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Abstract

The link between large- and middle-sized mammals in forest habitat is understudied in Central Europe; meanwhile these ani-
mals could have important effects on their habitats. In our study, we analysed camera trapping data obtained from May 2015
to September 2021 on 29 different sites in a temperate forest at the Biikk Mountain, Hungary. We investigated the temporal
activity of ungulates (red deer, roe deer, wild boar) and predators (red fox and grey wolf), together with their response to
human disturbance. We calculated temporal overlap value (A,) and occurrence dynamics with multi-state modelling (msm).
The results suggest that human activity was higher at daytime, while the mammals were more active at night. Multi-state
modelling (msm) grouped animals and humans separately. Ungulates chose nighttime, when predators were also active,
while they avoided daytime and human disturbance. Grey wolf were mostly co-occurred with its main food source, the red
deer. Red fox overlapped the most with roe deer, suggesting that fox prey upon deer fawns. We found that human disturbance
has a significant impact on the activity of forest mammals, whereas the expected avoidance of predators by ungulates does
not appear to be evident. To better understand the effect of prey—predator behavioural responses in the presence of human

disturbance, more field studies are needed in the region.
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Introduction

Europe’s temperate ecosystems are complex, with their
structure and function largely shaped by the presence and
interactions of large (Putman, 1996; Kuijper et al., 2016) and
medium-sized mammals (Stiegler et al., 2020). Ungulates,
for instance, play a crucial role through seed dispersal, tram-
pling, grazing, and browsing, which can alter habitats by
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opening spaces and modifying vegetation structure (Ramirez
et al., 2018). This can lead to reduced densities for certain
plant and animals species while favouring others (Carpio
et al., 2021; Latham, 1999; Valente et al., 2020). Medium-
sized carnivores, such as foxes and badgers (Tobajas et al.,
2021), are key agents in removing carcasses (Goszczynski
et al., 2000; Lazzeri et al., 2024; Young et al., 2015), and
their burrowing behaviour can significantly influence soil
conditions, hence promoting vegetation richness (Kurek
et al., 2014), and even provide shelter (Kovacs, 2007; Sidor-
ovich et al., 2006) for breeding larger carnivores.

Apex predators, like grey wolves, exert a fine-tuning
effect on these ecosystems through top-down regulation,
primarily via direct predation (Jedrzejewski et al., 2002) and
indirect mechanisms such as the “landscape of fear” effect
(Laundre et al., 2010; Kuijper et al., 2013). These cascading
effects can regulate prey populations and indirectly benefit
vegetation (Kuijper et al., 2013) and other species (Dorrest-
eijn et al., 2015; Mech, 2012).

Human presence is an increasingly significant compo-
nent in these systems (Bengtsson et al., 2000), especially
in a continent as densely populated as Europe. Continu-
ous and growing human activity influences the temporal
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behaviours of all of the above-mentioned species in ways
that are not yet fully understood (Hebblewhite et al., 2005;
Muhly et al., 2011; Preisser & Bolnick, 2008; Schmitz
et al., 1997; Sih, 2005). Human presence in the temper-
ate forests, whether through hunting, logging, (Ciuti et al.,
2012; Theuerkauf & Rouys, 2008) jogging, or hiking,
(Doherty et al., 2021) can alter animal movement, (Tucker
et al., 2018) feeding habits (Ciucci et al., 2020), and preda-
tor—prey dynamics (Dorresteijn et al., 2015; Hebblewhite
et al., 2005; Muhly et al., 2011; Sih, 2005).

In this exploratory study, we focused on one main ques-
tions: How does the presence of a large carnivore, specifi-
cally the grey wolf, affect the temporal distribution of its
prey species in the presence of human disturbance in a
temperate forest in Central Europe?

Study area

Our research was carried out in the central area of the
Biikk Mountain, in the North Hungarian Mountains of
the inner western Carpathians, in the Biikk National Park,
northern Hungary (N 48°06’, E 20°30"). The study area has
the largest continuous forest coverage (c. 140 km?) in Hun-
gary. This is one of the coldest parts of the country with
mean annual temperature varying between 7-8 °C. The
mean yearly rainfall is 600—700 mm (Baraz, 2002). Forest
cover is 95% and formed by species like mountain and
submountain beech (Fagus sylvatica), sessile oak (Quercus
petraea) and Austrian oak (Quercus cerris) (Baraz 2002;
Juhasz, 1959; Vojtko, 1990). The main economic activity
is forestry, managed by two large, state-owned compa-
nies (Egererd6 Forestry Company and Eszakerdd Forestry
Company). Many roads cross the study area, and it is a
popular place for hunting, hiking and other recreational
activities. Vehicular traffic consists of off-road vehicles,
cars, trucks, tractors and motorcycles. Hikers mainly move
on foot or ride on horse or bicycle. Seasonally, there are
many mushroom collectors as well (P. Gombkotd pers.
obs.). Hunting is a legal and popular recreational activity
in the National Park.

