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ABSTRACT
Wolves (Canis lupus) exhibit contrasted activity patterns along their distribution range. The shift from diurnal to nocturnal 
habits within and among populations appears to be primarily driven by localized levels of human activity, with ambivalent re-
sponses toward such disturbance reported among populations. Yet, the drivers and the underlying individual variability of tem-
poral avoidance patterns toward human remains unexplored. We equipped 26 wolves with GPS–GSM collars, obtaining 54,721 
locations. We used step lengths, turning angles, and accelerometer data from recorded locations to infer activity through hidden 
Markov models (Conners, M. G., T. Michelot, E. I. Heywood, et al. 2021. “Hidden Markov Models Identify Major Movement 
Modes in Accelerometer and Magnetometer Data From Four Albatross Species.” Movement Ecology 9, no. 1: 1–16.). We further 
explored the probability of activity as a function of a set of proxies of anthropogenic disturbance at different spatial scales and its 
interaction with different periods of the day by fitting population-level and individual-based hidden Markov models. Wolves were 
predominantly active during dusk and night, yet variations in activity emerged among individuals across day periods. We did not 
find clear population-level effects of anthropogenic disturbance predictors, as these were masked by a wide range of individual-
specific responses, which varied from positive to negative, with inter-individual variability in responses changing according to 
different predictors and periods of the day. Our results suggest a non-uniform strategy of wolves in adapting their behavior to 
human-dominated environments, further underscoring the role of vegetation patches acting as functional refuge cover for buff-
ering the effects of anthropogenic disturbance and boosting the persistence of the species in human-dominated landscapes. This 
study, for the first time, reveals the individual variability in wolf responses to human disturbance. By fitting hidden Markov mod-
els to data from GPS–GSM collars deployed on 26 wolves, we found significant variation between individuals in their responses 
to different levels of anthropogenic pressure and across different times of day, highlighting a non-uniform strategy for coping 
with perturbations in human-dominated landscapes. Our findings underscore the diverse behavioral adjustments employed by 
wolves to persist in these environments and highlight the critical importance of vegetation patches serving as refuge cover.
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1   |   Introduction

A large variability of activity patterns has been reported in 
mammals and, particularly, in carnivores (Bennie et al. 2014). 
This variability underscores the adaptable nature of behavioral 
reactions to diverse ecological pressures, ultimately setting 
context-dependency in the diel cycle use among species and 
even populations (Ferreiro-Arias et al. 2021). Consequently, this 
adaptability in diverse mammalian species can yield substantial 
disparities in activity profiles among populations across differ-
ent ecological contexts (Bennie et al. 2014; Ensing et al. 2014; 
Ferreiro-Arias et al. 2021; Gaynor et al. 2018).

In the case of wolves (Canis lupus), several studies reported con-
trasted activity patterns across their distribution range, display-
ing diurnal, crepuscular nocturnal, or bimodal activity (Ciucci 
et  al.  1997; Eriksen et  al.  2011; Mech  1992; Reichmann and 
Saltz  2005). Among these different ecological settings, several 
factors have been pinpointed to explain the prevailing activity 
patterns. Consequently, periods when wolves engage in activ-
ity may fluctuate due to factors including sex, age, physiolog-
ical, and social status (Eggermann et  al.  2009; Jedrzejewski 
et  al.  2001; Theuerkauf et  al.  2003) as well as across distinct 
reproductive seasons (e.g., mating or pup-rearing) (Rio-Maior 
et al. 2018; Theuerkauf et al. 2003; Tsunoda et al. 2009). Beyond 
these intrinsic factors, an array of extrinsic influences also 
contributes to the variability in activity rhythms. External fac-
tors, such as prey availability (Ballard et  al.  1991; Mech and 
Merrill  1998), human activity (Ciucci et  al.  1997; Mancinelli 
et al. 2019), or even weather and moon phases may contribute 
to explain fluctuations in wolf activity (Fancy and Ballard 1995; 
Kolenosky and Johnston 1967; Mech and Cluff 2011).

Although the factors mentioned previously have an impact 
on wolf activity, the shift from diurnal to nocturnal habits 
appears to be primarily driven by localized levels of human 
activity in temperate regions (Theuerkauf  2009; Martínez-
Abraín et  al.  2023). Several studies showed that wolves are 
able to perceive the negative risk related to human-induced 
mortality, being able to avoid times and places where the risk 
associated with human encounters is highest (Carricondo-
Sanchez et al. 2020; Llaneza et al. 2016; McNay 2002; Mech and 
Cluff 2011; Sazatornil et al. 2016; and Theuerkauf, Jȩdrzejewski, 
Schmidt and Gula 2003). However, several studies have reported 
that wolves may exhibit contrasted and ambivalent behav-
ioral responses towards anthropogenic disturbance (Dennehy, 
Llaneza, and López-Bao  2021; Martínez-Abraín et  al.  2023; 
Zimmermann et al. 2014). This variability suggests a tendency 
of wolves to adjust their behavior based on the degree of human 
presence rather than differences in infrastructure densities (i.e., 
settlements or roads), which may hold significance when perse-
vering in landscapes heavily influenced by humans (Dennehy, 
Llaneza, and López-Bao  2021; Llaneza et  al.  2016; Sazatornil 
et al. 2016). Thus, such behavioral flexibility would imply that 
behavioral adjustments exhibited by wolves in response to dis-
tinct ecological conditions could potentially lead to highly vari-
able behaviors among populations and even individuals.

