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Predators can affect ecosystems through non-consumptive effects (NCE) on their 
prey, which can lead to cascading effects on the vegetation. In mammalian commu-
nities, such cascading effects on whole ecosystems have mainly been demonstrated 
in protected areas, but the extent to which such effects may occur in more human-
dominated landscapes remains disputable. With the recolonisation of wolves Canis 
lupus in Europe, understanding the potential for such cascading processes becomes 
crucial for understanding the ecological consequences of wolf recovery and making 
appropriate management recommendations. Here, we investigate the evidence for 
non-consumptive effects of wolves on their wild ungulate prey and cascading effects on 
the vegetation in European landscapes. We reviewed empirical studies reporting wild 
ungulate responses to wolves involving spatio-temporal behaviour at large and fine 
spatial scales, activity patterns, vigilance, grouping, physiological effects, and effects on 
the vegetation. We reveal that non-consumptive effects of wolves in Europe have been 
studied in few regions and with focus on regions with low human impact, are highly 
context-dependent, and might often be overruled by human-related factors. Hence, 
we highlight the need for a description of human influence in NCE studies. We discuss 
challenges in NCE research and the potential for advances in future research on NCE 
of wolves in a human-dominated landscape. We emphasise the need for wildlife man-
agement to restore ecosystem complexity and processes, to allow non-consumptive 
predator effects to occur.

Keywords: behavioural responses (to predation), human-dominated landscape, non-
consumptive effects, risk effects/predation risk, trophic cascades, ungulate prey, wolf 
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Introduction

Large mammalian herbivores are crucial in structuring ter-
restrial ecosystems (Gordon  et  al. 2004, Schmitz 2008). 
They affect vegetation structure by foraging and trampling 
(Kuijper  et  al. 2010, Hempson  et  al. 2015, Churski  et  al. 
2017), by influencing nutrient cycling (Murray et al. 2013), 
and seed dispersal (Iravani  et  al. 2011, Jaroszewicz  et  al. 
2013). In this way, herbivores can influence vegetation 
across multiple spatial scales, from local to landscape lev-
els (Woodward  et  al. 2004, Moncrieff  et  al. 2016), result-
ing in cascading impacts on numerous species and processes 
(Ripple et al. 2014).

Herbivore communities themselves are influenced by bot-
tom–up effects (e.g. food availability) and top–down effects 
(i.e. predation). Thus, by affecting prey communities, preda-
tors can exert indirect effects on the vegetation. Different 
mechanisms can induce these ecological effects of large car-
nivores on their prey. Historically, studies on predator–prey 
interactions mainly focused on consumptive effects, where 
predators affect population densities by killing their prey 
(Messier 1991, Ripple and Beschta 2012). In addition to such 
‘lethal’ or ‘consumptive’ effects on the population dynamics 
of prey, the presence of predators can also induce antipredator 
responses in behaviour or physiology (Lima and Dill 1990, 
Boonstra  et  al. 1998, Creel  et  al. 2005). Such behavioural 
or physiological changes in response to predator presence are 
referred to as ‘non-consumptive effects’ (hereafter NCE).The 
importance of NCE of predators has often been documented 
in invertebrates, especially in aquatic systems, where NCE 
can be much stronger than consumptive effects (Preisser et al. 
2005). In terrestrial vertebrate communities the interest in 
NCE and potential trophic cascades has increased in the past 
decades (Say-Sallaz et al. 2019) with the recovery of large car-
nivores (Chapron et al. 2014, Ripple et al. 2014).

Large carnivores have the potential to create trophic cas-
cades (Ripple et al. 2014). However, the extent and relative 
contribution of NCE compared to direct lethal effects is still 
debated (Creel and Christianson 2008, White  et  al. 2008, 
Kauffman et al. 2010, Marshall et al. 2013, Middleton et al. 
2013, Peterson et al. 2014). The main body of literature on 
NCE in terrestrial vertebrates originates from large protected 
areas (Kuijper  et  al. 2016). Case studies from Yellowstone 
National Park (USA) showed how prey species changed their 
behaviour when predation risk was modified by the reintro-
duction of wolves Canis lupus (Fortin et al. 2005, Creel and 
Christianson 2008, Kauffman  et  al. 2010). In response to 
returning predators, prey animals have been shown to change 
vigilance, grouping behaviour, space use, or habitat selection 
(Fortin  et  al. 2005, Winnie and Creel 2007, Thaker  et  al. 
2011, Clinchy et al. 2013). Such changes in prey behaviour 
were documented to affect the ecosystem through modified 
feeding pressure on certain plant communities (Fortin et al. 
2005) or nutrient cycling (Roux et al. 2018). Similar effects 
caused by the return of an apex predator have been reported 
in the Serengeti National Park, where the lion Panthera leo was 
reintroduced (Skinner and Hunter 1998) or in the Yosemite 
National Park after the recolonisation of the cougar Puma 

concolor (Ripple and Beschta 2008). However, surprisingly 
little is known about NCE in human-dominated landscapes, 
which we here define as a landscape that is substantially shaped 
by humans and is extensively used for a variety of human 
activities, including hunting, agriculture, forestry, urbaniza-
tion, and industrial purposes. Compared to national parks or 
wilderness areas, human-dominated landscapes are character-
ized by the presence of human-made structures resulting in 
high degrees of fragmentation. In such landscapes, human 
impact can still vary strongly with, for example, human popu-
lation density, infrastructure, habitat modifications, and the 
level of human disturbance (recreational activity, hunting, or 
forestry). In Europe (especially central Europe), the landscape 
is mostly human-dominated and a low-conflict coexistence 
between large carnivores and humans can be challenging. 
Cascading effects through large carnivores are often reported 
as important ecosystem services provided by top predators. 
Most NCE, however, were reported in large national parks 
and we need to better understand how large carnivores can 
affect the ecosystem in such human-dominated landscapes.

One of the most conflict-prone large carnivore species is 
the Eurasian wolf. The Eurasian wolf C. l. lupus was extir-
pated in the early 1900s in most European countries, but 
has recently recolonized large parts of its original range 
(Chapron et al. 2014). In many parts of Europe, wolves are 
returning to landscapes that are densely populated by humans 
and where human impact influences animal populations, 
behaviour, and trophic interactions (Fig. 1, Chapron  et  al. 
2014). These landscapes present a mosaic of various types of 
human land use and very dense linear infrastructures. Forests, 
an important habitat of wolves, have been strongly modified 
through a substantial network of forest roads (Bojarska et al. 
2021), forestry activities, or are affected by hunting practices 
and recreational activities.

A key question is whether, under these conditions, wolves 
can still create ecological impacts as documented in large 
national parks. Kuijper et al. (2016) reviewed how anthro-
pogenic effects on large carnivore density or behaviour can 
alter their ecological function, and how human-induced 
changes in prey species and the landscape limit the impact 
of large carnivores. They concluded that the potential for 
density-mediated trophic cascades (mainly caused by con-
sumptive effects) is restricted to areas where carnivores reach 
ecologically functional densities or where even low carnivore 
densities can impact prey densities, i.e. in rather unproduc-
tive areas (Kuijper et al. 2016). NCE, however, might have 
a higher potential for cascading through trophic levels than 
direct effects, since predators have been documented to 
affect prey behaviour even at low densities (Laundré  et  al. 
2001). Say-Sallaz (2019) reviewed the empirical literature 
on NCE from large carnivore–ungulate systems worldwide 
and revealed a bias of studies on NCE from protected areas 
and with a focus on anti-predator behavioural responses. 
Here, we specifically focus on the NCE of wolves in Europe, 
including their indirect effects on the vegetation. This allows 
us to investigate the wolf–prey–vegetation interactions more 
specifically and synthesise ecosystem effects of wolves docu-
mented in Europe.
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Literature search

We performed a systematic search in Web of Science that 
included keywords related to ‘non-consumptive effects’ 
(among others as e.g. ‘risk effect*’), ‘C. lupus’, ‘ungulate prey’, 
and ‘Europe’ (or any European country) connected with the 
Boolean connector AND (see Supporting information for a 
detailed list of searched keywords). We identified 234 stud-
ies (as of 26 September 2023). After an initial screening of 
title and abstracts, we selected 34 studies that were con-
ducted at least partially in Europe and explicitly investigated 
NCE of wolf on large prey (> 15 kg, Ripple  et  al. 2014) 
and were published in peer reviewed journals in English. 
Thus, we excluded studies focusing on direct, consumptive 
impacts, as well as papers analysing theoretical or published 
data (Supporting information). To the 34 remaining studies, 
we added studies found in other literature databases (Google 
Scholar and BioOne, n = 4) and studies that were referred to 
in other studies (n = 3). Thus, we ended up with a total num-
ber of 41 relevant studies (Supporting information).

