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Abstract

:

In an era of increasing human pressure on nature, understanding the spatiotemporal patterns of wildlife relative to human disturbance can inform conservation efforts, especially for large carnivores. We examined the temporal activity and spatial patterns of wolves and eight sympatric mammals at 71 camera trap stations in Greece. Grey wolves temporally overlapped the most with wild boars (Δ = 0.84) and medium-sized mammals (Δ > 0.75), moderately with brown bears (Δ = 0.70), and least with roe deer (Δ = 0.46). All wild mammals were mainly nocturnal and exhibited low temporal overlap with human disturbance (humans, vehicles, livestock, and dogs; Δ = 0.18–0.36), apart from roe deer, which were more diurnal (Δ = 0.80). Six out of nine species increased their nocturnality at sites of high human disturbance, particularly roe deer and wolves. The detection of wolves was negatively associated with paved roads, the detection of roe deer was negatively associated with human disturbance, and the detection of wild boars was negatively associated with dogs. The detection of bears, boars, and foxes increased closer to settlements. Our study has applied implications for wolf conservation and human–wildlife coexistence.
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1. Introduction


Studying the activity patterns of animals in time and space is critical to understanding their behavior, interactions with other species, and resource requirements [1]. The spatiotemporal patterns of wildlife are affected by human disturbance [2,3], climatic factors [4], the activity and abundance of prey [5], and interspecific interactions [6,7]. Given the rapid industrialization of the Earth [8], together with the predicted sharp expansion of roads globally [9], wildlife, and especially large carnivores, are increasingly vulnerable to human-induced pressures [10]. This issue was recently addressed by governments around the world with the Kunming–Montreal Global Biodiversity Framework [11], with two distinct targets: (a) eliminating the loss of areas of high ecological importance by 2030 (Target 1), and (b) minimizing human–wildlife conflict to promote coexistence (Target 4). Therefore, it is of critical importance to understand the spatiotemporal patterns of wildlife to inform conservation practice and future research efforts.



Humans are perceived as “super predators” and can trigger strong avoidance in wild animals, who usually adjust their behavior in time and space to minimize encounters with humans [2,12]. Human activity in some areas may affect large herbivores more than habitat or natural predators [13,14]. Wild mammals often increase nocturnality relative to the intensity of human disturbance in anthropogenic landscapes [2,15,16]. For many large carnivores, their long history of persecution likely contributes to their crepuscular–nocturnal behavior [17]. Animals do not respond homogenously to human disturbance and variable environmental conditions; therefore, a multi-species approach is required [18].



The challenge of adapting spatiotemporal behavioral patterns to optimize fitness is even more pronounced for large carnivores, which sometimes increase their hunting success by adopting the spatiotemporal patterns of their prey [19,20]. As top predators, grey wolves (Canis lupus) make an effective model species for studying spatiotemporal relationships, given that their populations in human-dominated landscapes across Europe appear to be on the increase [21]. Thus, we focused our research on grey wolves, a species protected under European legislation (Habitats Directive of the European Union 92/43/EEC). Wolves are widespread in Greece (60% of the mainland) [22], where wolf–human conflict is a major management concern [23]. Thus, understanding the spatiotemporal activity patterns of wolves and their wild prey is a necessity to inform wildlife management and wolf–human conflict mitigation, and to guide future research efforts. This topic remains largely unstudied in the human-dominated landscapes of south-eastern Europe, and Greece in particular, such that our research contributes to filling an important ecological knowledge gap.



We focused our research on grey wolves and their main wild prey in northwestern Greece by studying wildlife behavior using camera trapping [1]. Apart from the main target species, we used camera “bycatch” data to study the behavior of other sympatric species. We had four objectives, which were to investigate: (a) the temporal activity patterns of wolves and temporal overlap with their main wild prey and other sympatric predators, (b) the temporal activity patterns of wild mammals in relation to human disturbance, (c) the nocturnality of wild mammals as a response to the intensity of human disturbance, and (d) factors influencing the detection rates of wild mammals. We interpreted our findings in the context of wolf conservation.