Nonetheless, the studies reporting these behavioral adaptations 
and avoidance patterns often fall short of thoroughly exploring 

the individual diversity that underlies such responses (Ciucci 
et  al.  1997; Kusak, Skrbinšek, and Huber  2005; Mancinelli 
et  al.  2019; Theuerkauf, Jȩdrzejewski, Schmidt and Gula  2003; 
Theuerkauf et  al.  2003; Zimmermann et  al.  2014). Different in-
dividuals can manifest diverse responses to human presence in-
fluenced by their habituation to humans (Carricondo-Sanchez 
et al. 2020; McNay 2002), but few studies have fully explored wolf 
inter-individual variation in avoidance of human disturbance, 
limiting the inference to a consistent spatial avoidance of human 
infrastructure mostly at the population level (Carricondo-Sanchez 
et al. 2020). Other studies pointed out that disparities in the way 
wolves avoid human presence might stem from actual distinctions 
in personality, potentially shaped during their early years (Milleret 
et al. 2019; Sanz-Pérez et al. 2018). This suggestion stems from a 
connection between the attributes of wolves' natal territories and 
their habitat preferences in adulthood. Notably, Scandinavian wolf 
pairs displayed a tendency to utilize areas in proximity to humans 
less frequently when their natal territories exhibited higher levels 
of human encroachment, which stands in contrast with wolves 
born in regions with a lower degree of anthropogenic influence 
(Milleret et  al.  2019). Hence, in human-dominated landscapes 
areas where wolves have managed to persist, they may have 
adapted their behavior to minimize encounters with humans by 
exhibiting avoidance patterns and increased wariness toward 
areas with high human activity.

In this study, we took advantage of a wolf population persisting in 
a highly human-dominated landscape in the NW of the Iberian 
Peninsula, after a long period of intense human persecution to 
explore how wolf activity is influenced by humans and to inves-
tigate the individual variability in temporal avoidance responses 
of wolves toward different types of anthropogenic disturbance. 
Iberian wolves are suitable for exploring the impact of human dis-
turbance on individual variation of wolf activity. The life history 
of the Iberian wolves is characterized by a historical and intense 
human persecution, which is epitomized in ca. 15,000 wolves esti-
mated to be killed in just a 5-year period during the 19th century 
(Rico and Torrente 2000). Systematic persecution preceded a con-
siderable contraction of wolf range in Iberia (Clavero et al. 2022; 
Nores and López-Bao 2022; Valverde 1971). After an intense period 
of persecution around the mid-20th century, only two wolf popula-
tions remained during the 1970s: the large north-western Iberian 
wolf population (shared with Portugal) (Chapron et  al.  2014; 
Valverde 1971), and three small nuclei in the Sierra Morena area, 
all of them now extinct (López-Bao et al. 2018). After this bottle-
neck, evidence suggest a decrease in the genetic diversity of the 
Iberian wolf population (Lobo, López-Bao, and Godinho  2023; 
Salado et al. 2022). Hence, it is expected that this historical perse-
cution could have profoundly influenced the behavior and ecology 
of the wolves persisting in these human-dominated landscapes 
(Sazatornil et al. 2016).

2   |   Materials and Methods

2.1   |   Study Area

This study was carried out in Galicia (NW Spain; ca. 
30,000 km2), where wolves have persisted continuously over 
the past two centuries (Clavero et  al.  2022; Núñez-Quirós, 
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García-Lavandera, and Llaneza  2007). Over recent decades, 
Galician landscapes have undergone a transformation from 
predominantly agricultural terrain to landscapes charac-
terized by extensive pine and eucalyptus forest plantations 
(Calvo-Iglesias, Fra-Paleo, and Diaz-Varela 2009). This trans-
formation was accompanied by a proliferation of human in-
frastructures in both rural and natural settings, contributing 
to landscapes that are profoundly shaped by human activity 
(Llaneza, López-Bao, and Sazatornil  2012). Besides forest 
plantations, the landscape is also characterized by pastures 
for livestock rearing, both covering ca. 55% of the region. 
Native scrublands and deciduous forests cover ca. 17% and 
10%, respectively (SIOSE National Technical Team  2022). 
Galicia is characterized by a high human population density 
(93.7 inhabitants/km2), but human settlements are widely dis-
persed (ca. 3 human settlements/km2) with an average paved 
road density of 3.5 km/km2 (INE 2010) (Figure 1). Wolves oc-
cupy most of Galicia (91% of Galicia estimated in 2021–2022) 
and show a stable trend in the last decade (2013–2015 vs. 
2021–2022), based on estimates of breeding packs (Llaneza 
et al. 2015, 2022).