We classified NCE of wolves on their ungulate prey into 
the following categories (Table 1, Fig. 1): 1) landscape-scale 
spatial behaviour, 2) fine-scale spatial behaviour, 3) activity 
patterns, 4) vigilance behaviour, 5) grouping behaviour, 6) 
physiological effects, and 7) effects on the vegetation. We 
extracted the country where the study was performed, the 
prey species, and the method used to study prey behaviour. 
To describe the predation risk, we categorised the measure of 
wolf presence as follows (Moll et al. 2017 for more details): 
presence–absence, probabilistic occurrence, probabilistic kill 
occurrence, or experimental cues. We did not include direct 
human effects on prey species in the search terms, but assessed 

whether the studies on NCE included measures of anthro-
pogenic effects (e.g. the distance to settlements, hunting, or 
general human activity). Given the small number of studies 
in each category and a diverse set of methods, a quantitative 
analysis was unfortunately not possible. Consequently, we 
summarize and discuss the findings of the studies investigat-
ing NCE of wolves in Europe qualitatively.

Where and how is our knowledge 
generated?

Spatial distribution and focal prey species of studies

A large number of the studies we found were performed in 
Białowieża Primaeval Forest in Poland (13/41, 31.7%) and 
Sweden (11/41, 26.8%) (Fig. 2). Thus, most of the studies 
were performed either in a relatively large, undisturbed sys-
tem, where wolves were never completely extinct (Białowieża 
Primaeval Forest), or in managed forest systems with rela-
tively low human densities (Sweden).

Since some studies looked at multiple categories of NCEs, 
multiple species or included different regions, we treated each 
investigated combination of effect, species, and region as a 
single observation in further analyses. If, for example, a study 
included data from temporal activity as well as vigilance 
behaviour of two different prey species, this study resulted in 
four observations. Thus, the 41 studies resulted in 89 obser-
vations. The most studied species was red deer Cervus ela-
phus with 23 observations in 14 studies, followed by roe deer 
Capreolus capreolus with 17 observations in 13 studies, moose 
Alces alces with 15 observations in 12 studies, and wild boar 

Figure 1. Simplified conceptual framework of predator effects on prey and on the vegetation. Solid lines indicate the non-consumptive 
effects (NCE) we considered in this study, whereas dashed lines indicate effects that were not considered in our review. Human effects on 
wolves or ungulate species were only considered if found as explaining variables in papers focusing on NCE of wolves on ungulate prey.
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Sus scrofa with 12 observations in nine studies. In Europe, the 
most widely distributed and most abundant prey species for 
wolves are red deer, roe deer, and wild boar (Okarma 1995, 
Zlatanova et al. 2014). Thus, most studies on NCE of wolves 
at the European level have been performed on the most abun-
dant prey species, except for an overrepresentation of moose 
(at the European scale).

Methodologies and predation risk assessment

The reviewed studies include a variety of measurements 
for predation risk, such as presence–absence of wolves in 
space (Bonnot et al. 2018, van Ginkel et al. 2019a) or time 
(Grignolio et al. 2019), predicted occurrence (based on habi-
tat use, Bubnicki et al. 2019) or gradients in intensity of use by 

Table 1. Overview of non-consumptive effects in Europe for each effect category. Note that one study can have multiple observations of 
different categories.

Category n Current knowledge in Europe Current challenges Suggestions for future studies

2.1.1 Large-
scale

15 studies Factors related to human 
activity overrule predator 
effects. Effects at the large 
spatial scale have mainly 
been found in national 
parks where human impact 
is reduced

Studies often focus on spatial 
overlap of wolves and their prey. 
This does not allow any 
conclusions about causality

Exploit the potential of telemetry 
data for analysing prey species 
behaviour. Compare prey 
habitat preferences between 
areas with and without wolves. 
More consideration of 
temporal patterns

25 observations

2.1.2 Fine-scale 7 studies Most studies report fine-scale 
effects of wolves on prey 
(decreased visitation rate 
or duration). One study 
found no effect on 
visitation rate/duration, but 
reported increased 
vigilance

All studies on fine-scale responses 
have been performed in national 
parks. Human effects or 
context-dependence thus have 
not been investigated

Study human-dominated 
landscapes outside national 
parks. Camera trap studies 
should report visitation rates/
duration and vigilance, as 
different strategies could be 
applied by prey animals

14 observations

2.1.3 Temporal 6 studies Generally high temporal 
overlap between wolf and 
prey activity patterns 
(Rossa et al. 2021, 
Esttore et al. 2023)

Studies report temporal overlap but 
lack comparison with reference 
areas without predator presence 
(except Mori et al. 2020). No 
experimental studies

Combine studies using 
experimental predator cues 
with analyses of activity 
patterns. Find reference areas 
to study prey activity patterns 
when predators are absent

11 observations

2.2.1 Vigilance 7 studies Large-scale together with 
small-scale risk factors can 
create fine-scale risk 
patches where vigilance is 
increased (and/or fine-
scale spatial avoidance; 
section 2.1.2. above). 
Anthropogenic effects can 
overrule the effects of 
natural predators

Most studies have been performed 
in one region (Białowieża Forest) 
and in a protected environment 
(national parks)

Unveil the conditions under 
which NCE of wolves occur 
(i.e. small-scale risk factors). 
Different levels of human 
activity as well as temporal 
factors deserve further 
exploration

9 observations

2.2.2 Grouping 4 studies Different species and sexes 
show different responses in 
grouping behaviour. 
Predator presence might 
be less important than e.g. 
other environmental or 
human-related factors

Few studies were found. Many 
potential alternative predictors 
can be responsible for effects 
(e.g. competition, food quality, 
habitat structure)

Investigate wolf effects on 
grouping behaviour in relation 
to the potential for cascading 
effects. Consider intraspecific 
differences in responses

5 observations

2.3 
Physiological 
effects

6 studies Wolves can affect stress 
levels or parasite 
prevalence in prey, but 
species differ in their 
responses and 
anthropogenic factors 
might be more important 
than wolf presence

Causality is not clear, e.g. reduced 
growth rates can be caused by 
stress but also by changes in 
habitat selection. Wolf presence 
and human presence are 
negatively correlated so both 
could be the cause of observed 
effects

Design experimental studies to 
disentangle human- and 
wolf-related effects

9 observations

3.4 Cascading 12 studies Wolf presence and small-
scale risk factors can result 
in patches with reduced 
browsing pressure and 
increased tree 
regeneration. These effects 
are most pronounced in 
undisturbed areas

Most research has been performed 
in national parks, mostly 
Białowieża Forest, or in 
Scandinavia. Hard to disentangle 
consumptive and non-
consumptive effects

Explore interactions of wolf 
presence and anthropogenic 
factors. Evaluate the economic 
consequences of changes in 
browsing patterns. Study 
vegetation types other than 
forests. Sapling survival might 
be more ecologically relevant 
than browsing damage

16 observations
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wolves, e.g. core areas of wolf territories versus peripheral areas 
(Kuijper et al. 2013). Other studies used experimental cues to 
simulate predation risk (Kuijper et al. 2014). Also, for prey 
responses, different measurements have been used. Especially 
for spatial behaviour, a variety of methods and different pre-
dictors have been employed, ranging from simply assessing 
spatial overlap of wolves and their prey based on indirect signs 
(Popova et al. 2018) to predicting spatial distributions based 
on modelled camera trap data (Bubnicki et al. 2019).

GPS information was only used in a few studies to 
investigate prey behaviour in response to predator presence 
(Eriksen  et  al. 2009, 2011, Nicholson  et  al. 2014), even 
though GPS tracking is probably the most common method 
for investigating wolf spatial behaviour. To study the fine-scale 
response of prey to wolf presence, camera traps and indirect 
signs of presence (mainly pellet counts) have been used more 
widely. Altogether, we document high methodological varia-
tion in the measurement of wolf predation risk as well as prey 
responses (Supporting information). This lack of standardi-
sation hinders quantitative analyses and complicates draw-
ing general conclusions from the studies (Moll et al. 2017, 
Prugh et al. 2019).

Assessment of human effects

Human activities might influence behaviourally mediated 
effects created by wolves (Kuijper  et  al. 2016) and, there-
fore, assessing the degree of human influence is important. 
However, studies included in this review often lack a thor-
ough description of the type and strength of anthropogenic 
effects or human disturbance. Almost half of the studies 

(46.3%) and more than half of the observations (56.1%) 
were performed in protected areas where hunting, forestry, 
and agricultural land use were at least partially restricted. 
However, the degree of human activities varies strongly 
between national parks (van Beeck Calkoen et al. 2020). To 
what extent these activities are restricted is not reported in 
most of the studies.

Studies on habitat selection of prey species often include 
variables related to the intensity of human land use (e.g. for-
est exploitation, hunting Theuerkauf and Rouys 2008). These 
studies, however, mostly do not consider any interactions 
between anthropogenic effects and effects of wolf presence on 
prey behaviour. Thus, most studies do not consider whether 
wolf-prey interactions change in regions with high versus low 
human activity (Proudman et al. 2020).

Which non-consumptive effects by wolves 
are documented in Europe?