2. Materials and Methods


2.1. Study Area


The study was conducted in Ioannina Regional Unit, northwestern Greece (c. 5000 km2, 39.8116969 N, 20.808036 E) (Figure 1). It is a mountainous area with an elevation range between 92 and 2586 m. The area is covered by broadleaved forests, coniferous forests, mixed forests (38.0%), scrublands (26.4%), agricultural land (17.3%), natural grasslands/sparse vegetation (15.4%), artificial surfaces (1.6%), water bodies/wetlands (0.7%), and natural bare land (0.6%) [24]. The climate was intermediate between the Mediterranean and the Continental type, with a mean total annual precipitation of 1015 mm, and a mean monthly temperature ranging from 4.7 °C (January) to 26.8 °C (August), with a minimum in January (−3.2 °C) and a maximum in August (35.0 °C) (data from Ioannina Meteorological Station, 2010–2020, 475 m). Mammals that are present in the region include wolves, brown bears (Ursus arctos), wild boars (Sus scrofa), roe deer (Capreolus capreolus), Balkan chamois (Rupicapra rupicapra balcanica), red foxes (Vulpes vulpes), European badgers (Meles meles), stone martens (Martes foina), European brown hares (Lepus europaeus), and occasionally, golden jackals (Canis aureus). Protected areas cover 44% of the study area (16 sites of the Natura 2000 network). Human density is 33.6 inhabitants/km2 [25]. Livestock breeding is a main economic activity in the study area with an average density of 66.5 sheep/goat and 7.3 cattle animals per km2 [26]. Most free-ranging livestock herds are protected by guardian dogs and shepherds. Hunting is widespread, with 5500–6000 regional licenses issued each hunting season (Ioannina Hunting Association). Hunting is permitted from the middle of August to the end of February; however, hunters often walk their hunting dogs outdoors outside of hunting season. Hunters are not allowed to hunt close to human settlements or in wildlife reserves (n = 15 reserves, 6% of the study area). The main mammalian game species are wild boars and brown hares. The hunting of roe deer and Balkan chamois has been legally banned in Greece since 1969 due to the low population densities of these species, although poaching does occur.




2.2. Data collection: Camera Trapping


We conducted the camera trap survey between July and October 2019, and July and November 2020, using 20 no-glow camera traps (Browning Dark Ops HD Pro X 2019). We rotated the camera traps every 30–40 days at a total of 75 stations within a standard 5 × 5 km EEA grid [27], covering 36% of the Ioannina regional unit. We positioned cameras to maximize the probability of detecting wolves along forest roads. We hid cameras and locked them on trees (height: 60–250 cm) to minimize camera theft and vandalism. Nonetheless, towards the end of the survey period, three cameras were stolen, and one was disrupted by livestock, resulting in a final set of 71 camera trap stations (Figure 1). Cameras remained for an average of 37.5 (±6.5 SD) trap days per site. The average spacing between cameras was 4.1 km (±1.5 km). We programmed the cameras to be active 24 h per day and to take three photos per trigger with no delay between consecutive images, without using any baits or lures (research permissions 59655/252 and 36097/927).




2.3. Data Analysis


2.3.1. Relative Abundance Index


We considered all wild mammalian species and 12 human disturbance types (related to human presence, vehicles, dogs, and livestock) (Table 1). We created the raw database by classifying images using the open access Wild.ID software version 0.9.31 [1]. We extracted the matrices of independent detection events in R software version 4.1.1 using scripts available online [28]. We did not use photographs recorded within 30 min of a previous picture of the same species at the same site, as they are not considered to be independent [29]. We used independent detections to estimate the detection rate, also called the relative abundance index (RAI), by dividing the number of independent detections by the sampling effort (100 camera trap days) [30]. We calculated RAI for all mammals and human disturbance types recorded across all sites, and separately for each site.




