predictors.

Results
Fox detection frequency
We detected an average of 0.81 and 1.00 daily fox visits 
during the empty and the full bin conditions, respectively. 
However, the difference was not significant (i.e., no significant 
difference between the full compared with the null model; 
χ2 = 7.141, P = 0.129) (Supplementary Table S2, Figure 4).

Behavior models
The Full–Null model comparison showed significance for all 
the models except for the model Touch (Table 3). We found 
that foxes were more likely to look at the bin, sniff the air, 
perform a wary stance, and mark in the full bin condition 
than in the empty bin condition, irrespective of the HF of 
the testing site and irrespective of the testing day (the inter-
actions between condition and HF and between condition 
and test days were not significant for these models). Overall, 
the likelihood of approaching the full bin was 7 times higher 
than the likelihood of approaching the empty bin, however, 
this increase varied for the 2 conditions across the test day. 
In fact, we found a significant interaction between condition 
and test days in the approach model. In the full bin condi-
tion, the foxes demonstrated a higher likelihood to approach 
the bin during the initial testing days whereas in the empty 
bin, the behavior exhibited an opposite trend, with a higher 
likelihood of approaching the more time elapsed. Regardless 
of the condition, we found an overall decrease in the likeli-
hood of looking, sniffing in the air, and performing fearful 
behavior with the increase in days elapsed. Furthermore, we 
found a significant interaction between condition and HF 
for the model Fearful. In fact, in sites with low values of HF, 
foxes showed an overall a low likelihood of fearful behav-
iors occurring which appeared similar in both test conditions. 
However, the higher the HF of the site, the more the foxes’ 
behavior differed between conditions. In fact, in more urban-
ized sites, foxes showed a higher likelihood of fearful behav-
iors occurring in the empty bin condition compared with the 
full bin condition. Moreover, the higher the HF of the site,  
the lower the likelihood of foxes showing fearful behavior 
in the full bin condition (Table 3, Supplementary Table S3–
TableS9, Figure 4).

Discussion
With the current study, we aimed to investigate the variation 
across the urbanization gradient in red foxes’ explorative and 
bold behavioral response toward a human artifact and an 
anthropogenic food source (i.e., leftover household food). We 
presented an initially novel empty bin for one month (empty 
bin condition), which we subsequently baited with the food 

source for another month (full bin condition). Our results 
showed that overall, all fox populations were equally inter-
ested in the food source and did not differ in their explorative 
and bold behavioral responses (approaching and interacting) 
across the urbanization gradient. Despite all fox populations 
showing the same interest in human-related food sources, 
they did differ in the expression of their fearful behavioral 
response. In fact, in sites with a higher urbanization gradient, 
foxes appeared more likely to show a fearful reaction towards 
the empty bin. However, such reaction decreased in the full 
bin condition, where more urbanized foxes showed a reduced 
likelihood of showing a fear response compared with the less 
urbanized ones.

Previous studies showed an increase in detection frequency 
of red foxes and other carnivores due to the presence of scent 
lures and/or baits (Buyaskas et  al. 2020; Avrin et  al. 2021; 
Cozzi et al. 2022). In our study, we did not find an increase in 
foxes’ detection frequency when adding anthropogenic food 
to the bin. However, the presence of the empty bin may have 
disrupted the foxes’ behavior in the first place, thus without 
baseline information on the foxes’ rate of passage without a 
stimulus being present, we cannot compare our results to pre-
vious studies. Indeed, future studies should include a baseline 
condition to additionally assess foxes’ detection frequency in 
the absence of any stimuli.

Despite the presence of the leftover food not increasing the 
frequency of foxes’ passages, the analyses of foxes’ behaviors 
revealed that they were interested in the food source. In fact, 
behaviors such as looking at the bin and sniffing in the air 
toward the bin were more likely to occur in the full vs. empty 
bin condition. Interestingly, the likelihood of occurrence of 
these behaviors decreased over time for both test conditions, 
suggesting that the animals habituated to the presence of the 
novel object, and then also to the appearance of the food, or 
possibly did not express interest towards it anymore.