Spatio-temporal responses

Most studies reported only temporal or spatial results or 
reported them separately, which is also why we report the 
results in different sections, although temporal responses 
should not be considered isolated from spatial patterns (dis-
cussion, Kohl  et  al. 2018). Spatial responses to predation 
risk can occur at different spatial scales: at the large scale, 
prey might react to general presence of predators, while at a 
smaller scale they might avoid small-scale risk factors, such as 
escape impediments.

Figure 2. Number of studies on non-consumptive effects of wolves per country in Europe (left, n = 41) and number of observations (each 
investigated combination of effect, species and region in a study) per species and category (right, n = 89). The observations were classified 
according to the prey species in focus.
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Large-scale spatial responses
Habitat selection based on wolf habitat use / suitability
At large spatial scales (large-scale habitat use and home range 
selection), studies generally found that human influence, 
vegetation structure, and prey-related variables, such as sex 
and reproductive status, are more important for explain-
ing habitat selection by large ungulates than the presence 
of wolves (Theuerkauf and Rouys 2008, Nicholson  et  al. 
2014). An exception is the study of Bubnicki et al. (2019), 
which showed that patterns of landscape use by red deer were 
predominantly determined by patterns in wolf space use in 
the Białowieża Forest. Which environmental variables are 
important varies between ungulate species (Theuerkauf and 
Rouys 2008, Bubnicki et al. 2019). Theuerkauf and Rouys 
(2008) did not find evidence for a general impact of wolf 
presence on large-scale ungulate distribution. They con-
cluded that anthropogenic impacts affect local intensity of 
use by prey stronger than predation risk by wolves. Red deer 
seemed to prefer areas selected by wolves. It is, however, not 
clear whether this is due to a lack of avoidance by prey or 
by the attraction of wolves to areas with high prey densities 
(Roder et al. 2020). In the same area, Bubnicki et al. (2019), 
on the other hand, found lower red deer presence and relative 
densities in areas with high wolf use. The intensity of wolf 
use did not influence relative densities of other prey species 
(Bubnicki et al. 2019).

In the Italian Apennines, where wild boar is the main prey 
of wolves, crop damage was negatively correlated with wolf 
habitat suitability, suggesting that wild boars avoid the most 
suitable wolf habitat, leading to a redistribution of crop dam-
age in the landscape (Davoli et al. 2022).

Spatial overlap
A study in the Ligurian Alps found high spatial overlap 
between the wolf and its main prey (roe deer and wild boar), 
indicating low spatial avoidance at a large landscape scale 
(Torretta  et  al. 2016). The authors document lower spatial 
overlap of wolves with fallow deer and chamois, which are 
less preyed upon by wolves, and deduce that wolves select 
areas of high use by their main prey. Also, no evidence for 
spatial avoidance of fallow deer and wolves was found in a 
study conducted in an Italian national park (Esattore et al. 
2022). However, they found evidence for other NCE (sec-
tions below). The opposite results were found in a study 
conducted in a national park in southern Italy, which found 
low spatial overlap of wolves with their main wild prey (wild 
boar), which might indicate that prey avoids areas of high 
predation risk (Mori et al. 2020).

Popova et al. (2018) compared the selection of different 
habitat types between the wolf and its main prey (roe deer 
and wild boar). They found selection of different habitat 
types between wolf and roe deer and concluded that the prey 
avoids the predator (Popova et al. 2018). Such differences in 
habitat selection can, however, arise through different mecha-
nisms including bottom-up effects, and therefore cannot be 
directly attributed to predation risk alone.

Habitat selection before and after wolf recolonization
Comparing habitat selection of moose before and after wolf 
establishment showed some effects of wolf presence: moose 
reduced their use of bogs after wolf recolonisation, but there 
was no change in the use of open or closed habitat in general 
(Sand et al. 2021). Thus, there are indications that the presence 
of wolves affects the space use of moose but, in general, studies 
report a lack of behavioural adjustments in response to predator 
presence in Scandinavia (Sand et al. 2006, Eriksen et al. 2009).

Mouflons Ovis aries reduced the distance to refuge areas 
and used patches with higher values in elevation, slope, 
and ruggedness since wolves recolonized the study area 
in the western Italian Alps (Tizzani  et  al. 2022). Similarly, 
after wolf recolonisation in Gran Paradiso National Park 
(Italy), male ibex started to spend less time in forage-rich, 
flat areas and selected more rocky slopes, which provided a 
refuge (Grignolio et al. 2019). However, they continued to 
use areas where wolves could move easily, while feeding in 
smaller groups. Hence, continuing to utilise higher-quality 
but riskier feeding sites despite the presence of predators 
might be compensated for by a reduction in group size (sec-
tion ‘Grouping behaviour’).

The mixed evidence for effects of wolf presence on large-
scale habitat selection by ungulates in Europe might be 
related to the fact that the daily home range of ungulates is 
much smaller than the daily home range of wolves. Thus, 
prey might avoid encounters with predators by high mobil-
ity within their home ranges, which might not be detected 
by purely spatial analyses of habitat selection. (Pusenius et al. 
2020) found that moose in Finland increased their movement 
speed (distance between two consecutive GPS relocations/
time) when predation risk was higher, but no such effect was 
found in moose in Scandinavia (Wikenros et al. 2016). This 
indicates that higher mobility may be an anti-predator mech-
anism not yet developed by moose in Scandinavia, where 
compared to Finland wolves have returned only recently 
(Sand et al. 2006).

Migration
We have only found one study investigating migratory behav-
iour of deer in the Carpathians, which showed that avoid-
ing high winter predation risk might be a driver of downhill 
migration in red deer (Smolko  et  al. 2018). However, this 
study did not demonstrate behavioural shifts in direct 
response to predator presence by comparing areas or time 
periods with and without wolves.

In general, we have found inconsistent evidence for effects 
of wolves on large-scale habitat selection of their prey in 
Europe. Reported effects were mainly found in protected 
areas. Thus, anthropogenic factors and bottom-up effects 
seem to influence habitat selection of large ungulates more 
strongly than wolf presence.

Fine-scale responses
In cultural landscapes, the home range and habitat selection 
of ungulates might be constrained by human influences, and 
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spatial responses to predator presence might be more evident 
at fine spatial scales. When predators are present, ungulates 
may adjust their behaviour near landscape elements that 
increase perceived predation risk, such as escape impediments 
or dense vegetation that reduces visibility (Kuijper et al. 2013 
2015, van Ginkel et al. 2019a).

Observational studies of responses to fine-scale landscape structures
Kuijper  et  al. (2015) studied the effect of large pieces of 
deadwood (hereafter, tree logs) on ungulate behaviour in 
Białowieża Forest (Poland) and found that red deer avoided 
such tree logs more inside than outside of wolf core areas 
(Kuijper et al. 2015). This avoidance led to reduced brows-
ing pressure around the logs and increased chances for tree 
recruitment (Kuijper  et  al. 2013, van Ginkel  et  al. 2019a, 
Section ‘Cascading effects on vegetation’).

Responses to experimental cues
van Beek Calkoen  et  al. (2021) showed that at sites with 
predator cues (scat and urine), visitation duration (but not 
visitation rate) by red deer was reduced. This again indi-
cates that deer might increase mobility to avoid predation 
risk (van Beeck Calkoen et al. 2021). Another study on free-
ranging deer in Białowieża, however, found no evidence 
for decreased visitation rate or duration on sites with wolf 
scent (scat) but only observed higher vigilance (Kuijper et al. 
2014). Accordingly, van Ginkel et al. (2019a) found no effect 
of the presence of wolf urine on the visitation rate/duration 
of red deer, both in areas with and without resident wolves 
(van Ginkel et al. 2019a). These studies, however, also stud-
ied other responses than visitation rate/duration, such as vigi-
lance behaviour. Given that there are multiple strategies to 
avoid predation risk, the responses should not be analysed 
independently, as –depending on the context – different 
strategies might be applied (Kuijper et al. 2014).

Strong context-dependence became also evident in a 
study on prey responses to wolf sound playbacks. While cer-
vids did not lower visitation rates, wild boar showed lower 
visitation rates with wolf sounds than with sheep sounds, 
but only in broadleaved forest and over a short time period 
(Weterings  et  al. 2022). Also, in Sweden the trapping rate 
of ungulates (roe deer and fallow deer) and the damage to 
crops was lower when playback sounds of dogs, wolves, and 
humans were played (Widén et al. 2022). However, there was 
no comparison with a control sound.

Temporal avoidance
We found eight studies considering temporal avoidance. In 
the Pollino National Park in southern Italy, the activity overlap 
of ungulates and wolves was generally high and, for the main 
prey, the wild boar, even higher in areas of high wolf occurrence 
(Mori et al. 2020). In the Maremma National Park in central 
Italy, however, fallow deer (the main prey of wolves in the region) 
had lower temporal overlap with wolves at sites where wolf activ-
ity was high (Rossa et al. 2021). This effect was, however, only 
visible in winter and not in summer (Rossa et al. 2021). Both 
studies were performed in protected areas but showed opposite 

results for different prey species. Mori et al. (2020) explain their 
results with wolves trying to maximise activity overlap with 
their prey, whereas Rossa et al. (2021) argued that fallow deer 
avoided time periods of high wolf activity. A factor that might 
affect different temporal overlap could be the different recolo-
nisation history of wolves in both Italian national parks. While 
wolves have never been extinct in the Pollino National Park, 
the Maremma National Park was recently recolonised by wolves 
(Ferretti et al. 2019), which could present another factor affect-
ing the potential for NCE.