The ungulate species in the area are red deer (Cervus
elaphus, 10,085), wild boar (Sus scrofa, 2465), mouflon
(Ovis gmelinii, 2332) and roe deer (Capreolus capreolus,
10,741). Main mesocarnivores are red fox (Vulpes vulpes),
Eurasian badger (Meles meles) and European wildcat
(Felis silvestris). Large carnivores besides grey wolf
(Canis lupus) are Eurasian lynx (Lynx lynx) and occasion-
ally brown bear (Ursus arctos) (Baraz 2002). Estimated
game population numbers are based on the National Game
Management Database (Csanyi, 2022).
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Methods
Camera traps

Use of camera traps is a non-invasive, cost-efficient
method for wildlife monitoring (Kays & Keith, 2008). As
it is a non-species specific approach, one can study more
species simultaneously (Rowcliffe et al., 2008) and also
investigate human disturbance. The frequency of animals
captured on a camera trap correlates with their abundance
and activity and thus can be a useful indicator of the
occurrence of species in a given location (Carbone et al.,
2001, 2002; Jennelle et al., 2002). Furthermore, camera
traps are also suitable for studying the daily activity pat-
tern of species in a habitat (Oliveira et al., 2017; Ridout &
Linkie, 2009; Ross et al., 2013; Rossa et al., 2021).

We used RECONYX camera traps (UltraFire XR6;
HyperFire HC500, PC900 and PC800; RapidFire PM75).
Camera traps were installed on roads, trails, ungulate
trails, mud baths where the presence of the wolf was previ-
ously confirmed by tracks and scats. The smallest distance
between cameras was 240 m, and the largest was 8.81 km.
The traps were inspected every 4 weeks to change batteries
and memory cards. We analysed the data (both images and
videos) obtained from the camera traps from May 2015 to
September 2021 on 29 different sites.

The data

For each site, recordings were screened to collect the date
and time of occurrences of studied species or human dis-
turbance at a particular site. Following Ciuti et al. (2012),
we categorised human disturbance into three types: hikers
(including hunters), motorised vehicles (MV) and riders
(cyclists and equestrians). The number of individual ani-
mals and humans was also recorded.

We analysed 135,540 files of 409.52 GB. We recorded
13,675 occurrences in total, of which were 747 Canis
lupus, 1740 Vulpes vulpes, 2037 Cervus elaphus, 1752
Sus scrofa, and 1456 Capreolus capreolus observations.
Furthermore, 4431 observations of human disturbance
were recorded, including 1561 hikers and 2564 motorised
vehicles. The remaining 1512 observations were excluded
from the analyses because they involved mammals with
fewer than 400 observations, such as riders, Felis silves-
tris, Meles meles, Martes foina, Ovis gmelinii, Sciurus
vulgaris, Lepus europaeus, livestock, forestry and inde-
terminable observations, providing insufficient data for
statistical evaluation.

To lower the level of pseudoreplication, we removed
duplicate detection within 60 min except when we were
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sure that a different individual was present in the subse-
quent frames (Tobler et al. 2008).

All analyses were performed in the R environment (version
4.0.4, R Core Team, 2021).

Temporal overlap

We estimated temporal overlap coefficients (A,: Weitzman
1970) between red deer, roe deer, wild boar, grey wolf, red
fox, MV and hiker. A, ranges from O to 1, where 0 means
no overlap, and 1 means complete overlap (Linkie & Ridout,
2011). Confidence intervals on A, values were computed
after bootstrapping samples 100 times from the dataset. We
performed this analysis with the “circular” and “overlap” R
packages (Agostinelli & Lund, 2017; Linkie & Ridout, 2011).

For subsequent hierarchical clustering analysis (HCA), we
used the 1-A, values of all species as the distance matrix.
Clustering was based on the “Ward.D2” distance metric in R
(Murtagh & Legendre, 2014). The optimal number of groups
were estimated using the elbow method.