2.2   |   Wolf Captures and Data Collection

Data from this study comes from a sample of 26 wolves cap-
tured and monitored between 2006 and 2014. Sex and age were 
determined in  situ (nmales = 14, nfemales = 12). Age was deter-
mined by assessing the dental pattern and individuals were 
classified as subadults (1–2 years, n = 19) or adults (≥ 2 years, 
n = 10) (Gipson et al. 2000). Wolves were also classified as pack 
members (n = 22) and non-pack members (dispersers and lone 
wolves, n = 6). To classify wolves as pack and non-pack mem-
bers, we investigated the movements of wolves in relation to the 
location of den and rendezvous sites. We adhered to established 
protocols employing howling points utilized for wolf moni-
toring in the Iberian Peninsula (Llaneza, García, and López-
Bao 2014; Palacios et al. 2016). Additionally, we integrated data 
on the location of these sites with occasional visual observa-
tions of both collared and non-collared wolves. Wolves that ex-
hibited repeated presence near a specific den or rendezvous site 
with pups, or were observed with other pack members or pups, 
were classified as pack members. Wolves L04, L21 and L43 
were first classified as pack members and left their pack during 
monitoring (Table S1). Wolves were monitored with GPS–GSM 
collars (Tellus T3H and T5H models from Followit, Sweden). 
GPS–GSM collars were scheduled in order to record wolf loca-
tions with a frequency of 2 h. Wolves included in this study were 
captured with Belisle leg-hold snares (Edouard Belisle, Saint 
Veronique, PQ, Canada) and chemically immobilized by intra-
muscular injection of 0.10 mg/kg of medetomidine (Dormitor, 
Merial, Lyon, France). Capture procedures during fieldwork 
were adhered to animal welfare regulation under the permits 
19/2006, 71/2009, 86/2011, and 95/2013 from the Regional 
Government of Galicia (Xunta de Galicia). Fieldwork proce-
dures were adhered to regulations of animal welfare (Spanish 
Decree 53/2013). Immobilization was reversed by the intramus-
cular injection of atipamezole (Revertor, Merial, Lyon, France). 
Captured individuals were evaluated as clinically healthy at the 
moment of capture, showing only minor lesions associated with 
trapping (e.g., skin abrasion).

For each location, we extracted information of date and time 
from GPS–GSM collars and sunrise and sunset times from the 
Spanish National Geographical Institute (https://​astro​nomia.​
ign.​es/​). In order to better classify activity records into noctur-
nal or diurnal behaviors, we subdivided a 24-h period into 4 
classes: dawn (1 h before and after sunrise); day (1 h after sunrise 
until 1 h before sunset); dusk (1 h before and after sunset); and 
night (1 h after sunset and 1 h before sunrise).

2.3   |   Inferring Wolf's Activity through Hidden 
Markov Models

We used hidden Markov models (hereafter, HMMs) to infer 
the underlying behavioral states (inactive or active) for each 
location. We first split the tracks of each wolf every time loca-
tions were missed and periods between consecutive recordings 
exceeded 4 h (Michelot, Langrock, and Patterson 2016). Then 
we fitted two-state HMMs considering successive time series 
of locations to calculate the step length and the turning angle 
at each time point (Michelot, Langrock, and Patterson 2016). 
Step lengths were defined as the distance between consecutive 
locations while turning angles were defined as the magnitude 
of changes in direction between two successive steps. Step 
lengths were fitted with a Gamma distribution with a mean 
step length to 0.1 for inactive behaviors and 1 for active behav-
iors, with a corresponding standard deviation of 0.1 and 1, re-
spectively. We further included a zero-mass parameter to deal 
with a zero-inflated distribution of step lengths (Michelot, 
Langrock, and Patterson 2016). We fitted turning angles with 
a von Mises distribution, with a mean turning angle and angle 
concentration of 3.14 (i.e., pi) and 0.5 for inactive states and 
0 and 5 for active states, respectively. Besides step lengths 
and turning angles, we have included accelerometer data as 
a third data stream on HMMs to better define “active” and 
“inactive” behavioral states (Conners et al. 2021; McClintock 
and Michelot  2018). We included the sum of the X-axis and 
Y-axis values recorded by the accelerometer at the time each 
GPS coordinate was logged, as it provides reliable measures 
of activity which complements step lengths and turning an-
gles (Petroelje et al. 2020). Since accelerometer loggers provide 
only positive and discrete values, we employed a negative bi-
nomial distribution with a size parameter of 0.01 for inactive 
states and 30 for active states, and a probability parameter of 
0.8 for inactive states and 0.3 for active states. We expected 
to find an “active” state characterized by long step lengths, 
turning angles close to zero indicating directionality in the 
movement and large accelerometer values. Conversely, we an-
ticipated an “inactive” state to reflect considerably short step 
lengths among successive locations, large turning angles, and 
accelerometer values close to zero (Franke et al. 2006; Ylitalo, 
Heikkinen, and Kojola 2021).