2.3.2. Wolf Temporal Activity Patterns Relative to Other Mammals


We estimated the temporal activity patterns of wolves and sympatric species using kernel density estimation in the R package ‘overlap’ [31]. We excluded small species as well as mammals with <20 records from the analyses. We first converted the time of each observation into radians to account for the circular distribution of the time of day. We then created kernel density estimation curves for each species and calculated the non-parametric coefficient of overlap Δ between each species pair. The minimum sample size defines the appropriate estimator (Δ4 if n > 75, otherwise Δ1 [1]), and since our sample size was >75 detections for all species, we used the Δ4 estimator. We estimated the mean coefficient of overlapping with 95% CIs by bootstrapping with 10,000 permutations. Coefficient Δ ranges between 0 (no overlap) and 1 (total overlap) [32] and is considered to be high if Δ > 0.75, intermediate if 0.50 < Δ < 0.75, and low if Δ < 0.50 [33,34]. Besides coefficient Δ, we employed a more refined method to test whether activity patterns significantly differed between each species pair, using the circular statistic Mardia–Watson–Wheeler test (MWW test) in the R package ‘circular’ [35]. We considered differences to be significant if p < 0.05 and marginally significant if 0.10 < p < 0.05.




2.3.3. Temporal Activity Patterns Relative to Human Disturbance


We evaluated temporal segregation between the mammalian community and human disturbance, as described in Section 2.3.2. We first evaluated total temporal activity pattern overlap between each species and human disturbance using data from all camera trap sites. We then defined each camera trap site as either having high or low human disturbance, using the mean value of human disturbance RAI as the threshold [16]. The mean value of the RAI for human disturbance was 125.3 (min = 4.8, max = 544.4) and resulted in 24 high and 47 low human disturbance sites (Figure 1). We estimated overlap in the temporal activity patterns (coefficient Δ) between (a) wild mammals and human disturbance (at all sites), and (b) each species at high and low human disturbance sites (Δ4 for >75 detections, Δ1 for <75 detections). We evaluated the significance of the differences using MWW tests.



We quantified temporal shifts in the activity of wild mammals following the methodology of Gaynor et al. [2]. We first categorized the detections of each species as: day (between sunrise and sunset) and night (between sunset and sunrise), using https://sunrise.maplogs.com/ (accessed on 15 September 2022) for the exact sunrise and sunset times for each detection. We then calculated the risk ratio (RR) for each species, reflecting the comparative nocturnality shift under different disturbance regimes, using the formula:


  RR = ln      X  H i g h          X  L o w                    








where:




	
XHigh is the percentage of the nocturnal detections of wild mammals at high human disturbance sites;



	
XLow is the percentage of the nocturnal detections of wild mammals at low human disturbance sites.








A positive risk ratio (RR > 0) represents a shift to increased nighttime activity (and decreased daytime activity) in sites of high human disturbance.




2.3.4. Modeling Detection Rates of Mammals


We used generalized linear models to investigate environmental, anthropogenic, and biological factors (predictor variables) potentially influencing the detection rates (response variable) of wild mammals [36,37,38]. First, we selected four habitat-related variables: elevation, slope, percentage of forest cover, and percentage of scrubland cover. Second, we considered six main anthropogenic-related variables, namely, distance to the nearest settlement and the nearest paved road, and the RAIs for humans, vehicles, dogs, livestock separately and combined (total human disturbance), as well as two sub-categories (i.e., the RAI of hunters and Livestock Guarding Dog (LGD)) (Table S1). Third, for each of the four large mammal species we considered the RAI values of the other three large mammal species, and for each of the five medium-sized species we considered the RAI values of the other four medium-sized species. We calculated spatial variables using ArcGIS Pro version 3.0.1 [39]. The distance-based values were estimated from the location of the cameras, while the percentage of forest and scrubland cover were estimated within a buffer of 500 m radius around each camera, as in other wolf studies [40].



We included camera trap days as an offset in all models to account for variability in the sampling effort across sites. We then standardized all continuous values by subtracting their mean and dividing them by two standard deviations [41]. When variables were correlated (r > |0.5|), we included them in separate models and kept the variables that better explained the response variable. As sample sizes limit the number of model predictors, we used the rule-of-thumb of 10 outcome events per predictor to ensure the validity of statistical relationships [42], concluding a maximum of 7 predictors in our models. To do so, we used the Least Absolute Shrinkage and Selection Operator (LASSO), a regression analysis method that performs variable selection and regularization [43] with 1000 permutations, using the package ‘glmnet’ in R [44] (Figure S1). We included the variables selected by this process (variables with a lambda.min coefficient > 0; see Figure S1) in Generalized Linear Models (GLMs) with a quasi-Poisson distribution error to account for overdispersion [45]. We conducted model selection with a multi-model inference approach that compares all possible combinations of variables [46], using the ‘MuMIn’ R package [47]. We ranked models using the quasi-Akaike Information Criteria for small samples (QAICc) and made inferences on those with ΔQAICc < 2. We estimated the model-averaged coefficients (β), standard errors (SE), p-values, 95% and 90% confidence intervals (CI). We considered predictor variables to significantly and marginally significantly influence the response variable if their 95% and 90% CI did not overlap with zero, respectively.