Multi-state modelling

To characterise the temporal co-dynamics of the studied spe-
cies, we used a multi-state modelling approach. We consider
that the surroundings of a camera trap can be in different
states, namely individuals of what species (including human
activities) occur there. This state is occasionally sampled by
the given camera trap when it records a specimen; our data
consist of a series of species identities and their recording time.
We grouped these recordings for each continuous recording
session at each site. These data groups serve as “subjects” in
our analyses. We fitted a continuous time multi-state Markov
model to these data by the “msm” R package (ver. 1.7.1, Jack-
son, 2011). As results we obtained, (i) the mean sojourn time,
which is the average time a site spends in a given state and (ii)
the matrix of probabilities that each state is next. One may
interpret the sojourn times as the average time a species spends
in the vicinity of the camera traps. On the other hand, the prob-
abilities of next states indicate the frequency a species follows
another species at the vicinity of camera traps. High probabili-
ties mean that two species may co-occur together, while low
probabilities indicate that species avoid each other. Because of
convergence problems, we lumped the categories of “hiker”
and “rider” under the name of “hiker” for this analysis.

Results
Temporal overlap

Predators and ungulates were mainly active during the
night, while human activity peaked at the middle of the day
(Fig. 1).

The A, values between human and ungulate activities
were lower than values between wolf and ungulates. In
the case of ungulates-human overlaps, we found the great-
est A, value for roe deer (A,=0.55), followed by red deer
(A,=0.42) and finally the wild boar (A,=0.24). The fox and
wolf had an overlap value with human activity (A,=0.38
and A, =0.42) which is comparable to the overlap values
between humans and ungulates. Regarding wolves and ungu-
lates, the greatest overlap value was for red deer (A, =0.90)
followed by roe deer (A,=0.84) and wild boar (A,=0.81).
These indicate that the overlaps between wolf and ungulates
were significantly higher than between human activity and
ungulates. In the case of red fox, the smallest overlap value
is with roe deer (A,=0.76). (Table 1.)

The HCA revealed three main groups with human distur-
bance factors clustered tightly together, fox and wild boar
having similar temporal patterns, and red deer and roe deer
share the most temporal overlap with grey wolf (Fig. 2).

Multi-state modelling

The Markov model indicated that the species spent relatively
short time in the vicinity of camera traps (Fig. 3a). Red fox
and grey wolf stayed the longest, while the ungulates and
humans left quickly. According to the probabilities of the
next state (Fig. 3b), human activities were strongly bounded,
and they followed each other frequently. Human activities
were less commonly followed by the animals. Within the
animal species there is a strong bond between the ungulates,
and a weaker one between the predators. Note, however, that
predators are also connected to the red deer. Accordingly,
human activities are closely placed in the transition diagram
(Fig. 3c), and the other group is formed by the ungulates
with rather strong links to predators. Animals are clearly
avoided human activities.

Discussion

In our study area, the ungulates and predators are mainly
active at night and dawn, while human activity can predomi-
nantly be observed at daytime and peaks at noon. As our
observations are mainly taken from areas with human distur-
bance, these temporal characteristics of species occurrences
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Fig.1 Temporal overlap between human activity, grey wolf, red fox
and ungulates (red deer, roe deer, and wild boar), between human
activity and wolf, fox, and between predators (grey wolf and red fox)

may indicate previously reported effects. Human activity can
modify the activity patterns of both predators and ungulates:
the transition of diurnal animals to nocturnal life caused by
human activity is a well-known, globally observed phenom-
enon (Frid & Dill, 2002; Gaynor et al., 2018). Also, human
disturbance can change the predator’s activity patterns
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for all areas, in Biikkk Mountain, Hungary, 2015-2021. The estimated
overlap values (A,) between two activity patterns range from O to 1,
where 0 means no overlap, and 1 means complete overlap

indirectly through the changes caused in activity patterns of
ungulates (Theuerkauf et al., 2003). Ungulates can adapt to
predators and human disturbance by limiting their temporal
or spatial overlap in their activities. According to previous
observations, ungulates often change their daily activity pat-
tern if a predator appears in the same habitat (Eccard et al.,
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Table 1 Summary of overlap coefficients (A, for all sites), and their 95% confidence intervals (95% CI)

Overlap [95% CI]

MV

Hiker

Cervus elaphus

Capreolus capreolus

Sus scrofa

Vulpes vulpes

Hiker

Cervus elaphus

Capreolus capreolus

Sus scrofa

0.78 [0.75; 0.80]
0.42 [0.40; 0.44]
0.55 [0.52; 0.58]
0.24 [0.22; 0.26]

0.3410.32; 0.37]
0.44[0.41; 0.47]
0.18 [0.16; 0.20]

0.85[0.82; 0.88]
0.82[0.79; 0.84]
0.87[0.85; 0.90]
0.9[0.87;0.93]

0.66 [0.63; 0.69]
0.76 [0.73; 0.79]
0.84 [0.80; 0.88]

0.87[0.85; 0.90]
0.81 [0.77; 0.85]

0.85[0.82; 0.89]

Vulpes vulpes 0.38 [0.35;0.40] 0.31[0.29; 0.34]
Canis lupus 0.4210.39; 0.45] 0.32[0.28; 0.35]
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Fig.2 Hierarchical clustering analysis of overlap coefficients (A,)
using the Ward.D2 distance metric. Optimal number of clusters were
defined with the elbow method. MV, motorised vehicles

2008; Fenn & Macdonald, 1995; Gliwicz and Dabrowski
2008; Mills & Shenk, 1992; Prat-Guitart et al., 2020; Ross
et al., 2013).