In a study in the Italian western Alps, seasonal differences 
in temporal overlap between wolves and their main prey (roe 
deer and wild boar) were documented. The activity overlap 
increased during the non-denning season of wolves com-
pared to the denning season. This increase was significant 
for roe deer, indicating that roe deer changed their activity 
patterns to avoid wolves during the wolf denning season 
(Torretta  et  al. 2016). However, shifts in the wolves’ space 
use or other factors could have influenced this effect.

In Moldavia and Greece high temporal overlap of 
wolves and roe deer was found; however, roe deer activity 
peaked when wolf activity decreased (Popova  et  al. 2018, 
Petridou et al. 2023). In a study looking at activity synchroni-
sation between wolves and moose in Norway, moose activity 
peaked at dusk, whereas the wolves’ activity peaked at dawn 
(Eriksen et al. 2011). Also a study on fallow deer in an Italian 
national park found different activity patterns of wolves and 
fallow deer, with fallow deer being mainly active during day-
light, whereas wolves were mainly nocturnal (Esattore et al. 
2023). However, simply looking at activity overlap cannot 
inform about the underlying mechanisms and cannot be 
solely used to conclude about temporal avoidance or to assess 
the NCE of wolves on their prey.

Other behavioural adaptations

Vigilance
Vigilance behaviour presents a potential trade-off between 
foraging and risk avoidance. Especially when animals stop 
foraging to engage in vigilance (Blanchard and Fritz 2007), 
they spend less time with energy intake. This might affect 
individual survival and thus population dynamics, but also 
reduce biomass removal by herbivores and thus affect vegeta-
tion growth. Thus, increased vigilance of prey has the poten-
tial to induce trophic cascades.

We found seven studies investigating vigilance behaviour 
in response to wolf cues. Fallow deer in an Italian national 
park showed more often and longer vigilance behaviour at 
sites with higher wolf activity (Esattore et al. 2023). Also, red 
deer in the Polish Białowieża Forest increased their vigilance 
close to risky places (i.e. tree logs representing small-scale 
escape impediments). However, this effect was only visible in 
core areas of wolf territories (Kuijper et al. 2015).

Predator cues, such as the presence of wolf scats, also 
led to increased vigilance levels in red deer but not in wild 
boar in Białowieża (Kuijper et al. 2014). In contrast to these 
results, a study testing the vigilance behaviour in response to 
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wolf urine in wolf-free areas in National Park Veluwezoom 
in the Netherlands, and in areas with wolf presence in the 
Białowieża National Park, did not find any effect of wolf 
urine on the vigilance behaviour of red deer (van Ginkel et al. 
2019b). The authors argue that the lack of response might be 
a result of the quality of wolf urine. Also in other experimental 
studies, wolf scent had no effect on vigilance behaviour (van 
Beeck Calkoen et al. 2021, van Ginkel et al. 2021). However, 
the visitation duration and browsing intensity in plots with 
wolf scent was reduced, indicating that deer might increase 
mobility to avoid predation risk (section ‘Spatiotemporal 
responses’).

The above-mentioned studies documenting effects of wolf 
presence on deer vigilance were all performed in national 
parks or enclosures. When comparing protected and non-
protected areas in Białowieża, deer showed higher levels of 
vigilance during the hunting season and at diurnal hours in 
non-protected areas (Proudman et al. 2020). In contrast, in 
protected areas, red deer were more vigilant at night, pos-
sibly related to higher wolf activity in areas where human 
disturbances are strongly restricted. These results indicate 
that wolves’ impacts on red deer vigilance behaviour seem to 
be superimposed by anthropogenic effects in areas with high 
human disturbance and hunting.

Grouping behaviour
We found four studies investigating grouping behaviour of 
ungulates in response to wolf predation risk. Red deer and 
male moose tended to form larger groups in the presence 
of wolves (Jędrzejewski  et  al. 1992, Månsson  et  al. 2017), 
while group size of male ibex decreased (Grignolio  et  al. 
2019). Moose grouping behaviour generally seemed to be 
little affected by predator presence, which aligns with results 
from other studies (Nicholson  et  al. 2014, Wikenros  et  al. 
2016). Male ibex changed their behaviour in response to 
wolf recolonisation within a relatively short period of time. 
However, female ibex and moose with calves did not change 
their grouping behaviour in response to predation risk 
(Månsson et al. 2017, Grignolio et al. 2019). This leads to 
the assumption that their behaviour is either determined 
by other factors, such as forage quality, or – in the case of 
moose – that they have lost their antipredator behaviour in 
the absence of predators. Also, an experimental study in the 
Netherlands, where prey was naïve to wolves, found no effect 
of wolf acoustic playbacks on group sizes of wild boar or cer-
vid species (Weterings et al. 2022).

Other factors such as population density, snow depth, and 
hunting were important predictors of grouping behaviour 
(Dzięciołowski 1979, Månsson et al. 2017, Grignolio et al. 
2019), indicating that grouping in wild ungulates is influ-
enced by a complex set of factors (Creel et al. 2014).

Physiological effects and parasite prevalence

We found six studies related to physiological effects and 
one study related to parasite prevalence in response to wolf 
presence. In the French Alps, roe deer fawn body mass was 

consistently lower in wolf core areas compared to peripheral 
areas (Randon et al. 2020). The mechanisms of such a differ-
ence in body mass in response to wolf presence are unclear. 
They could be related to increased stress, but also to changes 
in habitat selection or higher vigilance levels. However, the 
effect size was relatively small (~ 1 kg) compared to effects 
of, for example, population density (> 3 kg, Douhard et al. 
2013), and the variation was correlated with variation in roe 
deer abundance in both areas. Thus, this effect had likely 
been caused by an unmeasured factor (Randon et al. 2020).

In roe deer populations in Poland, Zbyryt  et  al. (2017) 
found lower and less variable faecal glucocorticoid metabolite 
(FGM) concentration in areas with high predator presence 
(wolf and Eurasian lynx Lynx lynx) compared to areas with 
low predator presence. However, human-related factors had 
more substantial effects on the stress level of ungulates than 
effects of predators (Zbyryt et al. 2017). In eastern Poland, 
roe deer expressed elevated stress levels in areas with wolves 
present, but the effect of wind farms on stress levels seemed 
to be more important than the effect of predators (Klich et al. 
2020). In contrast, moose in Sweden reacted more strongly 
to predator presence than to human-related factors: hair cor-
tisol levels decreased with the distance to wolf territories, 
whereas anthropogenic effects did not affect hair cortisol lev-
els (Spong et al. 2020). In contrast, the blood cortisol level 
of roe deer captured in wooden box traps was 30% higher in 
areas with wolves and lynx present compared to a predator-
free and human-dominated landscape (Bonnot et al. 2018). 
These findings are based on blood cortisol, which reflects how 
roe deer reacted to acute stressors, indicating that differences 
are rather due to handling than to a general stress level.

Parasite prevalence
Predator presence might also influence parasite prevalence 
in ungulates. They can lead to healthier ungulate popula-
tions, as reduced population size might hinder parasite 
spread, and infected and old individuals might be removed 
from the population (Packer  et  al. 2003). In contrast, the 
life cycle of some parasites depends on two specific hosts, 
with ungulates as the intermediate host (e.g. Sarcocystis sp.). 
Infected ungulates might become more vulnerable prey for 
carnivores, which then serve as the definitive host. Thus, the 
presence of wolves might be linked to parasite infections in 
ungulates as they add to the guild of definite hosts. Higher 
probabilities of Sarcocystis sp. infection were found for red 
deer in areas with wolves present, but not for roe deer or wild 
boar (Lesniak et al. 2018). For other diseases, however, preda-
tion can reduce the prevalence of infection without leading 
to a reduction in prey population density, because disease-
induced mortality can compensate for predation mortality 
(Tanner et al. 2019).

Cascading effects on vegetation

In central Europe, cascading effects of wolves on lower tro-
phic levels have only been studied extensively in the Polish 
Białowieża Forest. Studies measuring indirect effects of 
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wolves on the vegetation found that, inside wolf core areas, 
browsing intensity was reduced near structures that might 
impede escape or hinder visibility (i.e. coarse woody debris or 
fallen tree logs (Kuijper et al. 2013, van Ginkel et al. 2019a), 
resulting in a higher percentage of trees growing out of reach 
of browsing ungulates. The effect of fine-scale habitat struc-
tures was much more robust in high-risk areas for prey inside 
of wolf territories than in low-risk areas outside of wolf core 
areas (Kuijper  et  al. 2013, van Ginkel  et  al. 2019a). These 
studies were performed in the most undisturbed parts of the 
Białowieża Forest, i.e. in the national park that excludes hunt-
ing and forestry activities. A recent experimental study out-
side the Białowieża National Park, in an adjacent area where 
hunting and forestry occur, illustrated that visual obstruc-
tions (similar to tree logs) strongly reduced deer browsing 
pressure and led to increased tree growth (van Ginkel et al. 
2021), indicating that similar risk effects can also occur in a 
more human-disturbed environment.