In order to fit a HMM, the likelihood function, which gauges 
the plausibility of the observed data given a set of parameter val-
ues, must be numerically optimized (Michelot, Langrock, and 
Patterson 2016). To minimize the negative log-likelihood in our 
HMMs, we utilized the argument “retryFits” of the fitHMM() 
function set to 30 attempts, which introduces random pertur-
bations of the parameter estimates at the current minimum 
(McClintock and Michelot 2018). The best model among these 

https://astronomia.ign.es/
https://astronomia.ign.es/
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30 attempts was selected by identifying the one with the high-
est maximum likelihood. HMMs were fitted by employing the 
“momentuHMM” package (McClintock and Michelot 2018) in R 
Statistical Software (R Core Team 2022).

2.4   |   Spatial Data and Covariates

We extracted values of different proxies of human disturbance. 
At fine scale (1 km2), we extracted information of human popu-
lation density and distances from wolf locations to the nearest 
human settlement, primary and secondary roads, as well as ref-
uge cover. We accomplished this by creating raster layers with 
varying resolution for each predictor, utilizing data resources 
available through the Spatial Data Infrastructure of Galicia 
(IDEG, http://​mapas.​xunta.​gal/​ideg). We further extracted in-
formation at the home-range scale (i.e., home range) regarding 

the availability of refuge cover and the hourly average traffic 
volume. To this end, we extracted the percentage of refuge cover 
and traffic volume within a convex hull estimated based on a 
kernel density approach using the 90% of locations of each indi-
vidual (Worton 1989).

We estimated the availability of land use cover supposedly act-
ing as a functional refuge for wolves at both fine and large scale 
to test its influence on the activity patterns of the species. We 
defined refuge cover as the proportion of the area occupied by 
vegetation cover that could provide shelter for wolves (i.e., dense 
scrublands mainly represented by Erica spp. and Ulex spp., tree 
plantations and deciduous forests). We have extracted the size of 
patches of plantations, forests, dense scrublands and other land 
use classes that could provide shelter for wolves from land use 
layers available from the Spanish Land Occupancy Information 
System (SIOSE National Technical Team 2022). Then, we have 

FIGURE 1    |    Study area showing the location of Galicia within Iberian Peninsula and the distribution of home ranges of the wolves monitored in 
this study (A), the spatial distribution of human settlements (B), paved roads (C), and refuge cover (D).

http://mapas.xunta.gal/ideg
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rasterized the spatial layers with a resolution of 10 × 10 m and 
calculated the proportion occupied by refuge patches available 
within a 1 km radius for each of the obtained locations as well as 
for the convex hull estimated from the 90% of locations. To this 
end, we used the R package “landscapemetrics” (Hesselbarth 
et al. 2019).

In order to estimate the level of human activity at large scale, we 
employed as a proxy the hourly average intensity (HAI) of traffic 
available in the Annual Traffic Reports from the Department 
of Infrastructure and Mobility of Xunta de Galicia (https://​infra​
estru​turas​emobi​lidade.​xunta.​gal/​portada). These detailed re-
ports provide the average hourly traffic volume per road section 
for each day of the week of all months, from 1993 to 2021. We ex-
tracted the road segments occurring in each wolf’ home ranges 
and subsequently the traffic volume corresponding to the time 
and date of each wolf locations. Then, we computed the total 
hourly traffic volume by summing the total records of each road 
section occurring within the estimated convex hull.

To extract values of human population density, we used data 
containing the validated location of > 30,000 human settlements 
along with their population size in 2010, resulting in a fine-scale 
and robust characterization of the large dispersion of inhabi-
tants in the region. We used the “Kernel Density” tool in ArcGIS 
Pro software (Environmental Systems Research Institute 2023), 
leveraging the previously mentioned shapefile layer contain-
ing the locations of the population entities. In this process, we 
assigned weight to each point based on the population size of 
the corresponding entity. This resulted in a 1 × 1 km raster of 
the estimated human population size per square kilometer. 
Subsequently, we assigned the value of human population den-
sity to each wolf locations included in that cell.