Meanwhile, we could not detect the significant effect of
the wolf presence. Our observation aligns with the results
of Theuerkauf and Rouys (2008), where they found that
ungulates did not avoid the areas used by wolves. Preda-
tors, however, are also able to adjust their activities to match
those of the ungulates (Ross et al., 2013; Theuerkauf et al.,
2003). Wolves had the highest overlap value with red deer,
and detectable connection in msm analysis, which supports
the results of Lanszki et al. (2012), as red deer is the main
prey of wolves in Hungary.

Fox had the highest temporal overlap with roe deer, as its
fawn’s main predator (Jarnemo, 2002; Jarnemo & Liberg,
2005). Although anthropogenic food sources could be an
important factor for foxes (Ciucci et al., 2020), they do not
show a notable overlap with human disturbance. Instead,
foxes exhibit the second-highest co-occurrence with wolves
and red deer. Wolf kills of red deer could be a very important
food source for foxes (Lazzeri et al., 2024).

Our result suggests that ungulates group together. With
having a niche overlap, they use similar food sources but in
different proportions and their browsing strategies can also
differ (Latham, 1999; Spitzer et al., 2020). Wild boar was the
most sensitive to both human disturbance and predators. The
study of Theuerkauf and Rouys (2008) found that wild boar
avoids main roads, while red and roe deer do not. Although
predators could avoid human disturbance more (Dorresteijn
et al., 2015; Theuerkauf & Rouys, 2008), in our msm results,
they are positioned between human disturbance and preys.
They may like to utilise dirt roads for travelling and avoiding
human disturbance at the same time (Zimmermann et al.,
2014).

Earlier studies suggest that grey wolf can have an impor-
tant role in the ecosystem as a top predator. For example,
the study of Kuijper et al. (2013) indicates that wolves can
change the spatial patterns of ungulates browsing, and this
can foster the regeneration of trees in a European forest.
The top-down cascading effect caused by wolves is studied
widely (Beyer et al., 2007; Gable et al., 2020; Hebblewhite
et al., 2005; Kuijper et al., 2016; Ripple & Beschta, 2006,
2012; Ripple et al., 2014); however, there is no consensus
about the significance of direct and indirect effects of wolves
on prey and habitat (Kuijper et al., 2016; Marshall et al.,
2013; Mech, 2012; Mech & Peterson, 2003; Middleton et al.,
2013).

Grey wolves presence can pose additional direct or indi-
rect predation pressure on the ungulates. Similarly to Viss-
cher et al. (2023), our results suggest that this pressure, in
comparison with strong human disturbance, is relatively
mild for these species from a spatial and temporal perspec-
tive. Nevertheless, other studies have showed that predator
presence may facilitate the increase in the local biodiversity,
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follows another one. ¢ The transition diagram illustrates the relation-

for instance, by regulating the overabundant ungulate popu-
lations which has negative effect on the vegetation and bio-
diversity or by influence the behaviour and habitat use of
the prey (Beyer et al., 2007; Dorresteijn et al., 2015; Heb-
blewhite et al., 2005; Kuijper et al., 2013, 2016; Ripple &
Beschta, 2006, 2012).

In our study, we could not detect avoidant response
from ungulates to predators in time, although they reacted
to human disturbance. Ungulates grouped together, prob-
ably because of their niche and diet overlap. Wild boar
avoided the most both predators and human disturbance.
They may avoid roads, while deer and predators do not. In
case of predators, wolves had the highest temporal overlap
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(c) transition diagram
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ships between species and human activities according to their ten-
dency to follow each other (on the basis of probabilities of next state).
The size of nodes is proportional to the sojourn times of the species.
The arrows show who follows whom, while the line width indicates
the transition probabilities. MV, motorised vehicles

value with red deer, and strongest connection in msm
analysis, as their main predator. Red fox also had strong
connection with wolf and red deer, meanwhile showed the
highest overlap with roe deer. Fox is the main predator of
roe deer fawns, and red deer kills of wolves could be an
important food resource, too.

Large- and middle-sized mammals have important roles
in forest ecosystem. In our paper, we could investigate the
connections between these mammals; however, their effect
on the habitat was out of this study’s scope and call for
more research on this field.
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