3. Results


The dataset comprised 2698 camera days and 8659 independent detections, of which 5295 were of 14 species of wild mammals (Table 1). Wild boars were the most frequently detected large mammal (94% of sites, n = 598 detections), followed by wolves (79%, n = 168), roe deer (62%, n = 159), and brown bears (52%, n = 150). Red foxes, brown hares, and martens were the most frequently detected medium-sized species. Human disturbance was widespread (100% of sites, n = 3379 detections), with vehicles having the highest rate of detections, followed by dogs, humans, and livestock (Table 1).



3.1. Wolf Activity Pattern Overlap with Other Mammals


The temporal overlap of wolves with their two primary wild prey species was high for wild boars (Δ > 0.75) and low for roe deer (Δ < 0.50) (Figure 2, Table S2). Wolves showed an intermediate overlap with brown bears (Δ = 0.70) and a high overlap with medium-sized mammals (Δ > 0.75). The temporal activity of all species was significantly (p < 0.05) or marginally significantly (p < 0.10) different from that of wolves, except for martens.




3.2. Mammal Activity Patterns Overlap with Human Disturbance


All wild mammals exhibited a relatively low temporal overlap with total human disturbance (Δ = 0.18–0.36), except for roe deer (Δ = 0.80) (Figure 3a). Human disturbance was concentrated in diurnal periods (peaks in early morning and late afternoon), whereas wild mammals were most active at night. The temporal activity patterns of all wild mammals were significantly different than the temporal patterns of human disturbance pooled across all camera sites (MWW tests; p < 0.001) (Table S3).




3.3. Mammal Nocturnality Relative to Intensity of Human Disturbance


All four large mammals increased their nocturnality in response to increased human disturbance, particularly roe deer and wolves, as shown by the risk ratio index (Figure 3c, Table S4). Wolves and wild boars also exhibited different activity patterns between low and high human disturbance levels (Figure 3b). Of the five medium-sized mammals, only wildcats and brown hares increased their nocturnality in high human disturbance sites (Figure 3c). Wildcats, brown hares, and red foxes had different activity patterns between low and high human disturbance sites (Figure 3b,c).
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Figure 3. (a) Overlap in temporal activity between wild mammals and human disturbance in Greece, 2019–2020. (b) Wild mammal temporal activity overlap between low and high human disturbance sites. Vertical dashed lines represent the average sunrise (07:04) and sunset (19:32) times. Significant and marginally significant differences in overlap resulting from the MWW test are shown in bold (***: p < 0.001, **: p < 0.01, *: p < 0.05, a: 0.1 < p < 0.05) (c) Nocturnality (percentage of nighttime detections) and shift of nocturnality (RR: risk ratio) between low and high human disturbance sites. 






Figure 3. (a) Overlap in temporal activity between wild mammals and human disturbance in Greece, 2019–2020. (b) Wild mammal temporal activity overlap between low and high human disturbance sites. Vertical dashed lines represent the average sunrise (07:04) and sunset (19:32) times. Significant and marginally significant differences in overlap resulting from the MWW test are shown in bold (***: p < 0.001, **: p < 0.01, *: p < 0.05, a: 0.1 < p < 0.05) (c) Nocturnality (percentage of nighttime detections) and shift of nocturnality (RR: risk ratio) between low and high human disturbance sites.
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3.4. Factors Influencing Spatial Variation in Detection Rates of Wild Mammals


We identified a set of one to five strongly supported models per species (Table S5). Different environmental factors influenced the detection rate of different wild mammals. The detection of wolves and roe deer was positively associated with gentler slopes, whereas the detection of red foxes and martens increased at lower elevations (Figure 4, Table S6). The detection of brown bears and roe deer was positively associated with increased forest cover. The detection of wild boars and martens was positively associated with increased scrubland cover, while the detection of foxes was negatively associated with scrubland cover.