To extract values of Euclidean distances to human settlements, 
primary and secondary roads, we built up three 10 × 10 m ras-
ter layers depicting the Euclidean distance of the centre of 
each raster cell to the nearest human infrastructure by using 
the “Euclidean Distance” tool from ArcGIS Pro software 
(Environmental Systems Research Institute  2023). For paved 
roads, we first reclassified roads as primary and secondary based 
on traffic intensity, fencing and number of lanes (Dennehy, 
Llaneza, and López-Bao 2021) and, subsequently, calculated the 
distance of the centre of each cell to the nearest line feature. For 
each human infrastructure, we assigned the value of Euclidean 
distance to each wolf locations included in that cell.

2.5   |   Estimating the Effects of Anthropogenic 
Disturbance on Wolf Activity

To determine the main factors related to anthropogenic distur-
bance driving changes between “active” and “inactive” behav-
ioral states, we used a set of predictors as covariates in HMMs 
(see Spatial data and covariates section). Instead of merging 
all predictors in a set of different plausible models and to per-
form model selection based on information criteria (e.g., AIC 
or BIC), we relied on a set of a priori hypotheses to construct 
the fixed structure of our models and test the influence of dif-
ferent drivers of anthropogenic disturbance (see Table  S2 for 
a detailed description of predictors and hypotheses). Thus, we 

separately included interactions between the time of day (i.e., 
dawn, day, dusk, and night) and the following predictors as 
covariates: fine-scale refuge cover, human population den-
sity, hourly traffic volume, Euclidean distance to the nearest 
human settlement, and distances to the nearest primary and 
secondary roads. Lastly, we further included an interaction 
term between human population density and refuge cover at 
home-range scale to test if vegetation cover may buffer the 
effects of human population density on overall wolf activity. 
Continuous predictors were previously scaled and centred in 
order to avoid convergence issues when running models. We 
further tested the multicollinearity of the predictors by calcu-
lating variance inflation factors (VIF) and pairwise Pearson 
correlation coefficients using the car and corrplot packages, 
respectively (Fox et al. 2007; Wei et al. 2017) (Figure S1). Wolf 
L43 was not included for modeling analysis since we could not 
estimate several predictor values.

2.6   |   Analyzing the Inter-Individual Variability 
of Wolf Responses

To investigate the effects of anthropogenic disturbance predic-
tors on wolf behavior, we fitted several HMMs. Initially, we fit 
a population-level HMM using data from all wolves to estimate 
a single set of parameters that represent the average relation-
ships between predictors and wolf behavior across the entire 
population. For a detailed analysis of individual variability, we 
applied an individual-based approach by fitting separate HMMs 
for each wolf. Each individual HMM retained the same covari-
ates as specified by our a priori hypotheses (Table  S2). This 
method allows for the estimation of individual-specific coeffi-
cients for each predictor, thereby capturing unique responses 
of each wolf to each proxy of anthropogenic disturbance. Since 
this approach does not guarantee consistency in behavioral state 
classification across individuals, we have visually inspected the 
derived state-dependent distributions for each data stream and 
each individual. However, as our aim is solely to classify two be-
havioral states (i.e., active vs. inactive), we argue that any vari-
ability observed does not present a significant obstacle to the 
accurate inference and interpretation of our results. Hence, the 
stationary probabilities from the population-level HMM would 
reflect general trends and responses across the population. In 
contrast, stationary probabilities from each individual HMM 
would reveal how specific wolves respond to various predictors, 
enabling an examination of both population-wide patterns and 
individual-specific behaviors. To extract and visualize the sta-
tionary probabilities, we used the plotStationary() function from 
the “momentuHMM” package (McClintock and Michelot 2018). 
In order to estimate conditional stationary probabilities of ac-
tivity, we fixed the values of all continuous predictors at their 
median values. For categorical predictors, we maintained the 
reference level of the factor to isolate the effect of the predictor 
of interest. For specific visualization of individual distributions 
of activity across different day periods, continuous predictors 
were further categorized into three classes: low, medium, and 
high, which were defined based on the first quartile, median, 
and third quartile values, respectively. Model visualization was 
carried out using the “ggplot2” package (Wickham  2016). All 
analyses were carried out in R Statistical Software v. 4.2.2 (R 
Core Team 2022).

https://infraestruturasemobilidade.xunta.gal/portada
https://infraestruturasemobilidade.xunta.gal/portada
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3   |   Results

GPS–GSM devices recorded tracks spanning a total of 54,721 
wolf locations from 26 individuals, covering approximately 
109,442 h of sampling. Mean (± SD) of sampling days per indi-
vidual was 193 (± 100) days (range: 52–397) (Table  S1). Mean 
(± SD) percentage of missing locations per individual was 12.5% 
(± 16.9%) (Table S1).

