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ABSTRACT

Ongoing environmental changes are affecting behavioral responses of animal populations. Both warming temperatures and
increased human disturbance may trigger adjustments in mammal activity patterns, for example, favoring activity switch to
nighttime despite a greater risk of encountering nocturnal predators. Disentangling the relative roles of these stressors is critical
for predicting the population-level consequences of environmental changes, yet the joint effect of multiple stressors is poorly
understood. Here we investigated how ambient summer temperature, predators, and human presence influenced temporal
responses in two herbivorous mammals (the roe deer Capreolus capreolus and the fallow deer Dama dama) across Mediterranean
protected areas. By conducting intensive camera trapping (~12,400 trapping days; 196 sites), we evaluated changes in daily activity
level and nocturnality of deer species. Both herbivores reduced their daily activity with warmer temperatures, emphasizing
the need to minimize thermoregulatory costs, yet only roe deer increased nocturnality following diel warming. Conversely,
nocturnality of the more heat-tolerant fallow deer was only affected by wolf (Canis lupus) visitation rate, although weakly,
suggesting that fallow deer traded off heat avoidance with predator avoidance. We found neither reductions in daily activity levels
nor an increase in nocturnality in response to higher human visitation rate, possibly depending on our relatively undisturbed
protected areas (i.e., areas with low human population density and sustainable levels of outdoor recreational activities) or the
stronger effect of heat avoidance. Under the anticipated warming, species-specific consequences of these behavioral responses on
population viability may be expected.

1 | Introduction In endotherms, ambient temperature can influence the allocation

of energy reserves to vital behaviors such as foraging, resting, and

Among the ongoing environmental changes, the increase in
temperature is expected to trigger the most significant effects on
animal behavior and ecology (Parmesan 2006). On average, the
global surface temperature was ~1-1.3°C higher in the last decade
than over a century ago, and it is projected to increase further (Lee
etal. 2023). Thus, increasingly stronger impacts on individual and
population-level behavioral responses should be expected (e.g.,
Mason et al. 2014; Fattorini et al. 2023).

moving between habitat patches (Aublet et al. 2009; Riek et al.
2019). Individual fitness is maximized when body temperature
is close to the physiological optimum (Maloney et al. 2019;
Levesque and Marshall 2021). When environmental temperature
deviates from the thermoneutral zone (i.e., a species-specific
range of temperatures that minimize energy costs; Hill et al. 2016),
mammals may respond through behavioral thermoregulation to
maintain their body temperature within the optimal level, which
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is thought to be less energetically expensive than autonomic ther-
moregulation (Terrien et al. 2011). For example, mammals may
employ heat-dissipating behavior patterns such as the increase of
respiratory frequency via panting in dogs (Canis lupus familiaris;
Goldberg et al. 1981), saliva spreading in kangaroos (Osphranter
rufus; Needham et al. 1974), enhanced conductive cooling through
changed body postures in koalas (Phascolarctos cinereus; Briscoe
et al. 2014), and ear fanning in elephants (Loxodonta africana;
Phillips and Heath 2001). Species may also shift their ranges
to evade rising temperatures by moving to poleward latitudes
(Parmesan 2006), to higher elevations (Mason et al. 2014), or by
increasing the use of thermally buffered microhabitats (Scheffers
et al. 2014). Growing evidence suggests that changing temporal
activity patterns in response to ambient temperatures is also
common in wild mammals (rodents: Rezende et al. 2003; giant
anteaters: Giroux et al. 2023; mesocarnivores: Zub et al. 20009;
ungulates: Brivio et al. 2024; and large carnivores: Rafiq et al.
2023) and could reduce the need to search for thermal shelters.
Such behavioral flexibility can allow animals to mitigate some
of the negative effects of rapidly changing temperatures (Beever
et al. 2017). Therefore, investigating how temperature influences
temporal activity patterns is crucial to better understand the
adaptability of wild animal species and to predict their persistence
under future climate scenarios. Moreover, it would improve our
knowledge of the flexible behavioral responses to warming.

Activity rhythms are critical to control the energy balance of
animals (Daan and Aschoff 1982). Vital activities entail energy
expenditure and increase metabolic heat production, thus their
reduction during the hottest hours may allow individuals to avoid
hyperthermia. High temperatures may lead animals to reduce
diurnal activity, in turn increasing the levels of nocturnal activity
(Brivio et al. 2024; Bourgoin et al. 2011; Levy et al. 2019; Thel
et al. 2024). At temperate latitudes, the night is significantly
shorter than the day in summer; thus, the shift from diurnal
to nocturnal activity may not allow individuals to compensate
for the loss of foraging opportunities during daylight, with
consequences on mass gain (Garel et al. 2004). Modifications
of temporal activity patterns may further impact individual
fitness negatively, for example, by increasing encounter risk
with predators (Lesmerises et al. 2018), by leading to mis-
matches in interactions with conspecifics (Greives et al. 2015),
or by increasing the risk of disease infections (Takahashi et al.
2008).