The influence of anthropogenic variables varied across species. The detection of wolves was negatively influenced by paved roads and positively influenced by the abundance of hunters (Figure 4, Table S6). Roe deer detection was negatively influenced by total human disturbance (combined RAI of human, vehicle, dog, and livestock). The detection of brown bears, wild boars, and red foxes was higher near settlements. Wild boar detection was negatively associated with an abundance of dogs. Badgers were marginally negatively associated with an abundance of humans, while brown hares were positively associated with hunters. The detection rates of the following pairs of species were positively associated: wild boars with roe deer from the large mammals, as well as badgers with wildcats, and badgers with martens from the medium-sized mammals (Figure 4, Table S6).





4. Discussion


4.1. Temporal Overlap between the Wolf, and Sympatric Predators and Prey


We found a high temporal overlap between wolves and wild boars, which is consistent with other studies in the Mediterranean [5,6,34]. Wild boars represent the most important wild prey for wolves in Europe [48], where populations of wild boar are increasing [49]. Wolves exhibited a lower overlap with roe deer, the second most important wild prey of wolves in Europe [48]. Previous work has shown that wolves may exhibit a lower temporal overlap with roe deer [6], but that overlap is greater where wolves are more diurnal [34]. The use of the diel cycle greatly influences encounter rates between wolves and their main prey. The low temporal overlap we documented between wolves and roe deer might demonstrate an anti-predator strategy of the roe deer, trying to avoid wolves. For example, roe deer became more diurnal as a response to the presence of lynx [13]. Roe deer were detected at fewer cameras than wild boars (62% of them versus 94% for the wild boar) and with an overall lower RAI (6.04 for roe deer and 22.52 for wild boars). Roe deer in Greece display low densities and fragmented distribution, and they are currently mostly present in mountainous forested areas with low human disturbance, after suffering significant population declines and local population extinctions due to intense hunting and deforestation in the past [50]. Following their protection in the 1960s, there are indications of local population increases, especially during the last few decades; however, scientific data on population trends are largely lacking. Roe deer may not yet be common prey for wolves in our study area, meaning that wolves may not have adapted their temporal activity to that of roe deer. Conversely, wolves and wild boars showed very similar nocturnal patterns, suggesting that wolves likely maximized the probability of encounters with wild boars. Further studies are needed, including population estimation and a wolf diet analysis, to better understand the relationship between wolves and wild ungulates in the study area.



Brown hares are important prey for wolves in some areas [51], although hares represent only a minor proportion (<1%) of the diet of wolves in Greece [52], as in other Mediterranean areas [53]. Our results indicated a high temporal overlap between wolves and brown hares (Δ = 0.78), which is consistent with a study in central Italy (Δ = 0.88) [34]. Medium-sized carnivores are occasional prey for wolves [54], although only foxes and badgers have been detected (in very small amounts, <1%) in the diet of wolves in Greece [52]. We found a high temporal overlap between wolves and the four species of mesocarnivores we considered, similar to research in Italy [7,34]. Finally, we found a medium (Δ = 0.70) temporal overlap between wolves and brown bears. Future studies will be needed to fully evaluate the potential interactions, including competition [55], between wolves and brown bears, the two largest predators in Greece.




4.2. Temporal Anthropogenic Avoidance Patterns


Wolves in our study area were mainly nocturnal, whereas humans were mainly diurnal, as reported elsewhere, allowing wolves to visit and travel in areas intensively used by humans [56,57]. This behavior may have evolved after centuries of human persecution. Wolves adjust their behavior to reduce the risk of being killed by humans: wolves increased their night activity following a four-year predator control program in Alberta, AB Canada [58]. Higher wolf activity at night can also be explained by high day temperatures, especially in southern areas [59], and during the summer [57].