Also at the landscape scale, changes in patterns of space 
use by red deer caused by wolf presence led to a measur-
able reduction of browsing intensity and changes in the 
relative recruitment of different tree species inside and out-
side the Białowieża National Park (Bubnicki  et  al. 2019). 
Consequently, tree species that were most vulnerable to deer 
browsing had a higher chance of recruitment in places with 
frequent wolf presence (Bubnicki et al. 2019) or, at a smaller 
scale, in places hindering deer browsing due to (visual) 
impediments (van Ginkel et al. 2021).

Wolf presence can also affect forage selection, potentially 
leading to shifts in the plant community. Red deer foraged 
more on broadleaved tree species and less on forbs in high-
risk than in low-risk areas (Churski et al. 2021). This effect, 
however, was only present in the national park and not in the 
managed forest.

In an area more recently recolonized by wolves in 
Switzerland, a pilot study on the local tree regeneration 
showed that ungulate densities, as indicated by local ungu-
late harvest, and the percentage of saplings with browsed 
leader shoot, decreased in the wolves’ summer core zone 
(Kupferschmid 2017). Due to the pilot character of the 
study, data were lacking to evaluate if this might have been 
related to indirect effects of wolf presence, i.e. shifts in ungu-
lates’ spatio-temporal, social, or foraging behaviour, or other 
potential factors such as changes in hunting effort. An exper-
imental study on captive red deer in the Bavarian Forest, 
Germany, did not document a shift in selectivity for certain 
tree species in proximity to simulated wolf cues. However, 
visitation duration and browsing intensity decreased in the 
presence of wolf scent, which might impact plant growth 
rates and thus affect forest ecosystems in the long term (van 
Beeck Calkoen et al. 2021).

Results from moose, the main prey of wolves in Sweden, 
show a different pattern than observed in red deer in other 
parts of Europe. The probability of moose browsing was 
higher inside wolf territories compared to outside of wolf ter-
ritories (Gicquel et al. 2020, Ausilio et al. 2021), which seems 
related to higher moose abundance inside wolf territories 
(Ausilio et al. 2021). Also, van Beeck Calkoen et al. (2018) 

found higher browsing damage in high-wolf−utilisation 
areas. The authors related their findings to a confounding 
effect, as these areas were characterised by lower productivity 
(because of higher elevation) that led to reduced tree density 
and height, which are associated with an increase in moose 
browsing intensity (van Beeck Calkoen et al. 2018). They also 
related their finding to anthropogenic effects, as high-wolf–
utilisation areas are characterised by a lower human influence 
index and situated at higher elevations than low-wolf–utilisa-
tion areas. Thus, human activities could push wolves into less 
productive parts of the landscape with lower overall tree den-
sities and higher moose browsing levels (caused by bottom–
up processes). These findings illustrate that simply comparing 
areas with and without wolves might lead to erroneous con-
clusions when no other (human-related) confounding factors 
are considered.

Not only human settlements, but also roads present key 
features of anthropogenic impacts. Inside wolf territories, 
however, browsing of rowan Sorbus aucuparia, the tree spe-
cies most preferred by moose, decreased close to secondary 
roads, while increasing close to secondary roads outside wolf 
territories (Loosen et al. 2021). The roadsides thus appear to 
be perceived as riskier by moose in the presence of predators.

Discussion

Complexity and context-dependence of non-
consumptive effects

We found inconsistent evidence for NCE of wolves on their 
large ungulate prey in Europe, highlighting the context-
dependence of NCE. There is evidence that, under cer-
tain conditions, wolves can affect patterns of space use and 
behaviour of their prey, which in turn can affect the veg-
etation (Kuijper et al. 2013, 2015, Bubnicki et al. 2019, van 
Ginkel et al. 2019a). Less intense use of risky feeding areas has 
the potential to create a fine-scale mosaic of patches with lower 
grazing/browsing pressure and thus promote a more heteroge-
neous landscape (sections ‘Fine-scale responses’ and ‘cascading 
effects’). These effects have been found mainly at a small spa-
tial scale (landscape-scale patterns in Bubnicki et al. 2019) and 
in relatively undisturbed systems (i.e. no hunting/forestry), 
suggesting that NCE are easily overruled by human-related 
factors. Thus, humans can influence and alter predator–prey 
relationships, limiting the potential ecological role of preda-
tors (Ciucci et al. 2020). Most evidence for NCE in Europe 
comes from the Białowieża Forest, and there are indications 
that NCE can lead to measurable cascading effects. However, 
outside of non-disturbed areas, anthropogenic effects might 
quickly overrule these effects of natural predators.

In addition to anthropogenic impacts, further factors lead 
to context-dependence of NCE. Species – or even sexes, age 
classes, or individuals in different states – might vary in their 
sensitivity to risk effects from either human or non-human 
predators. While red deer, roe deer, and fallow deer showed 
changes in their behaviour in response to predator presence 
under certain conditions, other species such as wild boar or 
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moose seemed less sensitive to predator presence (Fig. 3). 
Moose and wild boar might have higher changes of surviv-
ing an encounter with wolves, so there might be less selective 
pressure to avoid such encounters. For smaller prey, mortal-
ity after an encounter might be much higher and, thus, they 
might have been selected to have increased avoidance behav-
iour. Different species (or even individuals) might adopt dif-
ferent strategies, and some might specialise in avoidance of 
risky places while others specialise in early detection (e.g. 
through vigilance or grouping) or other defence mechanisms 
(Makin et al. 2017, Gaynor et al. 2019).

Quantifying the risk landscape and human 
influences

To document effects of predation risk on prey behaviour, we 
need to quantify the risk landscape. The presented studies used 
different methods to measure predation risk by wolves, but it is 
questionable if these measures are equivalent to the landscape 
of fear perceived by the prey (Moll  et al. 2017, Prugh et al. 
2019). For example, habitat suitability of predators is often 
used to predict predation risk, but might not be a good predic-
tor for the landscape of fear. Thus, there might be a mismatch 
between what we measure and what is perceived by prey.

Not only quantifying the risk landscape, but also quanti-
fying human impact is challenging. Human impact can vary 
with, for example, human density, infrastructure, the level of 
hunting, forestry, and recreational activity and each of those 
variants of human impact might affect wildlife differently. 
Many studies included here did not estimate human impact 
in the study region, thus making comparing different studies 
considerably challenging.

The majority of European studies investigating wolves’ 
effects on herbivore behaviour were conducted in national 
parks, where human impact is assumed to be weaker than in 

non-protected areas. However, European national parks are 
subject to relatively high human impact (especially compared 
to the large national parks in North America), and truly 
undisturbed areas are rare (van Beeck Calkoen et al. 2020). 
In human-dominated landscapes, the effects of humans on 
wildlife behaviour can exceed those of natural predators 
(Theuerkauf and Rouys 2008, Ciuti et al. 2012) and human 
risk factors can interact with predator-induced risk fac-
tors (Proffitt  et  al. 2009, Rogala  et  al. 2011, Kuijper  et  al. 
2015). Human activities can directly affect the behaviour 
and spatial distribution of ungulates (Benhaiem et al. 2008, 
Rogala et al. 2011) or indirectly by affecting predator distri-
bution (Theuerkauf et al. 2003, Theuerkauf and Rouys 2008, 
Rogala  et  al. 2011). Thus, we must be very careful when 
interpreting study results on NCE of wolves in the presence 
of anthropogenic effects without the recognition of potential 
indirect effects of human–carnivore–prey interactions. It is 
challenging to interpret the effects of predators isolated from 
anthropogenic effects, since they generally coexist in Europe. 
Thus, there is a need for studies in more human-dominated 
landscapes, which allow us to study the interacting effects of 
humans and natural predators.

Additionally, the correlation of human activity with wolf 
presence makes it very difficult to disentangle wolf-induced 
effects and human-induced effects, emphasizing the need to 
consider indirect effects of humans on carnivore behaviour. 
While the presence of wolves may not have a significant 
impact on forest vegetation in human-dominated areas, it 
can have effects in undisturbed forest systems.