With the growth of human activities and the recolonization of
temperate ecosystems by large carnivores, wild herbivores are
expected to adopt behavioral responses to reduce their exposure to
these risk factors, which may involve changes in activity patterns
(e.g., Ciuti et al. 2012; Gaynor et al. 2018; Palmer et al. 2021,
Rossa et al. 2021). Where hunting is forbidden, as in most pro-
tected areas, the development of outdoor activities has increased.
Although recreational activities are non-lethal, humans may
be perceived as a source of disturbance by animal populations
(Frid and Dill 2002), leading to avoidance behavior and possibly
changes in activity patterns (Ciuti et al. 2012; Marchand et al.
2014; Larson et al. 2016; Salvatori et al. 2022, 2024). The evaluation
of the relative roles of environmental stressors in affecting the
behavior and ecology of species is important to predict population
consequences of environmental changes. Yet, disentangling the
potential effects of temperature, predators, and human pres-

ence on the temporal activity of mammals has been poor,
so far.

In this study, we have combined animal activity data obtained
through intensive camera trapping with temperature data to
evaluate the direct effect of summer temperature, and its inter-
action with environmental and anthropogenic stressors, on the
temporal activity patterns of two herbivorous mammals. Across
several Mediterranean protected areas, we investigated the roles
of ambient temperature, predator, and human presence on the
changes in activity level and nocturnality of these wild herbi-
vores. In the Mediterranean biome, winter is relatively warm
and summer is usually the limiting season. These regions are
predicted to warm up at a ~20% higher rate than the global annual
mean surface temperature, and the overall duration of summer is
projected to reach 6 months by 2100 (Lionello and Scarascia 2018;
Pfleiderer et al. 2019). Warmer temperatures and drier conditions
reduce plant production and availability of water sources (Lee
et al. 2023; Hatfield and Prueger 2015). A decrease in nutritional
intake, in turn body mass, could affect the fitness of herbivores
during summer (Plard et al. 2014; Semenzato et al. 2021). We
considered two widespread herbivores in Europe, the roe deer
(Capreolus capreolus) and the fallow deer (Dama dama). The roe
deer is well adapted to wood-field ecotones and relies on highly
nutritious vegetation for survival and reproduction (“concentrate
selector”: Hofmann 1989). In this ungulate, offspring survival and
reproductive success are strongly influenced by environmental
conditions in spring-summer (Gaillard et al. 1997; Pettorelli et al.
2005). Conversely, the fallow deer, a herbivore native to Asia
Minor and best adapted to semi-arid environments (Novak 1991),
can exploit both nutritious and fibrous vegetation (“intermediate
or mixed feeder”: Hofmann 1989). The fallow deer is known to be
a superior competitor over the roe deer, affecting its distribution
and density, as well as showing behavioral intolerance to it
(Focardi et al. 2006; Ferretti et al. 2011; Elofsson et al. 2017; Ferretti
and Fattorini 2021; Gryz et al. 2024).

Wild herbivores could show two non-mutually exclusive tempo-
ral behavioral responses to warmer temperatures via changes in
activity patterns: they may reduce their general level of activity
(Mason et al. 2014; Giildenpfennig et al. 2025), and/or they may
shift their activity to nighttime (Brivio et al. 2024; Levy et al. 2019;
Thel et al. 2024). We considered both responses and formulated
predictions stemming from previous evidence for the potential
effects of temperature, predator, and human presence (Table 1),
and coupled them with predictions on possible interactive effects.
We expect that the roe deer, as a heat-sensitive species, would
reduce its general level of daily locomotor activity and increase
nocturnality when the weather is hot, to avoid overheating
(Levy et al. 2019). However, this prey species should be less
active at night in sites highly used by wolves (Canis lupus). We
expect that the fallow deer, due to greater adaptability to warmer
environments, would show a milder response to hot temperatures
than roe deer. Since fallow deer have been shown to be more
diurnal as an antipredator response to wolves (Rossa et al. 2021;
Esattore et al. 2023; Lazzeri et al. 2024), we expect increased
diurnal activity in sites highly used by wolves. Thus, we predict
increased nocturnality in response to rising temperatures only in
sites with lower wolf visitation rates. Finally, a general reduction
in daily activity level and/or increased nocturnal activity could
also help both species avoid human presence (Bonnot et al. 2020),
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TABLE 1 | Predictions about the potential effects of focal predictors (temperature, predator, and human presence) on temporal responses of roe and

fallow deer.

Behavioral indicator Variable Prediction on the behavioral response Supporting reference
Daily activity level Temperature Lower activity on warmer days Mason et al. 2014
Wolf Lower activity in sites with higher wolf visitation rates Palmer et al. 2021
Humans Lower activity in sites with higher human visitation Marchand et al. 2014
rates
Nocturnal activity Temperature Greater nocturnality following diel warming Levy et al. 2019
Wolf Lower nocturnality in sites with higher wolf visitation Rossa et al. 2021
rates
Humans Greater nocturnality in sites with higher human Gaynor et al. 2018

visitation rates

hence, we predicted reduced activity and increased nocturnality
in sites with higher human visitation rates.