We also documented pronounced nocturnal activity by wild boars, as in other Mediterranean areas, which is probably a behavioral adaptation caused by long-term hunting and harassment by humans, also influenced by a strategy to reduce energetic costs and achieve an optimal thermal balance [4]. Roe deer, on the other hand, exhibited crepuscular activity peaks in our study, similarly to other areas, which can be explained by strong physiological and/or behavioral constraints stimulating the maintenance of crepuscular activity, regardless of the risk context [13]. Brown bears exhibited primarily nocturnal behavior in our study, similar to other European populations, which is likely an effect of human disturbance [16,60]. We documented predominantly nocturnal activity and high temporal segregation with human activity by medium-sized mammals. Nocturnal patterns of Mediterranean mesocarnivores have also been reported elsewhere and are possibly related to physical/physiological adaptations, ambient temperature, prey activity, and human presence [33,61].



We found a high, broad temporal overlap of roe deer and human disturbance estimated by the coefficient of overlapping. Despite the substantial overlap, we still detected a significant difference between the activity patterns of roe deer and human disturbance. This difference may be explained by subtle differences in activity peaks, with roe deer being most active somewhat earlier in the morning and later in the evening than the peaks of human disturbance. Moreover, the activity of roe deer was higher during the night than human disturbance.




4.3. Nocturnality Shift vs. Human Disturbance


As humans shape new timescapes on Earth, altering the temporal patterns of many wild taxa [62], it is important to identify those species that are most affected. Our findings contribute further evidence to the global trend of increased wildlife nocturnality in human-occupied areas [2] and highlight that large mammals generally exhibit higher nocturnality shifts than medium-sized mammals. This can likely be attributed to the greater risk that large mammals face from human persecution and because they require large spaces, resulting in more frequent contact with humans [2].



We recorded a substantial increase in nocturnality between areas of low and high human disturbance in all four of the large mammal species we studied. Roe deer were the most diurnal species and overlapped most with human disturbance, which likely explains their strong increase in nocturnality shift relative to high human disturbance (RR = 0.36). Wolves also increased nocturnality, which is likely a response to persecution by humans (RR = 0.32). Brown bears (RR = 0.16) and wild boars (RR = 0.08) exhibited smaller temporal shifts to nocturnality. Our findings corroborated the patterns of nocturnality shift reported in other parts of the world for roe deer [13,16], wolves [58,63], brown bears [16,60], and wild boars [15,64]. Regarding the smaller species, only wildcats (RR = 0.18) and brown hares (RR = 0.12) exhibited a nocturnality shift, which is consistent with research on brown hares in Italy [16]. Wildcats are mainly nocturnal in Mediterranean areas [33,61] where they tend to avoid humans and livestock [65]. In our study area, red foxes, badgers, and martens, which were predominantly nocturnal (Figure 3), did not show any nocturnality shift from low to high disturbance levels (−0.01 < RR < 0.01). Our findings are in line with a similar study in Italy with respect to badgers and foxes, but not for the marten, as they exhibited a nocturnality shift in Italy (RR = 0.17) [16] but not in Greece.



The six species showing a nocturnality shift on the basis of the RR index in our study did not all show a corresponding shift in their overall temporal activity patterns, on the basis of MWW tests (roe deer and brown bear: non-significant tests). This may be attributed to the different methodological approach, as MWW tests consider the exact time of day, whereas the RR index considers time relative to sunrise and sunset. A larger sample size of species detections would also allow us to define low and high human disturbance levels more precisely (e.g., top and lowest quartiles). Regardless, our findings provided a first indication of the temporal behavioral responses of wild mammals to human disturbance in Greece.




4.4. Factors Affecting Spatial Detection Patterns of Wild Mammals


Our results showed that the detection of wolves and roe deer was positively associated with gentler slopes, which could reflect movement strategies to maximize energy efficiency [66,67]. Both brown bear and roe deer detection was greater in areas with higher proportions of forest cover, which is consistent with previous work showing that forests are an important habitat for both species [68,69]. Wild boar detection increased at sites with a greater proportion of scrubland, as this is a typical habitat for the species, providing food resources and shelter [70].



According to our findings, anthropogenic factors had variable impacts across species of wild mammals, with all large mammals being affected. Although we detected wolves on forest roads, they appeared to avoid paved roads, as detection increased farther from these areas. Wolves generally avoid main roads, where the risk of encounters with humans is high, while they often use forest roads for traveling, but with a preference towards the night hours to avoid human disturbance [67,71]. We also found that the detection of wolves was positively related to an increased activity of hunters, which might reflect that both wolves and hunters exploit wild ungulates.