Spatial scales and constraints

Most studies we found here indicate that risk factors for 
ungulate prey act at different spatial scales – impediments 
acting as a risk factor at a fine scale and carnivore distribution 

Figure 3. Proportion of observations indicating non-consumptive effects (NCE) and number of observations per prey species.
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shaping the perceived risk at the landscape scale. Most impor-
tantly, these factors interact and shape the functional role 
of large carnivores in ecosystem processes. We thus would 
expect NCE to mainly appear in response to small-scale risk 
factors when combined with the presence of wolves at larger 
scales. In many cases, large-scale habitat selection of ungu-
lates seems to be strongly affected by anthropogenic factors, 
such as hunting or forest exploitation, whereas predation risk 
by wolves seems to have relatively minor effects. To under-
stand how large carnivores indirectly affect the vegetation in 
ecosystems, it is crucial to consider interactive effects between 
fine- and landscape-scale risk factors, as we might see effects 
only under certain conditions (Wirsing et al. 2021).

In addition, spatial constraints (e.g. through anthropo-
genic structures) might prevent the occurrence of large-scale 
changes, so that even though prey might perceive predation 
risk from returning predators, it may not be able to react to it 
(Gaynor et al. 2019). Prey species in the human-dominated 
landscape of Europe live in a complex environment with 
multiple (human and non-human) predators and competi-
tors, and further anthropogenic stressors (Lone et al. 2014). 
Thus, an important question is how much potential the prey 
has left to adapt their habitat selection to a new risk factor 
such as the wolf. In Europe, for example, suitable wildlife 
habitat areas are often small and homogenised due to intense 
forestry. Large herbivores are mainly present in forest-dom-
inated landscapes, while most of the open landscape is used 
for agricultural production. Anthropogenic factors thus limit 
the potential for large-scale behavioural changes, as a hetero-
geneous landscape of fear (i.e. including low-risk regions) 
is crucial for NCE to be detectable (Cromsigt et al. 2013). 
Within the constraints on large-scale space use, prey might 
avoid predation by high mobility or a more heterogeneous 
habitat use. Such subtle changes can be hard to detect with 
the methods used in most studies. But also increased mobility 
or more heterogeneous habitat use could have consequences 
for browsing and grazing pressure, seed dispersal, nutrient 
fluxes, and transmission of parasites or diseases (Winnie et al. 
2006), and lead to cascading effects at the larger scale. This 
has, however, not been directly demonstrated in Europe 
yet, although there are hints towards higher prey mobility 
(Pusenius  et  al. 2020, van Beeck Calkoen et  al. 2021) and 
large-scale effects on browsing patterns in the presence of 
wolves (Bubnicki  et  al. 2019). Generally, in human-domi-
nated landscapes, prey species might prioritise adaptation to 
the risk landscape imposed by humans, which could weaken 
responses to other risk landscapes (e.g. from large carnivores).

Studies investigating temporal and spatial overlap generally 
found mixed results (Fig. 4, Popova et al. 2018, Mori et al. 
2020; except for Esattore et al. 2023). In general, we need to 
be careful with the interpretation of causal relationships of 
spatial and temporal overlap, especially if there are no data 
from reference areas/time periods. Additionally, activity pat-
terns of herbivores are already strongly adapted to the pres-
ence of humans, and there might be few opportunities left for 
avoiding the activity periods of carnivores. How complex and 
dynamic NCE can turn out to be is illustrated by the fact that 

herbivores might even increase their space use close to human 
settlements to reduce wolf predation risk (Kuijper et al. 2015, 
Proudman et al. 2020), while temporarily avoiding humans 
during the day.

Limitations and methodological challenges

Unfortunately, we were not able to quantitatively analyse 
factors leading to the documentation of NCE. We only 
found a limited number of studies per section/species. Even 
more challenging was that different studies within a sec-
tion applied different methods, complicating a quantitative 
analysis. Ideally, we would have been able to test indications 
of human disturbance on the documentation of NCE. This 
was, however, not possible, as for most of the studies we were 
not able to extract information on human activities. Even a 
comparison of studies within national parks with studies out-
side of national parks is debatable, as human disturbance has 
multiple dimensions (hunting, forestry, recreational activi-
ties), which can strongly vary in national parks (van Beeck 
Calkoen et al. 2020).

Another factor hampering quantitative analysis is the mul-
tidimensionality of prey response. Prey can use different strat-
egies for dealing with increased predation risk. In this review, 
we presented the results on different NCE in separate sec-
tions (similar to most of the papers reported). However, NCE 
in one section cannot be separated from effects in another 
section. For example, spatial and temporal avoidance cannot 
be isolated from each other or other behavioural adaptations 
(i.e. grouping or vigilance). All these effects can interact, and 
one mechanism can compensate for another (Torretta et al. 
2016, Grignolio et al. 2019). For example, risky places can 
be used at safe times, indicating that the landscape of fear 
is dynamic over time (Kohl et al. 2018). Additionally, NCE 
might be dependent on the season. For example, in winter, 
prey might have to accept higher predation risk as they can-
not afford to trade lower predation risk with lower energy 
intake. Furthermore, there are multiple strategies to solve 
the same dilemma. Some individuals/populations/species 
might apply alternative strategies and, while some prey might 
increase their vigilance while using risky places, others might 
rather avoid such places while keeping their vigilance behav-
iour constant. Given that there might be individual variation 
in these strategies, effects can stay undetected depending on 
the scale we are looking at.

Studies investigating temporal avoidance mostly mea-
sured temporal overlap. Even though there are indications 
for temporal avoidance of wolves by prey, it is challenging 
to show causal relationships from activity overlap data, and 
we advocate interpreting these results carefully when no ref-
erence area is available or when no comparative data exist 
from times when wolves were not present in the study area. 
Furthermore, it needs to be clarified whether prey are adapt-
ing their activity patterns to avoid predation, or wolves are 
adapting their activity to increase hunting success, or both. 
Additionally, the potential for adaptations in activity patterns 
might be overruled by human influence, which is known to 
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be an important driver of temporal activity patterns in ungu-
lates and carnivores (Stankowich 2008, van Doormaal et al. 
2015). Moreover, temporal avoidance might reduce spatial 
effects, as prey might use risky places at safe times (Kohl et al. 
2018). Thus, temporal responses should not be considered 
isolated from spatial patterns.

Effects of predators on the vegetation have so far only been 
studied in forest systems (except for Davoli et al. 2022) and 
the extent of cascading effects in vegetation types other than 
forests, such as shrub or open grassland, remains unclear. 
Such open areas in Europe are typically occupied by humans, 
and low-disturbance open areas are much rarer than undis-
turbed forested areas, so that the potential for observing cas-
cading effects of wolves in vegetation types other than forest 
seems limited.

We are aware that there might be a publication bias and 
that more results that find NCE might be published compared 
to studies that found no effect. Further, we have missed grey 
literature and literature that was not published in English. 
We found some reports investigating NCE in Germany 
and Switzerland (Gärtner and Noack 2009, Nitze 2012, 
Kupferschmid et al. 2018a, b), but excluded them from the 
systematic review as they were not published in English, and 
we are not able to include grey literature in other languages.

Future research and methodological advancements

Future research on NCE in Europe should try to quantify 
human impact in the studies to allow for a synthesis from 
multiple regions with varying predator presence as well as 
varying human impact on different levels (tourism, forestry, 
hunting). Further, different strategies to lower predation risk 
should be considered in the same study, and factors should not 
be looked at in isolation. Considering vigilance and grouping 
behaviour, as well as spatial and temporal dynamics, together 
and not separately in future studies would allow a more inte-
grated understanding of wolf NCE, in line with the landscape 
of fear as a dynamic concept (Palmer et al. 2022).

Not only large herbivores, but also other trophic levels 
such as scavengers, can be affected by apex predators through 
competition (Wikenros et al. 2010, 2017, Krofel et al. 2017), 
facilitation (Selva and Fortuna 2007, van Dijk et  al. 2008, 
Wikenros et al. 2013, Focardi et al. 2017, Rossa et al. 2021), 
or hybridisation (Moura  et  al. 2014). Such effects in turn 
can have indirect effects on the herbivore community. In this 
review, however, we have not considered effects of wolves 
on scavengers, mesopredator, or other apex predators, or 
potential combined effects of several apex predators in more 
complex food webs, because the majority of studies only 

Figure 4. Spatial and temporal overlap coefficients with wolves provided by the respective studies for roe deer (upper panel) and wild boar 
(lower panel). Error bars show standard errors for temporal overlap (as reported in the studies), but no measure of uncertainty is provided for 
spatial overlap; in Torretta et al. 2016 the uncertainty measures were not clearly reported and are thus not provided here. The studies provided 
two different estimates for spatial overlap (UDOI in Torretta et al. 2016, Pika index in Mori et al. 2020), but both are bound between 0 and 
1, with 1 indicating high overlap and 0 low spatial overlap. Popova et al. (2018) did not provide an estimate of spatial overlap.
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considered one predator species. In future studies, however, 
we need to account for multiple predators when investigat-
ing ungulate responses to predation risk (Moll et al. 2017). 
Moreover, we have not taken into account the complexity 
of the prey guild, which might influence the potential for 
behaviourally mediated effects since, in ecosystems with high 
complexity, redundancy effects might mask trophic cascades 
through compensation by other species (Fahimipour  et  al. 
2017). In addition, cascading effects through non-ungulate 
prey should be explored. In particular, beavers are commonly 
preyed upon by wolves where the species overlap and can 
have strong effects on the ecosystem (Gable et al. 2018).