2 | Materials and Methods
2.1 | Study Areas

We conducted our study in eight protected areas located in central
Italy, including seven Nature Reserves, NRs, and one Regional
Park, RP (Figure 1a; Table S1). These areas are representative of
the elevational and longitudinal gradients of climatic variation
of this Mediterranean region, spanning elevations of 0-1453 m
above sea level, and including from coastal to low-mountain sites.
The plain or hilly study areas along the coastline and inland,
characterized by relatively mild winters and hot-dry summers, are
dominated by sclerophyllous vegetation, and gradually switch to
slightly cooler and wetter areas located closer to the Apennine
Mountain chain, at a higher elevation. The roe deer is present
in all areas, whereas the fallow deer is relatively rare in two
areas, which were therefore excluded from the relevant analysis.
The wolf is the apex predator and occurs in all areas, with
a predominantly nocturnal activity (Figure SI). All areas are
inhabited by no or few people (range of mean human population
density per area: 0.14-3.84 inhabitants/km?; data from Schiavina
et al. 2023), but in summer they are visited by tourists for
recreational outdoor activities (e.g., hiking), mainly in daytime
(Figure SI), with spatially heterogeneous human visitation rates
within areas (cf. Results). For more details about the study areas,
see Supporting Information.

2.2 | Camera Trapping

We estimated daily locomotor activity level and nocturnality of
deer through camera trapping, during summer (June, July, and
August), in 2021, 2022, and 2023. We sampled each study area for
at least 2 years (Table S1). We deployed cameras using sampling
grids to obtain a spatially balanced sampling and achieve a
consistent sampling effort across areas (grid size: 1.5 x 1.5 km in
NRs, and 1 x 1 km in the RP; 1 camera location per grid cell). We
sampled 8-t0-60 locations per area in each study year, depending
on the study area size (Figure 1b; Table S1). We placed infrared
cameras in sites suitable to detect mammal activity, on trees

generally at a height of 20-150 cm from the ground (although
we discarded for analyses the few sites where cameras were at a
height >130 cm to increase homogeneity in camera detectability).
We used several camera models with similar technical charac-
teristics, accounting for them in our analyses (Salvatori et al.
2022, 2024). We set up cameras to record 10-s videos, with 1-s
lag between consecutive recordings. We supplied devices with SD
cards and 6 or 12 V rechargeable external batteries that allowed a
functioning period of 24 h/day, for at least 30-45 days. We checked
cameras every 30-40 days to change the SD cards and batteries,
thereby maximizing the continuous functioning of the cameras
(i.e., the number of working days) at each site. Checking cameras
required generally <5 min of attendance by the operator at each
site, which was considered in the calculation of human visitation
rate (see below). When the same camera trap took more than 1
video of the same species in less than 30 min, we considered them
as “non-independent” detections and used only the first detection
for subsequent analyses (Tobler et al. 2008; Torretta et al. 2016; de
Satgé et al. 2017). For human detections, a 3-min threshold was
considered (Esattore et al. 2023). For analyses, we excluded sites
where cameras worked for less than 20 days each per study year,
thus retaining an overall number of 196 camera sites and 12 406
trapping days (~63 sampling days per site, on average).

2.3 | Temperature and Environmental Predictors

We retrieved temperature data from Servizio Idrologico Regionale
(Regione Toscana—https://www.sir.toscana.it/termometria-
pub) and Arpae Emilia-Romagna (https://simc.arpae.it/dext3r/).
Data included air temperature (°C) recorded at 2 m from the
ground every 15 min by professional weather stations close to
each of our study areas (~4.5 km from the centroid of each study
area, on average; Figure S2). We performed a linear interpolation
to obtain 15-min temperature data in one of the study areas (Alpe
della Luna NR), as the relevant weather station recorded data at
a temporal resolution of 30 min.

We categorized the habitat type at each camera location by
discriminating between covered and open habitats and took it
as an index of thermal shelter (covered habitats: shrubland and
woodland, i.e., densely vegetated and shaded habitats with sub-
stantial canopy cover; open habitats: ecotones and meadows, i.e.,
almost unshaded habitats with scarce/no canopy). We visually
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https://www.sir.toscana.it/termometria-pub
https://simc.arpae.it/dext3r/

FIGURE 1 | (a) Locations of the study areas in central Italy. In yellow, from top to bottom: Acquerino-Cantagallo Nature Reserve (ACNR), Alpe
della Luna Nature Reserve (ALNR), Foresta di Berignone Nature Reserve (BFNR), Foresta di Monterufoli-Caselli Nature Reserve (MCFNR), Alto Merse
Nature Reserve (AMNR), Basso Merse Nature Reserve (BMNR), Monte Penna Nature Reserve (MPNR); and Maremma Regional Park (MRP). (b) Camera
trap locations (yellow dots) within each study area. Imagery provided by Google Satellite and ESRI Satellite.
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estimated the percentage of shrub cover (height <1.5 m) within a
10 m-radius around each camera and used it as an index of vegetal
impediment for the relevant camera at the recording height. The
elevation (meters above sea level) of each camera location was
obtained using the software QGIS 3.34.2 and the digital elevation
model provided by SITA-Regione Toscana (http://dati.toscana.it/
dataset/dem10mt; spatial resolution: 10 m).