Contrary to what we predicted, we did not observe a 
higher increase in fox interest towards the full bin in sites 
with a higher urbanization gradient. Instead, the results sug-
gest that all foxes were similarly attracted to the food source 
independently from their potentially different experience in 
exploiting such a resource. Thus, living in more anthropized 
areas where human-related food sources are more likely 
available and used by foxes (Handler et al. 2020) might not 
necessarily cause an increased attraction to such resources. 
This would be in line with studies showing red foxes’ oppor-
tunistic foraging behavior (Contesse et  al. 2004; Hartová-
Nentvichová et al. 2010; Balestrieri et al. 2011; Bassi et al. 
2012; Castañeda et al. 2022), highlighting the strong appeal 
that human leftover can elicit in foxes regardless of their pre-
vious experience.

We found that foxes were more likely to approach, but not 
touch the bin in the full bin condition than in the empty bin 
condition. However, the absence of difference in touch behav-
ior was likely due to the low number of occurrences with only 
41 touches out of 1,848 events. However, we observed that 
touching occurred just once in the empty bin condition and 
40 times in the full bin condition. Thus, our findings suggest 
that overall exploratory and bold behavioral responses (i.e., 
approaching and touching the bin) increased in the full com-
pared with the empty bin condition. We could speculate this 
to be the result of the conjoint effect of foxes’ habituation to 
the empty bin and their heightened interest in the full bin on 
the introduction of the food. Foxes might have habituated to 
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Figure 4. Foxes’ detections per day (a) and the likelihood of occurrence of the behaviors of interest (b: looking; c: sniffing air; d: approaching; e: 
touching; f: fearful; g: wary stance; h: marking) in the two conditions along the urbanization gradient. The dots represent observed values, with the 
orange scale showing the level of urbanization of the test sites and both horizontal and vertical random noise added to ease the visualization by 
limiting dot overlapping. The grey line indicates the effect of the condition as estimated by the fitted model, with its 95% confidence intervals (vertical 
segments) for HF and test days being at their average. In d the colored lines show the effect of the experimental condition on the likelihood of 
approaching predicted for 0 and 14 days after the last manipulation of the test apparatus by the experimenter (light blue and dark blue, respectively). For 
each condition such manipulation occurred at the beginning and after two weeks. In f the colored lines show the effect of the experimental condition on 
the likelihood of showing fearful behavior predicted for the minimum, medium, and maximum HF (yellow, orange, and brown, respectively).
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the presence of the empty bin, as evidenced by their increased 
likelihood of approaching as time passed, indicating a decline 
in their neophobic response to the initially novel object. 
On the contrary, in the full bin condition, the likelihood of 
approaching the full bin decreased over time, suggesting 
diminished interest in the food source, likely because it was 
unobtainable or because it degraded as time elapsed (Avrin 
et al. 2021).

Contrary to our initial expectation, we did not observe an 
increase in the likelihood of explorative and bold behavio-
ral responses (i.e., approach and interaction with the stim-
ulus) towards the bin along the urbanization gradient. In 
fact, approaching the full bin and/or touching it, other than 
marking (a behavior previously defined as “confident”; Gil-
Fernandez et  al., 2020), was not affected by the HF. Thus, 
the likelihood of foxes exploiting anthropogenic food might 
be independent of their experience along differently human- 
disturbed habitats but be rather driven by their motivation. 
The evidence that foxes’ attraction to diverse food items was 
similar regardless of prior experience, may suggest that foxes’ 
generalist diet and hence their curiosity towards any food 
source may play a major role in making red foxes one of the 
most successful mammals in the human-altered environments 
(Gloor, 2002; Contesse et al., 2004; Scott et al., 2014; Handler 
et  al., 2020). However, it is also interesting to note that in 
just a few cases foxes touch the full bin (~4% of the total 
events, ~20% of testing sites). In a previous study on foxes 
tested along an urbanization gradient, the percent of cases in 

which a food puzzle box was touched was a bit higher (32% 
of testing locations) and in the latter study, this was the case 
without prior habituation to the object. However, when the 
food was left available on the ground without the presence 
of the object, it was always consumed by the foxes (Morton 
et al., 2023). Thus, although the anthropogenic food might 
have a similar appeal for all foxes, the subjects’ motivation in 
obtaining it and hence facing the risk or/and effort in inter-
acting with the object might play a major role in determining 
whether subjects do engage with human-made items. Future 
studies exploring the potential for foxes to exploit human 
resources should consider factors such as resource acces-
sibility, the availability of alternative food sources, and the 
resource abundance within the environment.