Advances in technology will allow for higher-resolution 
data collection. We have documented very few studies using 
GPS telemetry for the assessment of space use of wolves and 
their prey. This technology can provide essential insights 
by providing data for the whole home range of the collared 
individuals, but is limited to the collared individuals. Thus, 
combining multiple approaches, e.g. GPS-telemetry and 
camera traps, can be very powerful. However, with new pos-
sibilities for data collection and the combination of multiple 
approaches, it will become increasingly essential to have com-
mon standards that allow for comparing different studies and 
synthesising the knowledge generated in different regions and 
under different environmental conditions (Moll et al. 2017, 
Prugh et al. 2019).

Conclusions and implications

Our review shows that wolves recolonizing Europe rarely 
led to critical changes in the ecosystems (Table 1), so that 
exaggerating or romanticising their role in ecosystem func-
tioning does not seem appropriate (Mech 2012). However, 
in addition to changing the population dynamics and/or the 
behaviour of prey, wolves might have other effects on the eco-
system, such as controlling the spread of infectious diseases 
in prey populations (Packer  et  al. 2003) or providing car-
casses for the scavenger community (Wikenros et al. 2013). 
Here we documented a strong context-dependence of NCE 
on prey behaviour and stronger effects in areas with relatively 
low human impact. In Europe, such areas are extremely rare 
as, in more than two thirds of the national parks, wildlife 
is regulated and less than 30% of the national parks have a 
non-intervention zone of at least 75% of the area (van Beeck 
Calkoen et al. 2020).

If we aim to restore the complexity of ecosystems and 
ecosystem processes, we should think about creating more 
landscapes with a lower human impact and therefore a higher 
potential for these carnivore-induced impacts to occur. In 
the human-dominated landscape of Europe, this is, however, 
currently not the most realistic scenario. Regarding a land-
sharing view, we need more knowledge on the effects of car-
nivores on the ecosystem with a focus on the influence of 
human activities on predator–prey relationships and result-
ing cascading effects.

Acknowledgements – We thank Suzanne van Beeck Calkoen for 
discussions about this review, and two anonymous reviewers and 
Douglas W. Smith for their very helpful comments on an earlier 
version of this manuscript. Open Access funding enabled and 
organized by Projekt DEAL.
Funding – The project was supported by the German government's 
Special Purpose Fund held at Landwirtschaftliche Rentenbank (28 
RZ 7013) and the KORA Integrated Monitoring and Management 
project.

Author contributions

Nina Gerber: Conceptualization (lead); Writing – origi-
nal draft (lead); Data collection (equal); Writing – 
review sections (lead); Writing – general sections (lead); 
Interpretation and structural editing (equal). Friederike 
Riesch:  Conceptualization (equal); Writing – original draft 
(lead); Data collection (equal); Writing – review sections 
(lead); Writing – general sections (equal); Interpretation 
and structural editing (lead). Katarzyna Bojarska:  
Interpretation and structural editing (lead). Maria Zetsche: 
Conceptualization (supporting); Writing – original draft 
(supporting); Data collection (equal); Writing – review sec-
tions (equal). Nina-K. Rohwer: Writing – original draft 
(supporting); Data collection (equal); Writing – review sec-
tions (supporting). Johannes Signer: Conceptualization 
(supporting); Interpretation and structural editing (equal). 
Johannes Isselstein: Conceptualization (supporting); 
Interpretation and structural editing (equal). Sven Herzog: 
Conceptualization (supporting); Interpretation and struc-
tural editing (equal). Henryk Okarma: Conceptualization 
(supporting); Interpretation and structural editing 
(equal). Dries P. J. Kuijper: Conceptualization (support-
ing); Interpretation and structural editing (equal). Niko 
Balkenhol: Conceptualization (lead); Writing – original 
draft (supporting); Writing – general sections (supporting); 
Interpretation and structural editing (lead).

Data availability statement

Data sharing is not applicable to this article as no new data 
were created or analyzed in this study. 

Supporting information

The Supporting information associated with this article is 
available with the online version.

References

Ausilio, G., Sand, H., Månsson, J., Mathisen, K. M. and Wikenros, 
C. 2021. Ecological effects of wolves in anthropogenic land-
scapes: the potential for trophic cascades is context-dependent. 
– Front. Ecol. Evol. 8: 481.

van Beeck Calkoen, S. T. S., Kuijper, D. P. J., Sand, H., Singh, N. 
J., Wieren, S. E. van and Cromsigt, J. P. G. M. 2018. Does 
wolf presence reduce moose browsing intensity in young forest 
plantations? – Ecography 41: 1776–1787.

 1903220x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/w

lb3.01229 by Instytut O
chrony Przyrodyon, W

iley O
nline L

ibrary on [20/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 14 of 17

van Beeck Calkoen, S. T. S. et al. 2020. Ungulate management in 
European national parks: why a more integrated European 
policy is needed. – J. Environ. Manage. 260: 110068.

van Beeck Calkoen, S. T. S., Kreikenbohm, R., Kuijper, D. P. J. 
and Heurich, M. 2021. Olfactory cues of large carnivores mod-
ify red deer behavior and browsing intensity. – Behav. Ecol. 32: 
982–992.

Benhaiem, S., Delon, M., Lourtet, B., Cargnelutti, B., Aulagnier, 
S., Hewison, A. J. M., Morellet, N. and Verheyden, H. 2008. 
Hunting increases vigilance levels in roe deer and modifies feed-
ing site selection. – Anim. Behav. 76: 611–618.

Blanchard, P. and Fritz, H. 2007. Induced or routine vigilance while 
foraging. – Oikos 116: 1603–1608.

Bojarska, K., Maugeri, L., Kuehn, R., Król, W., Theuerkauf, J., 
Okarma, H. and Gula, R. 2021. Wolves under cover: the 
importance of human-related factors in resting site selection in 
a commercial forest. – For. Ecol. Manage. 497: 119511.

Bonnot, N. C., Bergvall, U. A., Jarnemo, A. and Kjellander, P. 
2018. Who’s afraid of the big bad wolf? Variation in the stress 
response among personalities and populations in a large wild 
herbivore. – Oecologia 188: 85–95.

Boonstra, R., Hik, D., Singleton, G. R. and Tinnikov, A. 1998. 
The impact of predator-induced stress on the snowshoe hare 
cycle. – Ecol. Monogr. 68: 371–394.

Bubnicki, J. W., Churski, M., Schmidt, K., Diserens, T. A. and 
Kuijper, D. P. J. 2019. Linking spatial patterns of terrestrial 
herbivore community structure to trophic interactions. – eLife 
8: e44937.

Chapron, G. et al. 2014. Recovery of large carnivores in Europe’s 
modern human-dominated landscapes. – Science 346: 
1517–1519.

Churski, M., Bubnicki, J. W., Jędrzejewska, B., Kuijper, D. P. J. 
and Cromsigt, J. P. G. M. 2017. Brown world forests: increased 
ungulate browsing keeps temperate trees in recruitment bot-
tlenecks in resource hotspots. – New Phytol. 214: 158–168.

Churski, M., Spitzer, R., Coissac, E., Taberlet, P., Lescinskaite, J., 
van Ginkel, H. A. L., Kuijper, D. P. J. and Cromsigt, J. P. G. 
M. 2021. How do forest management and wolf space-use affect 
diet composition of the wolf ’s main prey, the red deer versus a 
non-prey species, the European bison? – For. Ecol. Manage. 
479: 118620.

Ciucci, P., Mancinelli, S., Boitani, L., Gallo, O. and Grottoli, L. 
2020. Anthropogenic food subsidies hinder the ecological role 
of wolves: insights for conservation of apex predators in 
human-modified landscapes. – Global Ecol. Conserv. 21: 
e00841.

Ciuti, S., Northrup, J. M., Muhly, T. B., Simi, S., Musiani, M., 
Pitt, J. A. and Boyce, M. S. 2012. Effects of humans on behav-
iour of wildlife exceed those of natural predators in a landscape 
of fear. – PLoS One 7: e50611.

Clinchy, M., Sheriff, M. J. and Zanette, L. Y. 2013. Predator-
induced stress and the ecology of fear. – Funct. Ecol. 27: 56–65.

Creel, S. and Christianson, D. 2008. Relationships between direct 
predation and risk effects. – Trends Ecol. Evol. 23: 194–201.

Creel, S., Winnie, J., Maxwell, B., Hamlin, K. and Creel, M. 2005. 
Elk alter habitat selection as an antipredator response to wolves. 
– Ecology 86: 3387–3397.

Creel, S., Schuette, P. and Christianson, D. 2014. Effects of preda-
tion risk on group size, vigilance, and foraging behavior in an 
African ungulate community. – Behav. Ecol. 25: 773–784.