2.4 | Site Use by Predator, Competitors, and
Humans

For each study year and camera location, we used the group size-
adjusted detection rates of wolf and fallow deer as proxies for
site use by the predator and by the possible roe deer competitor,
respectively. Site use by fallow deer—the superior competitor
over roe deer—could be expected to influence roe deer activity.
However, roe deer is unlikely to influence fallow deer activity pat-
terns; in turn, there was no need to account for roe deer detection
rate when analyzing the daily activity level and nocturnality of
fallow deer. For both wolf and fallow deer, separately for each
study year and camera location, we calculated detection rates as
the sum of individuals counted across all independent detections
of the species divided by the number of days in which the camera
was active. Because one detection may include more than one
individual, this adjustment considers differences in group size
between detections, better reflecting the intensity of site use by
gregarious species (Ferretti et al. 2023). Similarly, we used the
detection rate of humans as a proxy for site use by humans
(Salvatori et al. 2022, 2024). The latter was calculated as the
number of independent human detections divided by the number
of days in which the camera was active. In this calculation, we also
included the operator detections to account for possible human
disturbance associated with camera checks.

2.5 | Statistical Analysis: Daily Activity Level

The use of motion-sensitive cameras implies recording animals
when they move, either for foraging or other activities. Hence,
we defined “activity” as any occurrence of animal locomotor
activity. Assuming that the activity level is the determinant of
the daily rate at which cameras detect animals, the trap rate on
a given day can be used as an approximation of the overall level
of activity in the population on that day (Rowcliffe et al. 2014).
Therefore, to investigate the potential effects of temperature,
predator, and human presence on daily locomotor activity levels
of deer species, we employed species-specific generalized linear
mixed models (GLMMs) with negative binomial errors (log link
function) to model the total number of detections obtained in
each sampling date at each location. We considered the following
predictors: (1) mean daily temperature calculated over the 24 h of
each sampling date (continuous, in °C), to investigate whether
deer reduced their daily activity level on hotter days; (2) wolf
detection rate (continuous, as number of individuals/day), and (3)
human detection rate (continuous, as number of detections/day),
to evaluate the potential roles of predator and human presence
on deer activity level, respectively. We also considered potential
confounding variables that may influence daily activity level: (4)
fallow deer detection rate (only for model relevant to roe deer;
continuous, as number of individuals/day), to account for the

potential effects of interspecific encounters on the daily activity
level of roe deer; (5) habitat type (categorical; reference level:
covered), to consider the habitat-dependent thermal buffering
effect; (6) the In-transformed elevation (continuous, meters a.s.l.),
to consider the elevation-dependent thermal buffering effect,
with observed temperature exhibiting a logarithmic decrease over
the elevation range of our study area (a constant term was added
before In-transformation for the analysis of roe deer nocturnality,
due to model convergence issues). In addition, we included other
control predictors to account for the potential variation in the
daily number of detections due to camera detectability, namely (7)
shrub cover around the camera (continuous, as %), and (8) camera
height from the ground (continuous, in cm). In this model, the
interaction between the mean daily temperature and the habitat
type was also included to verify whether deer activity decreased
on hotter days only in habitats providing low shelter (i.e., open
habitats). Finally, we included the camera location nested within
the study area and the camera model as random intercepts, to
account for repeated measurements of activity recorded on the
same camera location within the same area, and to control for
repeated measurements of activity recorded by the same camera
model.

2.6 | Statistical Analysis: Nocturnal Activity

We used GLMMs to assess whether deer species increased their
nocturnal activity to cope with warmer temperatures. First,
each detection was categorized into either nocturnal or diur-
nal/crepuscular by considering the recording date and solar time,
through the R package suncalc (Thieurmel and Elmarhraoui
2022). We defined as night the period after civil twilight ends,
in the evening, and before civil twilight begins the next morning
(reference angle of the sun below the horizon = 6°, i.e., civil
dawn/dusk) (Brivio et al. 2024; Gupta et al. 2023). Nocturnal
detections were coded as “1” (presence of nocturnal activity),
whereas diurnal/crepuscular ones were coded as “0” (absence of
nocturnal activity). For each species, every detection was thus
modeled as a binary response variable using a GLMM with
binomial errors (logit link function). We analyzed the influence
of environmental and anthropogenic factors on the probability
of deer being nocturnal by including the same fixed and random
effects included in the model of daily activity. Since this analysis
is conducted on camera detections, we considered differently the
predictor (1); specifically, we included the mean temperature in
the 24 h before the detection (continuous, in °C), to investigate
whether the presence of nocturnal activity increased when deer
experienced warmer temperature in the previous 24 h before
being active. This allowed us to match the temporal scale of
the previous analysis and evaluate the effect of temperature
while considering its variability over an entire 24 h cycle. In
addition, we included another potential confounding variable:
(9) night duration (continuous, in decimal hours), to account
for changing night availability throughout June-August, during
which it varies from ~30% to 40% of the 24 h cycle, on the
probability of obtaining a nocturnal detection. This model also
differed from that of daily activity level in the interactive effects
considered. Here, the interactive effects of temperature with focal
predictors 2-5 were included to investigate whether the effect of
temperature experienced 24 h before the detection may depend
on them. For example, if deer species increase or decrease their
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http://dati.toscana.it/dataset/dem10mt;