3.1   |   State-Dependent Parameters 
and Probabilities

Splitting our dataset into complete tracks resulted in a ~10% 
reduction in locations available for HMMs. HMMs converged 
successfully in all models across the 30 attempts, reaching con-
sensus on state-dependent parameters. For population-level 
HMM, the mean (± SD) of step length and the mean (and con-
centration) of turning angles for inactive locations were 0.03 
(± 0.03) km and − 3.14 rad (0.5), respectively (Figure  S2). For 
active behaviors, the mean (± SD) of step length and the mean 
(and concentration) of turning angles were 1.45 (± 1.63) km and 
0.12 rad (0.12), respectively (Figure S2). The zero-mass parame-
ters for step length were 3.5 × 10−5 for inactive and 3.1 × 10−4 for 
active states. Additionally, the mean (± SD) of the sum of dual 
axis accelerometer values for inactive states was 3.32 (± 0.09) 
and for active states was 25.31 (± 0.36), respectively (Figure S2).

State transition probabilities based on mean covariates values 
indicates that the probability of wolves remaining in the inac-
tive state is 0.87, while transitioning to the active state is 0.13. 
Conversely, the probability of remaining in the active state is 

0.36, while transitioning to the inactive state is 0.64. Stationary-
state distributions of step lengths and acceleration largely dif-
fer between behavioral states, indicating a clear separation of 
behavioral states in function of variations in signal patterns 
obtained from accelerometer devices and distances between 
consecutive locations (Figure S2). Turning angles showed flat 
density distributions in both states, implying random movement 
directions (Figure S2).

3.2   |   Temporal Responses Toward Anthropogenic 
Disturbance

Overall, for most predictors related to anthropogenic distur-
bance, we observed either a lack of effects or weak trends at 
population level on the probability of activity during night, 
dusk, and daylight periods (Figure  2A). We found positive 
trends at dawn for human population density, distances to 
primary and secondary roads, and fine-scale refuge cover 
(Figure 2A). Conversely, we found negative trends at dawn for 
distances to human settlements and traffic volume (Figure 2A). 
Additionally, there was a weak trend for wolves to reduce their 
diurnal activity as human population density increased and 
the distance to human settlements decreased (Figure 2A). In 
contrast, we observed a clear effect in the interaction between 
human population density and the amount of refuge cover 
at the home range scale on overall wolf activity (Figure  2B). 
When refuge cover is high or medium at the home range scale, 
the probability of activity increases despite higher human pop-
ulation density. Conversely, when refuge cover is low, the prob-
ability of activity decreases drastically as human population 
density increases (Figure 2B).

FIGURE 2    |    Population-level effects of anthropogenic disturbance predictors on wolf activity. Panel A shows the stationary probability of activity 
as a function of the interaction between various predictors and the period of the day. Panel B illustrates the interaction between human population 
density and refuge cover at the home range scale on overall wolf activity. Refuge cover was classified as low, medium, and high based on the first 
quartile, median, and third quartile values, respectively. Shaded regions along each line denote the corresponding 95% confidence intervals.
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3.3   |   Inter-Individual Variability within Temporal 
Avoidance Patterns

Wolves exhibited clear inter-individual differences in the pro-
portions of time they were active during different periods of the 
day (Figure 3). At the population level, wolves showed a higher 
proportion of time being active during the night and dusk com-
pared to dawn or day periods. We found considerable inter-
individual variability at in the proportion of time active at dawn, 
ranging from approximately 23% to 75% of the time, which dras-
tically decreased during daylight hours (Figure 3). Conversely, 
moderate inter-individual variability in the proportion of time 
spent active was observed during twilight and night (Figure 3).

Overall, we found that individual responses to various predictors 
of anthropogenic disturbance were highly diverse, showing both 
negative and positive effects depending on the predictor and the 
period of the day (Figure 4). Specifically, individual responses to 
human population density exhibited substantial variability. At 
high population densities, both individual and inter-individual 
variability in the probability of wolf activity increased markedly, 
with some wolves demonstrating pronounced negative trends 
while others showed positive trends, even during daylight hours 
(Figures 4 and 5). In contrast, when human population density 
was medium or low, variability in responses decreased signifi-
cantly (Figure 5). For distances to human settlements, primary 

roads, and secondary roads, we observed similar ambivalent 
responses among wolves (Figure  4). Some wolves approached 
these features during various times of the day, whereas others 
ether displayed no effect (e.g., L12) or consistently avoided them 
(e.g., L27) (Figure 4). This pattern of variability was consistent 
across all predictor categories (low, medium, and high) and day 
periods (Figure 5). Regarding traffic volume, we found that both 
individual and inter-individual variability were lower across all 
times of the day (Figures 4 and 5). Additionally, as the amount 
of refuge cover diminished, wolves displayed ambivalent re-
sponses during day, dusk, and night, with both positive and neg-
ative effects depending on the amount of available refuge cover 
(Figure 4). However, inter-individual variability in activity de-
creased during dawn periods and increasing fine-scale refuge 
cover availability (Figure 5).