Roe deer was the most sensitive species to human disturbance with respect to all human presence, vehicles, dogs, and livestock presence. Roe deer are sensitive to a range of human pressures and often avoid hunters, roads, houses, agricultural land, plantations, livestock, and recreational activities [68,72,73,74]. Conversely, wild boars were more active near human settlements, probably while searching for food resources [70], but they were particularly sensitive to the presence of dogs. Dogs are known to severely impact wildlife in various ways, such as direct predation, behaviorally mediated risk effects, harassment, and extending the human footprint deeper into wildlands than humans [75,76]. Brown bears did not seem to be negatively affected by anthropogenic features, showing increased activity closer to human settlements, where they may exploit food resources near agricultural fields and fruit trees [77].



In general, we did not find pronounced associations between the detection of medium-sized mammals and anthropogenic factors, apart from badgers, whose detection seemed to be negatively affected by human presence, and foxes, which were detected more near settlements, potentially to exploit anthropogenic food resources [78]. Brown hares also co-occurred with hunters, as it is a popular game species in the study area.





5. Implications for Wolf Conservation


The wolf is an adaptable species exploiting food and shelter resources across heterogeneous landscapes, and even co-occurring with hunters in our study area. Wolves have adopted a strategy of avoiding humans in space and time in response to increased disturbance on contemporary landscapes shared with humans [67,71]. This was reflected by the shift to increased nocturnal activity and the avoidance of paved roads in our study area in Greece.



Although the diet of wolves has not been investigated in the study area, our findings suggest that wild boars are likely an important food resource. Wolves and wild boars exhibited temporal overlap, as both were most active during nocturnal periods. Moreover, wild boars seemed to be abundant in our study area and may contribute to the prey base for wolves, as indicated by frequent detections by our camera traps, with the species reportedly increasing in Europe [49]. Conversely, the other potential large ungulate prey for wolves, roe deer may be less abundant in our study area given that their detections were approximately one-fourth that of wild boars. Indeed, roe deer populations in Greece are among the most vulnerable in Europe, currently legally protected by national legislation [50]. Roe deer appeared to adopt a spatial, rather than temporal, avoidance strategy in response to human disturbance. Therefore, it would be difficult for wolves to use roe deer as prey, given that they were more diurnal and less active at night when wolf activity peaked. Additionally, the spatial pattern of roe deer detections suggested that they avoid all types of human activity. Balkan chamois is likely not an important prey species for wolves in the study area because of its very low population size and different habitat preferences [3].