nocturnal activity in response to greater activity of predators or
humans, respectively, this behavioral response may be increased
on warmer days. Moreover, nocturnal activity in open habitats
may increase on warmer days.

2.7 | Statistical Analysis: Model Selection

Before fitting the models, we checked collinearity between covari-
ates (all Pearson correlation coefficients were <[0.5]) and we
scaled them to improve model convergence and interpretability of
interactive effects, as well as allowing estimation of standardized
coefficients. We performed scaling by mean-centering covariates
and dividing them by their standard deviations (Schielzeth 2010).

For each species and response variable, we built a global model
including all the predictors. All candidate models, each one
having a different combination of predictors, that is, reflecting a
different plausible hypothesis, were then ranked and compared
using the Akaike’s Information Criterion corrected for small
samples (AICc, Harrison et al. 2018). However, each candidate
model always retained predictors potentially affecting detectabil-
ity, that is, shrub cover around the camera and camera height, as
well as night duration in the analysis on nocturnality. Therefore,
the null model in our cases was a model explaining the data
variability only in terms of variation in animal detectability.
Following the conservative “nesting rule,” we selected models
only if they had AAICc <2 (where AAICc is the difference in
AICc between each model and the best model, i.e., that with
the lowest AICc) and if their AICc value was lower than that of
any simpler nested alternative to avoid retaining overly complex
models (Harrison et al. 2018). From AAICc, we also obtained
the Akaike model weight for each model, namely the probability
that any model is the best one amongst all possible candidates
(Guo et al. 2022). We standardized the model weight within
the subset of selected models. In the four model selections, we
obtained either one or two selected models (Tables S2 and S3),
depending on the analysis. In the only case in which we obtained
two selected models, the second selected model only differed
to the best one by the exclusion of one predictor. Thus, we
always used the best model to identify informative predictors
by assessing whether 95% confidence intervals of coefficients
overlapped “0.” We conducted GLMMs and model selections,
respectively, through the R packages glmmTMB (Brooks et al.
2017) and MuMIn (Bartoni 2023). We checked the best models
for the absence of multicollinearity (all VIFs were <2.1), and
validated them through visual inspection of residuals.

3 | Results

Throughout our study areas and summer research periods, the
mean daily temperature on sampling dates oscillated between
12.5°C and 31.1°C (mean + SD: 23.9°C + 2.9°C). We observed
a mean year-specific human visitation rate of ~0.33 people
detections/day at each camera site (SD: 1.70; range: 0—25.86;
median: 0.06; 1st quartile: 0.03; 3rd quartile: 0.009), almost
exclusively during daytime (Figure S1). Sites also experienced a
mean year-specific wolf visitation rate of ~0.06 individuals/day
(SD: 0.15; range: 0—1.43; median: 0; 1st quartile: 0; 3rd quartile:
0.05), almost exclusively at nighttime (Figure S1). Variability in

both human and wolf year-specific visitation rates across sites in
the same area was high (% coefficient of variation; humans, range:
9.7-350, median: 53.5, 1st quartile: 29.6, 3rd quartile: 179.6; wolf,
range: 115—241.7, median: 184, 1st quartile: 156.2, 3rd quartile: 205),
implying spatial heterogeneity of human and predator attendance
across camera sites within each area. We obtained 3251 deer
detections (fallow deer: n = 1693 detections; roe deer: n = 1558
detections). Generally, both deer species were recorded slightly
more often in daytime or crepuscular periods than at night,
showing 23.0% (fallow deer) and 38.8% (roe deer) of nocturnal
detections (Figure S3).

3.1 | Daily Activity Level

The effect of temperature on daily activity level was supported
by the best model, for both species, although the mediating
effect of risk and temperature was not supported. The selected
model best explaining the daily activity level for roe deer included
the effects of the mean daily temperature, wolf detection rate,
and elevation; the one for fallow deer included the mean
daily temperature, habitat type, their interaction, and elevation
(Table S2).

Roe deer reduced their daily activity level on hotter days, on
average decreasing their daily activity by ~50% as the mean daily
temperatures rose by ~15°C (Table 2a, Figure 2a). In addition, we
found a positive association between daily activity level and wolf
detection rates (Table 2a). Roe deer activity also increased with
increasing elevation (Table 2a).

Fallow deer showed decreased daily activity levels on hotter days,
with such a decrease being stronger in covered habitats than
open ones (Table 2a, Figure 2b). In addition, fallow deer activity
decreased with increasing elevation (Table 2a). Finally, we found
a negative association between the shrub cover and the activity
level of fallow deer (Table 2a).