4   |   Discussion

Our findings contribute to the understanding of how wolves ad-
just their behaviors to cope with human activity and highlight 
the inter-individual variability in such responses. Consistent 
with previous studies, our results reinforce the idea that, in 
human-dominated landscapes wolves are predominantly noc-
turnal in order to reduce exposure risk to humans. (Ciucci 
et  al.  1997; Kusak, Skrbinšek, and Huber  2005; Mancinelli 

FIGURE 3    |    Proportion of time assigned to activity across different day periods. Violin plots for each day period illustrate the variability within 
the wolf population in the proportion of time that individuals are active. Colored dots illustrate the individual-specific values of proportion of time 
expended being active.
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et al. 2019; Vilà 1995). This is in line with the concept of tempo-
ral avoidance, where wolves adjust their behavior to avoid peri-
ods of high human activity, reducing the risk of human-induced 
mortality (Gaynor et al. 2018; Kronfeld-Schor and Dayan 2003). 
As expected, higher human population density was associated 
with reduced daytime activity, emphasizing the wolves' sensi-
tivity to human presence. The negative effects on daytime activ-
ity were more pronounced with increasing proximity to human 
settlements. Conversely, we found a positive effect of human 
population density on nocturnal activity, dusk and dawn, thus 
indicating that wolves may utilize these times to venture closer 
to such areas when the human presence is lower. This behav-
ior is consistent with a spatio-temporal avoidance patterns en-
gaged by the notion that wolves actively avoid areas with higher 
human activity to reduce the risk of encounter with humans 
(Mancinelli et al. 2019; Theuerkauf, Jȩdrzejewski, Schmidt, and 
Gula  2003). Similarly, recent studies also showed that Iberian 
wolves avoided certain periods of the day for crossing different 

classes of roads because traffic flow was at its highest, reinforc-
ing the idea that paved roads influence wolf behavior due to traf-
fic volume (i.e., human activity) rather than the occurrence of 
roads per se (Dennehy, Llaneza, and López-Bao 2021).

Refuge cover, represented by vegetation providing shelter for 
wolves, also played a role in modulating activity by hampering 
the effects of human perturbation. Higher levels of refuge cover 
at fine scale were slightly associated with reduced nocturnal and 
crepuscular activity and increased activity during dawn, indi-
cating that areas with more shelter might encourage wolves to 
be more active during this period. In contrast, we observed a 
clear interaction effect between human population density and 
the amount of refuge cover at the home range scale on overall 
wolf activity. This finding underscores the importance of large-
scale habitat features in buffering the adverse effects of human 
presence. While fine-scale refuge cover showed variable and 
individual-specific effects, it did not demonstrate such strong, 

FIGURE 4    |    Individual responses of wolves to anthropogenic disturbance. Each column displays a different period of the day. Each row, listed 
from top to bottom, represents a different predictor related to anthropogenic disturbance: Human population density, distance to human settlements, 
distance to primary roads, distance to secondary roads, hourly traffic volume, and refuge cover at fine scale. Colored lines within each panel represent 
the responses of individual wolves to the respective predictor.
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consistent impacts at population level. This suggests that at a 
larger spatial scale, the availability of extensive refuge cover can 
play a critical role in allowing wolves to maintain their activity 
levels despite anthropogenic pressures. The ability of extensive 
refuge areas to mitigate the negative impacts of human density 
highlights the need for conservation strategies that focus on 
preserving and enhancing large, contiguous areas of vegetation 
functionally acting as refuge for wolves. This could be partic-
ularly vital in regions facing increasing human encroachment, 
where maintaining or restoring substantial refuge cover within 
wolf home ranges may be key to supporting their ecological re-
silience and behavioral adaptability (Grilo et al. 2019; Llaneza 
et al. 2016; Sazatornil et al. 2016). Hence, our results underscore 
the importance of maintaining patches of vegetation that can act 
as effective refuges for wolves from a functional point of view 
(Grilo et al. 2019; Llaneza et al. 2016; Sazatornil et al. 2016), in 
order to facilitate the persistence of wolves in human-dominated 
landscapes.