Wolves require rich and diverse ungulate populations as a prey-base to reduce predation on livestock and subsequent wolf–human conflicts [79]. Increased roe deer availability for wolves can significantly decrease livestock consumption, as it acts as a second potential prey species in Mediterranean landscapes, in addition to wild boar [80]. We suggest that human disturbance could indirectly increase wolf–livestock conflict, since it was found to increase wolf nocturnality and, consequently, reduce opportunities for wolves to prey on roe deer during the day, while spatially restricting roe deer availability. Although wild boars were not a particularly sensitive species to human disturbance, we argue that reducing human disturbance to wildlife in the study area would be beneficial for both ungulate and carnivore populations, and contribute to wolf–livestock conflict mitigation. Our proposal is in line with the new European Biodiversity Strategy [81], which calls for expanding the network of protected areas to cover 30% of each Member State’s land, and for designating one-third of the protected areas as strictly protected zones (target: 10% of the EU land to be strictly protected). The compliance of the Greek state with the new European Biodiversity Strategy by designating one-third of the Natura 2000 network as strictly protected zones of minimum human disturbance will protect 15% of our study area and would be beneficial for wildlife. According to the relevant European guideline [81], strictly protected areas should be “non-intervention areas”, where no active management should be allowed but to sustain natural processes, and hunting should be banned, except for ungulate population control when natural predators are insufficient [82]. The implementation of the provisions of the EU 2030 Biodiversity strategy in the study area would be an efficient tool to reduce human disturbance and could increase ungulate populations, enhance wild prey resources for wolves and, hence, reduce livestock depredation. Furthermore, limiting the construction of new roads and access to existing roads in ecologically sensitive areas [83], including the breeding sites of wolves [84], would reduce overall human disturbance and benefit wildlife in the broader study area. Research approaches, such as the utilization of camera trap surveys, to understand and monitor human–wildlife interactions, can improve and guide future conservation efforts and management interventions in a world with increasing human activity and infrastructure.
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Figure 1. Map of the study area and locations of the 71 camera trap sites within the Ioannina regional unit, NW Greece, from July to October 2019 and July to November 2020. Red circles and green circles show camera stations that recorded high (n = 24) and low (n = 47) human disturbance, respectively (details in Section 2.3.3). 
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Figure 2. Overlap in temporal activity pattern between wolves and other mammals in Greece, 2019–2020. Δ: percentage of overlap (95% confidence intervals in parenthesis), indicated in gray shadow. Vertical dashed lines: average sunrise (07:04) and sunset (19:32) times. Bold text: significance level of MWW test (***: p < 0.001, **: p < 0.01, *: p < 0.05, (a) 0.1 < p < 0.05). 
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Figure 4. Model-averaged coefficients (β) with 95% confidence intervals (CI, bars) from predictor variables included in Generalized Linear Models used to investigate factors influencing detection rate of wild mammals in Greece, 2019–2020. Red color: negative effect (β < 0). Blue color: positive effect (β > 0). Asterisks show the significance levels corresponding to whether the 95% CI overlaps zero, which indicates no significant effect. a Marginally significant effect at the 90% CI level. 
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Table 1. Summary of detections, relative abundance index (RAI), and proportion of sites where each wild mammal species and human disturbance type was detected across 71 camera traps in Greece, 2019–2020.
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Species

	
Detections

	
RAI

	
% Sites






	
Wild mammals




	
Grey wolf

	
Canis lupus

	
168

	
6.31

	
79%




	
Brown bear

	
Ursus arctos

	
150

	
5.63

	
52%




	
Wild boar

	
Sus scrofa

	
598

	
22.52

	
94%




	
Roe deer

	
Capreolus capreolus

	
159

	
6.04

	
62%




	
Red fox

	
Vulpes vulpes

	
1937

	
72.90

	
96%




	
Badger

	
Meles meles

	
174

	
6.49

	
68%




	
Wildcat

	
Felis silvestris

	
135

	
5.07

	
59%




	
Stone marten

	
Martes foina

	
786

	
29.47

	
86%




	
Brown hare

	
Lepus europaeus

	
1064

	
39.83

	
82%




	
Hedgehog

	
Erinaceus sp.

	
70

	
2.63

	
38%




	
Red squirrel

	
Sciurus vulgaris

	
43

	
1.61

	
27%




	
Weasel

	
Mustela nivalis

	
6

	
0.23

	
6%




	
Golden jackal

	
Canis aureus

	
3

	
0.11

	
3%




	
Balkan chamois

	
Rupicapra rupicaprabalcanica

	
1

	
0.04

	
1%




	
Human disturbance




	
Human (non-motorized)

	
645

	
24.21

	
87%




	
  Hunter

	
169

	
6.34

	
45%




	
  Shepherd

	
207

	
7.77

	
39%




	
  Tourist

	
210

	
7.88

	
37%




	
  Resident

	
66

	
2.48

	
34%




	
Vehicle

	
2181

	
81.87

	
89%




	
Dog

	
727

	
27.29

	
86%




	
  Livestock-guarding dog (LGD)

	
437

	
16.40

	
56%




	
  Hunting dog

	
246

	
9.23

	
58%




	
  Pet dog

	
36

	
1.35

	
10%




	
  Village/Stray dog

	
17

	
0.64

	
8%




	
Livestock

	
498

	
18.69

	
54%




	
  Cattle

	
398

	
14.94

	
34%




	
  Sheep/goat

	
71

	
2.67

	
25%




	
  Horse/mule

	
33

	
1.24

	
11%




	
Total human disturbance

(Human + Vehicle + Dog + Livestock)

	
3379

	
126.84

	
100%
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