3.2 | Nocturnal Activity

The effect of temperature on nocturnality was supported by the
best model only for roe deer. The best model for the roe deer
supported the effects of temperature and human detection rate;
the one for the fallow deer supported the effects of habitat type
and wolf detection rate (Table S3).

For roe deer, the occurrence of nocturnal activity increased
with increasing mean temperature over the previous 24 h; on
average, a ~15°C increase in mean temperature over the previous
24 h increased the probability of nocturnal activity by ~140%
(Table 2b, Figure 3a). Roe deer nocturnality also decreased with
increasing human detection rate (Table 2b). Moreover, we found
that roe deer nocturnality decreased with increasing shrub cover
(Table 2b).

For fallow deer, the occurrence of nocturnal activity increased
in open habitats (Table 2b, Figure 3b). Moreover, the nocturnal
activity of fallow deer tended to increase in sites with the lowest
wolf detection rate, although this effect was weak, that is, with
confidence intervals overlapping “0” (Table 2b).
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TABLE 2 | Results of best models for roe deer and fallow deer in which (a) the daily activity level and (b) the occurrence of nocturnal activity are
the response variables. For each model predictor, the coefficient estimate and its 95% confidence interval are shown. Variance (¢2) of random intercepts

is also reported. Asterisks mark the 95% confidence intervals which do not include 0.

Species Predictor Coefficient 95% Confidence interval
a Roe deer Intercept —2.980 —3.481; —2.478*
02 Location:Area = 1.482 Mean daily temperature —0.139 —0.195; —0.083*
O area = 0-99 Elevation 0.450 0.143; 0.757*
Camers ype = 0114 Wolf detection rate 0.184 0.045; 0.322*
Camera height —-0.195 —0.343; —0.046*
Shrub cover —0.082 —0.307; 0.143
Fallow deer Intercept —2.868 —3.800; —1.937*
0% ocation:Area = 2-587 Mean daily temperature —0.195 —0.264; —0.125*
o Area = 0.670 Habitat type (open habitats) 0.772 0.054; 1.490*
7 camera ype = 0202 Elevation -0.630 —1.018; —0.241*
Camera height 0.190 —0.004; 0.384
Shrub cover —-0.433 —0.766; —0.101*
Mean daily temperature x Habitat type (open 0.151 0.041; 0.262*
habitats)
b Roe deer Intercept —-0.590 —0.824; —0.355*
0% Location:Area = 0-453 Mean temperature in previous 24 h 0.240 0.109; 0.371*
2 0’ rea = 0.043 Human detection rate —0.241 —0.470; —0.011*
7" Camers e < 0001 Night duration 0.475 0.346; 0.604*
Camera height 0.069 —0.107; 0.244
Shrub cover -0.232 —0.413; —0.050*
Fallow deer Intercept —1.558 —1.935; —0.180*
0% ocation:Area = 0.293 Habitat type (open habitats) 0.411 0.021; 0.800*
% Area < 0.001 Wolf detection rate —0.183 —0.388; 0.021
O camera e = 0.039 Night duration 0.236 0.112; 0.361*
Camera height -0.013 —0.187; 0.162
Shrub cover —-0.009 —0.191; 0.173

4 | Discussion

The distribution of activity round the clock is a key feature of
animal responses to their environment (Rowcliffe et al. 2014). Ata
coarse timescale, activity patterns are often seasonally structured
and mainly driven by photoperiod, environmental conditions,
and species-specific constraints related to their biological life-
cycle (Bourgoin et al. 2008). At a finer timescale, such as that
for daily activity patterns, they strongly depend on internal
drivers (Saper et al. 2005), as well as on external environmental
determinants such as the weather (Levy et al. 2019), or activity
patterns of other species (Hagemoen and Reimers 2002). At
both the coarse and fine time scales, ambient temperature is
among the most important regulators of activity patterns. Here,
we disentangled the effects of ambient temperature, predators,
and human activity on the daily activity levels and shifts toward
nocturnality in two herbivore species. Our findings supported
behavioral changes in roe and fallow deer due to increasing

temperature during summer. Both herbivores reduced their daily
activity levels, but only roe deer increased their nocturnality fol-
lowing diel warming. In contrast, for fallow deer, only predation
risk influenced temporal activity changes.