One of the significant contributions of our study is the explora-
tion, for the first time, of this inter-individual variability in wolf 
responses toward anthropogenic disturbance. Remarkably, we 
observed a substantial individual variability in the temporal 
avoidance of wolves toward proxies of human disturbance 
that obscures clear population-level effects, suggesting a non-
uniform strategy of wolves in adapting to human-dominated 

environments. Overall, this variability masked the effects of 
predictors at population-level, but there was particularly ev-
ident in responses to human population density, where some 
wolves exhibited clear negative trends in activity, while oth-
ers showed positive trends, even during daylight hours. This 
highlights the complexity of wolf behavior and their capacity 
for individual-specific adaptation. Furthermore, the ambiva-
lent responses to distances from human settlements and roads 
indicate that wolves may employ diverse strategies, with some 
individuals approaching these features while others avoid 
them consistently. This pattern suggests that wolves are capa-
ble of behavioral plasticity, potentially adjusting their activity 
to balance the risks and benefits of human proximity. Hence, 
our comprehensive examination of predictors highlights the 
complex and variable nature of wolf responses to anthropo-
genic disturbances.

The strategies of temporal avoidance toward humans (i.e., in-
creased nocturnality) has been pointed out as one of the main 
mechanisms driving human–carnivore coexistence, enhanc-
ing the persistence of large predators in human-dominated 
landscapes (Lamb et  al.  2020). Given the historical persecu-
tion of wolves in Iberian landscapes (Clavero et al. 2022; Nores 
and López-Bao  2022; Núñez-Quirós, García-Lavandera, and 
Llaneza  2007; Rico and Torrente  2000), nocturnal behaviors 
may be favored from an adaptative perspective by reducing 

FIGURE 5    |    Ridge density plot showing individual distributions of probability of activity and the inter-individual differences across levels of 
anthropogenic disturbance and day periods. The y-axis represents the period of the day, and the x-axis shows the probability of activity. The plot is 
organized into six columns (three categories of respective predictor values: low, medium, and high) and three rows: The first row displays human 
population density (left) and distance to human settlements (right), the second row shows distance to primary roads (left) and distance to secondary 
roads (right), and the third row presents hourly traffic volume (left) and refuge cover at fine scale (right). Each density function is colored by individual 
wolf ID. Thicker density functions indicate higher individual variability, while narrower, more peaked functions suggest lower variability. Greater 
overlap between density functions indicates less inter-individual variability, whereas less overlap indicates higher variability for a given predictor 
level during a specific period of the day.
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human-induced mortality. Differences in individual responses 
and personalities in animal behavior can be explained by 
adaptive pressures (Dall, Houston, and McNamara  2004; 
Wilson 1998), which often results in polymorphic populations 
of risk-taking and risk-averse individuals (Bombieri et al. 2021; 
Wolf et al. 2007). This spectrum of behaviors can have systemic 
consequences on the overall fitness of individuals within a 
population (Smith and Blumstein 2008) and the existence of a 
gradient along the shyness-boldness spectrum can become par-
ticularly pertinent in populations subjected to persecution. This 
can lead to subsequent changes in the equilibrium of behavior 
frequencies within populations, adding a nuanced layer to our 
understanding of the adaptive strategies employed by animals 
in response to external threats (Wolf et al. 2007). Hence, if along 
the life history of Iberian wolves an increased nocturnality and 
risk-averse behaviors continued over multiple generations being 
favored by a reduced human-induced mortality, it could poten-
tially lead to changes in the behavior of wolves at population 
level (Martínez-Abraín et al. 2023).

However, our understanding of the factors influencing be-
havioral traits is still quite limited. It is plausible that this 
tendency is an adaptive trait inherited through generations, 
possibly developed as a response to the selective pressure 
against behaviors that draw wolves toward human activities, 
a phenomenon already observed in other species (Agnvall 
et  al.  2012; Carrete et  al.  2016). Additionally, natal condi-
tions could play a role in shaping this avoidance behavior and 
the individual variability in these spatio-temporal responses 
(Carricondo-Sanchez et al. 2020; Milleret et al. 2019). While 
learning before independence may contribute, there are in-
dications that the fear of humans has a genetic influence 
(Carricondo-Sanchez et  al.  2020; Fox  1972; Hall et  al.  2015; 
Milleret et  al.  2019; Saetre et  al.  2006). Given that a signifi-
cant proportion of wolf mortality is linked to humans (Blanco 
and Cortés 2007; Rico and Torrente 2000), it is reasonable to 
argue that the ability to avoid humans could be an advanta-
geous trait subject to human-induced selection pressures. 
This behavior may manifest as an innate component (Saetre 
et al. 2006), learned from parents (Milleret et al. 2019), or a 
combination of both. However, establishing a direct relation-
ship between avoidance patterns and specific environmental 
conditions is challenging, making it speculative to deter-
mine the true adaptiveness of observed behaviors. While we 
focused on analyzing temporal avoidance patterns and their 
inter-individual variability, it is crucial to acknowledge these 
limitations, emphasizing the need for further research to val-
idate these speculations. Future investigations exploring the 
connection between behavioral variability and genetic relat-
edness hold the potential to yield intriguing insights in the 
adaptability of wolves toward different ecological scenarios 
and human-dominated landscapes.
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