The distinction between behaviors in a novel vs. known sit-
uation suggested by Réale et al, has not always been applied 
to the concept of personality (Réale et al., 2007). However, 
in studies of urbanization, this construct may be particu-
larly useful because animals may require both greater cau-
tion when encountering novelty, and greater boldness once 
the risk of novelty has been overcome. Indeed, in the current 
study, the findings on variation in fearful behavior between 
conditions across the urbanization gradient lend support for 
this. In fact, although differently urbanized foxes did not dif-
fer in their explorative response towards the bin (approaching 
and touching it), their fearful behavior when encountering it 
did vary. Across the site and in both conditions, with the pass-
ing of time, there was a decrease in the likelihood of foxes 

Table 3. Summary of the results for the behavior models. In the table are reported for each condition the percentages of the events where the behavior 
of interest occurred, the result of the Full–Null model comparison, and the effect of condition, HF, and test days once the interactions were excluded 
from the model. a Condition empty bin is the reference category; bz-transformed to mean = 0 and SD = 1; cnot indicated because having a limited 
interpretation.

Empty 
bin (845 
events)

Full bin 
(1003 
events)

Full vs.null Interaction 
(HF and 
condition)

Interaction 
(test day and 
condition)

Effect of conditiona Effect of HFb Effect of test daysb

Look 40.42% 51.74% χ2 = 26.814
df = 5
P < 0.001***

χ2 = 1.611
P = 0.204

χ2 = 3.103
P = 0.078

Est = 0.521 ± 0.147
z = 3.540
P < 0.001***

Est = -0.147
± 0.096
z = −1.523
P = 0.128

Est = -0.187
± 0.064
z = −2.895
P = 0.004**

Sniffing 
in the air

5.21% 25.52% χ2 = 47.15
df = 5
P < 0.001***

χ2 = 0.039 
P = 0.843

χ2 = 0.540
P = 0.462

Est = 1.997 ± 0.214 
z = 9.317 
P < 0.001***

Est = −0.190 ± 0.161
z = −1.178 
P = 0.239

Est = −0.204 ± 0.074
z = −2.745
P = 0.006**

Approach 1.42% 9.97% χ2 = 21.794
df = 5
P < 0.001***

χ2 = 0.039 
P = 0.843

χ2 = 5.423
P = 0.019*

Est = 2.300 ± 
0.579
z = 3.972
P = NIc

Est = −0.317
± 0.283
z = −1.122 
P = 0.262

Est = 0.732
± 0.358
z = 2.046
P = NIc

Touch 0.12% 3.99% χ2 = 6.195
df = 5 P = 0.287

\ \ \ \ \

Fear 
response

3.19% 3.89% χ2 = 12.985
df = 5
P = 0.023

χ2 = 5.473
P = 0.019*

χ2 = 0.065
P = 0.798

Est = 0.305 ± 
0.362
z = 0.844
P = NIc

Est = 0.508
± 0.246
z = 2.063
P = NIc

Est = -0.341
± 0.139
z = −2.463
P = 0.014*

Wary 
stance

1.18% 11.66% χ2 = 37.227 
df = 5
P < 0.001***

χ2 = 0.013 
P = 0.910

χ2 = 0.749
P = 0.387

Est = 2.500 ± 
0.365
z = 6.849 
P < 0.001***

Est = -0.301
±  0.225
z = −1.341 
P = 0.180

Est = −0.181
± 0.101
z = −1.792
P = 0.0732

Marking 9.23% 17.05% χ2 = 16.45
df = 5 
P < 0.01**

χ2 = 0.052 
P = 0.819

χ2 = 0.008
P = 0.928

Est = 0.771± 0.187 
z = 4.124 
P < 0.001***

Est = -0.240
± 0.130
 z = −1.843 
P = 0.065

Est = −0.048
± 0.071
z = −0.680
P = 0.496

*P < 0.05, **P < 0.01, ***P < 0.001.
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exhibiting a fearful behavior, likely due to habituation to the 
novelty of the bin in the empty bin condition, and the novelty 
of the presence of food in the full bin condition. Moreover, in 
sites with lower urbanization gradients foxes showed a lower 
likelihood of exhibiting fearful behavior in both conditions 
compared with sites with a higher urbanization gradient. In 
contrast, in sites with a higher urbanization gradient, foxes 
exhibited more fearful behavior in the empty compared with 
the full bin condition. The fearful behaviors that we analyzed 
consisted mainly of winces when encountering the bin (see 
Video 2, https://figshare.com/s/66fe03e13a73e4b724d2), 
which might represent an expression of apprehension/
surprise more than a strong fear reaction. The heightened 
likelihood of these behaviors among foxes living in more 
urbanized areas on encountering the empty bin might sug-
gest an overall increased apprehension toward novel objects 
within those populations residing in more human-altered 
habitats. It is possible that foxes living in these areas experi-
ence a wider variety of human-related dangers due to human 