4.1 | Factors Affecting Daily Activity Level

Both roe and fallow deer reduced their daily activity levels on
hotter days. This behavioral response should minimize heat-
related stress and energy expenditure (Levy et al. 2019; Semenzato
et al. 2021). However, reduced activity due to heat may lead
to a lower daily food intake on hot days compared to less
thermally stressful days (Levy et al. 2019). This forage loss must
be compensated, indeed the shift to nocturnal activity observed in
roe deer may be a strategy to allow for limited daytime foraging
opportunities in hot weather. Given the need to balance foraging
demands with predator avoidance, we also expected a reduction
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in prey activity in sites with greater wolf occurrence (Palmer et al.
2021). In contrast, we found a positive relationship between the
daily activity level of roe deer and wolf detection rates. This result
may suggest that the wolf tended to use the sites where roe deer
were more active, which would be consistent with data on wolf
food habits showing roe deer among the primary prey of this canid
across our study region (Capitani et al. 2004; Mattioli et al. 2004;
Lovari and Sangiuliano 2006; Ferretti et al. 2019; see also Mori
et al. 2017, for a review on wolf diet in Italy). Predation rates of
wolves over roe deer have been shown to decrease with increased
vegetation cover (Mattioli et al. 2004). The elusive behavior of
this deer is emphasized by selection of sites providing adequate
shelter, by reducing activity in the brightest nights, or by living
solitarily or in small, family groups in summer, which would be
expected to reduce detectability by wolves (Mattioli et al. 2004;
Bongi et al. 2008; Ferretti et al. 2019; Lazzeri et al. 2025). In turn,
spatial avoidance may not be a strong antipredator response in
this deer (Lazzeri et al. 2024).

Compared to the roe deer, the effect of temperature was weaker
for the fallow deer. This reduction of activity appeared to be
stronger in covered habitats compared to open ones, although
the support for an interactive effect of temperature and habitat
on activity was weak, and confidence intervals of estimated
relationships were large. These findings would not support the
behavioral thermoregulatory tactic of avoiding direct sunlight by
moving into forests (Scheffers et al. 2014). Nevertheless, this result
comes from the overall daily activity analysis, and the reduction
of activity in closed habitats by fallow deer might depend on
that occurring during nocturnal hours, as revealed by the higher
nocturnality we found in open habitats. Densely covered habitats
and shrub cover are expected to limit visibility, thus reducing
the potential to detect predators and increasing the perceived
predation risk by fallow deer (Esattore et al. 2023; Lazzeri et al.
2024), which fits our results showing a reduced daily activity level
in covered habitats and sites with higher shrub cover.
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In contrast with our predictions, the analyses did not provide
support for the effect of human detection rate on the daily
activity level of either deer species. For fallow deer, this finding
agrees with a recent study conducted in our largest study area,
where no spatial association between their presence and the
detection rate of humans at camera sites was found (Esattore et al.
2023). Possibly, the relatively low average human pressure from
outdoor recreationists visiting our camera locations may not have
been sufficient to trigger reductions in herbivore daily activity.
Additionally, the absence of a detectable effect could have been
due to the marked spatial variability in human visitation rates
within areas, with a few high values concentrated in some sites
but much lower people attendance values in most of the others,
potentially masking consistent shifts in herbivore daily activity.

4.2 | Factors Affecting Nocturnality

In warm seasons, cooler nocturnal temperatures reduce ther-
moregulation costs, allowing herbivorous mammals to forage for
longer periods and to compensate for limited daytime foraging
opportunities in hot weather (Brivio et al. 2024; Levy et al. 2019;
Semenzato et al. 2021). Consistent with our prediction, roe deer
showed increased nocturnality following warmer temperatures
on a 24 h scale. The behavioral thermoregulation hypothesis
would predict that animals move to densely covered patches as
cooler microhabitats (Scheffers et al. 2014). Our results agree
with this expectation only partially. The interactive effects of
temperature and habitat type on daily activity and nocturnality
were not supported, suggesting that roe deer did not increase
the use of forest/shrub during hotter days. However, a greater
roe deer diurnal activity was observed in sites with a higher
shrub cover. A selection for sites providing adequate shelter has
been repeatedly acknowledged as an important determinant of
habitat choice for this deer species (Tufto et al. 1996; Mancinelli
et al. 2015; Padié et al. 2015). Although bushy vegetation may
also provide a thermal refuge during the day, greater diurnal
activity in sites with denser shrub cover may be associated with a
lower perception of risk, which may drive the spatial modulation
of activity. Overall, these results suggest that roe deer may
mitigate the effects of rising summer temperatures by shifting
their activity to nocturnal hours (Hetem et al. 2012; Davimes et al.
2017).

We predicted that the same strategy should be used to avoid
human recreational activities during daylight hours, which may
elicit antipredatory responses in prey species even in the absence
of a lethal threat (Bonnot et al. 2020). In contrast, roe deer
were less active at night in areas with higher human detection
rates, that is, they tended to be more diurnal in sites more
used by humans, although the relationship was rather weak
and confidence intervals were close to include “0.” Roe deer
have been shown to trade human risk avoidance for foraging
(Benoit et al. 2023), possibly explaining this finding. This result
may also be explained by the study being conducted within our
protected study areas, where human activity is generally limited
(~0.33 people detection/day at each camera site, on average) and
primarily diurnal (Figure S1), with hikers usually concentrated
on main trails during spring and summer (our observations)
and showing unbalanced spatial distribution across sites within
areas (cf. Results). This finding is also consistent with data

reported for other herbivorous mammals, which avoided hot
temperatures more than hikers (Thel et al. 2024). Nevertheless,
a recent study on a meta-community of mammals found a
shift toward nocturnality in response to human outdoor activity
within protected areas throughout early summer-late autumn,
where the wolf was also present, but much higher rates of
human visitation occurred (mean: ~2.3 people detections/day
at each site, st.dev: 3.4, range: 0—26; Salvatori et al. 2024). The
discrepancy with our results may be due to the availability of
alternative suitable sites for feeding and resting in our relatively
undisturbed study areas, suggesting that other factors, such as
individual spatial preferences (Spiegel et al. 2017), may have also
influenced the outcomes of our analysis. Moreover, the study
by Salvatori et al. (2024) also included cooler months, where
activity rhythms of mammals should be less constrained by heat
avoidance, and species could be more prone to respond to human
presence, which may partly contribute to explaining differences
in results between studies.

Usually, the presence of nocturnal carnivores favors prey shifts to
daylight activity rather than the other way round (Tambling et al.
2015; Veldhuis et al. 2020). Surprisingly, we found no influence
of site use by wolves on roe deer nocturnality. Brivio et al. (2024)
also showed that the increase in nocturnality of a heat-sensitive
mountain herbivore was independent of wolf presence. Our study
suggests that, for roe deer, the need to reduce thermoregulatory
costs likely outweighs the importance of avoiding nocturnal
predators.

Differently from roe deer, results did not support a major role
of heat stress in influencing changes in the temporal activ-
ity patterns of fallow deer. According to our predictions, the
nocturnal activity of fallow deer was relatively greater in sites
characterized by lower predator use, although the effect of this
predictor was weak as confidence intervals overlapped “0.” This
result suggests that fallow deer may trade off heat avoidance
with predator avoidance. This is consistent with fallow deer being
adapted to the warm Mediterranean climate and relatively heat
tolerant (De Marinis et al. 2022). Moreover, this result confirms
previous findings from our largest study area, indicating predator
avoidance as a major determinant of temporal activity patterns
of this deer, with an increase of diurnal activity being a tactic to
reduce temporal overlap with the wolf (Rossa et al. 2021; Esattore
et al. 2023; Lazzeri et al. 2024).

Analyses provided no support for a habitat-mediated effect of
temperature on fallow deer nocturnality, and showed an increase
in nocturnal versus diurnal detections in open habitats, such
as ecotones and meadows interspersed with bushes. Ecotones
are optimal habitats for deer species (e.g., McLoughlin et al.
2007; Miyashita et al. 2008) as they provide them with both
food and close distance to cover, unlike Mediterranean scrub
wood, where food availability is relatively low (Minder 2006).
In our largest study area, fallow deer are attracted to edge and
open habitats, where they reach great local densities (Ferretti
et al. 2011; Ferretti and Fattorini 2021; Esattore et al. 2023)
and form large groups of up to several tens of individuals to
improve antipredatory vigilance (Pecorella et al. 2019). In open
habitats, the effect of warmer temperatures during the day may be
greater due to the absence of cover providing shade and thermal
shelter. Temperatures drop at night, creating a more favorable
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environment for foraging in open habitats. Fallow deer may have
increased their nocturnality in open habitats to compensate for
the forage loss they endured during the day in covered habitats,
which also supports our findings on their daily activity level.

4.3 | Conclusion

This study provides the first insights into the complex interplay
between temperature, predator-prey dynamics, and anthro-
pogenic influence in shaping changes in activity patterns of
wild herbivores in the Mediterranean area. Our study suggests
that Mediterranean roe deer primarily allocated their energy
to avoid heat stress rather than predation. This result provides
support to the “heat dissipation limit theory,” which emphasizes
the critical importance of the endotherm capacity to dissipate
heat over other environmental requirements (Speakman and
Krol 2010). Additional information from sites more impacted
by human activities, such as non-protected areas, is needed to
confirm the present findings. For fallow deer, our results have
provided some support for a slight reduction of daily activity with
higher temperatures, whereas their nocturnal activity was more
affected by wolf attendance. Future studies should consider areas
where wolves are absent to better understand the spatiotemporal
behavioral responses of this ungulate to increasing temperatures.

For the time being, global warming does not seem to halt and,
in the future, Mediterranean species may face much greater
temperatures accompanied by reduced rainfall, thus lower water
and quality-food accessibility, as well as greater risk of heat
stress (Lionello and Scarascia 2018; Pfleiderer et al. 2019). Our
findings suggest that these herbivores may respond to warm-
ing by reducing their daily activity or shifting some of this
activity toward nighttime to minimize thermoregulatory costs.
However, whether these responses would be adaptive or not
is yet to be understood, as species-specific consequences on
population viability might also be expected, for example, due
to reduced daily food intake or higher predation risk at night.
Future management strategies should acknowledge the impact
of increasing temperatures as a significantly stressful factor.
Monitoring these effects is crucial to determine whether they
overshadow other environmental stressors, such as predation
risk or human disturbance. Rising temperatures may become a
major element affecting herbivorous species, influencing their
vital rates and shaping their interactions with other ecosystem
components.
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