activities (for example, vehicle collision; Baker et al., 2007; 
Valerio et al., 2021) and might benefit from being more weary 
in novel situations and when encountering novel artificial 
objects (Greenberg and Mettke-Hofmann, 2001). However, 
once habituated to the bin, their fear responses continuously 
diminished and were lower than those of less urbanized foxes. 
Thus, it is possible that more urbanized foxes might be more 
attentive towards human-related dangers, such as novel artifi-
cial objects, but also habituate more quickly to their presence.

Nevertheless, it is important to note that variations in fear-
ful behavioral responses between populations did not dif-
ferently impact their interest and explorative responses (i.e., 
sniffing, approaching, etc.) as reported above. In a previous 
study, urban and rural foxes did not seem to differ in their 
interest toward a lure but did differ in their apprehensive-
ness when interacting with it, which drove urban foxes to 
interact more with the lure (62% probability of “confident” 
behavior, which included actively interacting with the lure) 
(Gil-Fernandez et al., 2020). In another study on red foxes, 
foxes residing in more anthropized areas, including strictly 
urban environments, were more likely to interact with lures 
or novel objects baited with food, often biting or touching 
them (32% of locations) (Morton et al., 2023). In our study, 
foxes approached (~10%) or touched (~4% of events, 20% 
of testing sites) the full bin very rarely despite being habitu-
ated to its presence. As previously discussed, no differences in 
foxes’ likelihood to approach the bin across differently urban-
ized populations were observed despite the evidence for more 
urbanized foxes being less fearful than more rural foxes in the 
full bin condition. However, in contrast to previous studies, 
our study focused on populations inhabiting areas along an 
urbanization gradient but excluding strictly urban/city foxes. 
Comparability between studies is difficult due to the different 
procedural setups, measures of urbanization and behavioral 
coding methods. Nevertheless, together results may provide 
some indication that foxes’ bold behavioral response may 
vary along the anthropogenic continuum. Differences in their 
behavioral response might primarily manifest as variations in 
fearfulness in the early stages of the urbanization (i.e., in areas 
with increased anthropogenic disturbance but not yet urban) 
and secondly, in more heavily urban areas, as variation in 
bold behavioral response (expressed as a willingness to inter-
act with artificial objects). This highlights the need to consider 
populations along a wide urbanization gradient.

By focusing on populations residing in less disturbed 
areas our findings provide new insights into the behavioral 
response towards artificial novel objects and human-related 
food sources for foxes shifting from wilder to gradually 
more anthropogenic landscapes. Although in general animals 
showed little fear of the human artifact appearing in their 
environment, foxes living in more urbanized areas were more 
apprehensive toward the novel artificial object but habituated 
quickly to its presence, showing a reduced fearful response 
compared with rural foxes once habituated to it and in the 
presence of a possible human-related food. Nevertheless, all 
populations showed similar interest in the food source and 
similarly approached it, highlighting this species’ capacity to 
adapt to the human landscape. Further research including a 
wider range of populations along the urbanization gradient 
and including repeated measures on identifiable subjects is 
warranted to explore this phenomenon in greater depth and 
to better understand the factors influencing the behavioral 
traits of foxes across urbanization stages. Indeed, a better 
understanding of the adaptive behavioral responses of urban 
wildlife becomes crucial for predicting the long-term viabil-
ity of certain species within urban environments, particularly 
as human activities continue to alter habitats and available 
resources (Soulsbury and White 2015; Ritzel and Gallo 2020).
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