Cromsigt, J. P. G. M., Kuijper, D. P. J., Adam, M., Beschta, R. L., 
Churski, M., Eycott, A., Kerley, G. I. H., Mysterud, A., 

Schmidt, K. and West, K. 2013. Hunting for fear: innovating 
management of human–wildlife conflicts. – J. Appl. Ecol. 50: 
544–549.

Davoli, M., Ghoddousi, A., Sabatini, F. M., Fabbri, E., Caniglia, 
R. und Kuemmerle, T. 2022. Changing patterns of conflict 
between humans, carnivores and crop-raiding prey as large car-
nivores recolonize human-dominated landscapes. – Biol. Con-
serv. 269: 109553.

van Dijk, J., Gustavsen, L., Mysterud, A., May, R., Flagstad, Ø., 
Brøseth, H., Andersen, R., Andersen, R., Steen, H. and Landa, 
A. 2008. Diet shift of a facultative scavenger, the wolverine, fol-
lowing recolonization of wolves. – J. Anim. Ecol. 77: 1183–1190.

van Doormaal, N., Ohashi, H., Koike, S. and Kaji, K. 2015. Influ-
ence of human activities on the activity patterns of Japanese sika 
deer (Cervus nippon) and wild boar (Sus scrofa) in central Japan. 
– Eur. J. Wildl. Res. 61: 517–527.

Douhard, M., Gaillard, J. M., Delorme, D., Capron, G., Duncan, 
P., Klein, F. and Bonenfant, C. 2013. Variation in adult body 
mass of roe deer: early environmental conditions influence early 
and late body growth of females. – Ecology 94: 1805–1814.

Dzięciołowski, R. 1979. Structure and spatial organization of deer 
populations. – Acta Theriol. 24: 3–21.

Eriksen, A., Wabakken, P., Zimmermann, B., Andreassen, H. P., 
Arnemo, J. M., Gundersen, H., Milner, J. M., Liberg, O., Lin-
nell, J., Pedersen, H. C., Sand, H., Solberg, E. J. and Storaas, 
T. 2009. Encounter frequencies between GPS-collared wolves 
(Canis lupus) and moose (Alces alces) in a Scandinavian wolf 
territory. – Ecol. Res. 24: 547.

Eriksen, A., Wabakken, P., Zimmermann, B., Andreassen, H. P., 
Arnemo, J. M., Gundersen, H., Liberg, O., Linnell, J., Milner, 
J. M., Pedersen, H. C., Sand, H., Solberg, E. J. and Storaas, T. 
2011. Activity patterns of predator and prey: a simultaneous 
study of GPS-collared wolves and moose. – Anim. Behav. 81: 
423–431.

Esattore, B., Rossi, A. C., Bazzoni, F., Riggio, C. and Oliveira, R. 
2022. Same place, different time, head up: multiple antipreda-
tor responses to a recolonizing apex predator. – Curr. Zool. 26: 
zoac083.

Esattore, B., Rossi, A. C., Bazzoni, F., Riggio, C., Oliveira, R., 
Leggiero, I. and Ferretti, F. 2023. Same place, different time, 
head up: multiple antipredator responses to a recolonizing apex 
predator. – Curr. Zool. 69: 703–717.

Fahimipour, A. K., Anderson, K. E. and Williams, R. J. 2017. 
Compensation masks trophic cascades in complex food webs. 
– Theor. Ecol. 10: 245–253.

Ferretti, F., Lovari, S., Mancino, V., Burrini, L. and Rossa, M. 2019. 
Food habits of wolves and selection of wild ungulates in a prey-
rich Mediterranean coastal area. – Mamm. Biol. 99: 119–127.

Focardi, S., Materassi, M., Innocenti, G. and Berzi, D. 2017. Klep-
toparasitism and scavenging can stabilize ecosystem dynamics. 
– Am. Nat. 190: 398–409.

Fortin, D., Beyer, H. L., Boyce, M. S., Smith, D. W., Duchesne, 
T. and Mao, J. S. 2005. Wolves influence elk movements: 
behavior shapes a trophic cascade in Yellowstone National Park. 
– Ecology 86: 1320–1330.

Gable, T. D., Windels, S. K., Romanski, M. C. and Rosell, F. 2018. 
The forgotten prey of an iconic predator: a review of interac-
tions between grey wolves Canis lupus and beavers Castor spp. 
– Mam. Rev. 48: 123–138.

Gärtner, S. and Noack, R. 2009. Populationsentwicklung und 
Schälschäden des Rothirsches in den nordostsächsischen Wolf-
sgebieten. – Artenschutzreport 23: 27–32.

 1903220x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/w

lb3.01229 by Instytut O
chrony Przyrodyon, W

iley O
nline L

ibrary on [20/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 15 of 17

Gaynor, K. M., Brown, J. S., Middleton, A. D., Power, M. E. and 
Brashares, J. S. 2019. Landscapes of fear: spatial patterns of risk 
perception and response. – Trends Ecol. Evol. 34: 355–368.

Gicquel, M., Sand, H., Månsson, J., Wallgren, M. and Wikenros, 
C. 2020. Does recolonization of wolves affect moose browsing 
damage on young Scots pine? – For. Ecol. Manage. 473: 
118298.

van Ginkel, H. A. L., Kuijper, D. P. J., Schotanus, J. and Smit, C. 
2019a. Wolves and tree logs: landscape-scale and fine-scale risk 
factors interactively influence tree regeneration. – Ecosystems 
22: 202–212.

van Ginkel, H. A. L., Smit, C. and Kuijper, D. P. J. 2019b. Behav-
ioral response of naïve and non-naïve deer to wolf urine. – PLoS 
One 14: e0223248.

van Ginkel, H. A. L., Churski, M., Kuijper, D. P. J. and Smit, C. 
2021. Impediments affect deer foraging decisions and sapling 
performance. – For. Ecol. Manage. 482: 118838.

Gordon, I. J., Hester, A. J. and Festa-Bianchet, M. 2004. Review: 
the management of wild large herbivores to meet economic, 
conservation and environmental objectives. – J. Appl. Ecol. 41: 
1021–1031.

Grignolio, S., Brivio, F., Sica, N. and Apollonio, M. 2019. Sexual 
differences in the behavioural response to a variation in preda-
tion risk. – Ethology 125: 603–612.

Hempson, G. P., Archibald, S., Bond, W. J., Ellis, R. P., Grant, C. 
C., Kruger, F. J., Kruger, L. M., Moxley, C., Owen-Smith, N., 
Peel, M. J. S., Smit, I. P. J. and Vickers, K. J. 2015. Ecology of 
grazing lawns in Africa. – Biol. Rev. 90: 979–994.

Iravani, M., Schütz, M., Edwards, P. J., Risch, A. C., Scheidegger, 
C. and Wagner, H. H. 2011. Seed dispersal in red deer (Cervus 
elaphus L.) dung and its potential importance for vegetation 
dynamics in subalpine grasslands. – Basic Appl. Ecol. 12: 
505–515.

Jaroszewicz, B., Pirożnikow, E. and Sondej, I. 2013. Endozoochory 
by the guild of ungulates in Europe’s primeval forest. – For. 
Ecol. Manage. 305: 21–28.

Jędrzejewski, W., Jędrzejewska, B., Okarma, H. and Ruprecht, A. 
L. 1992. Wolf predation and snow cover as mortality factors in 
the ungulate community of the Bialowieża National Park, 
Poland. – Oecologia 90: 27–36.

Kauffman, M. J., Brodie, J. F. and Jules, E. S. 2010. Are wolves 
saving Yellowstone’s aspen? A landscape-level test of a behavio-
rally mediated trophic cascade. – Ecology 91: 2742–2755.

Klich, D., Łopucki, R., Ścibior, A., Gołębiowska, D. and 
Wojciechowska, M. 2020. Roe deer stress response to a wind 
farms: methodological and practical implications. – Ecol. Indic. 
117: 106658.

Kohl, M. T., Stahler, D. R., Metz, M. C., Forester, J. D., Kauffman, 
M. J., Varley, N., White, P. J., Smith, D. W. and MacNulty, D. 
R. 2018. Diel predator activity drives a dynamic landscape of 
fear. – Ecol. Monogr. 88: 638–652.

Krofel, M., Giannatos, G., Ćirovič, D., Stoyanov, S. and Newsome, 
T. M. 2017. Golden jackal expansion in Europe: a case of 
mesopredator release triggered by continent-wide wolf persecu-
tion? – Hystrix Ital. J. Mammal. 28: 9–15.

Kuijper, D. P. J., Cromsigt, J. P. G. M., Jędrzejewska, B., Miścicki, 
S., Churski, M., Jędrzejewski, W. and Kweczlich, I. 2010. 
Bottom-up versus top-down control of tree regeneration in the 
Białowieża Primeval Forest, Poland. – J. Ecol. 98: 888–899.

Kuijper, D. P. J., de Kleine, C., Churski, M., van Hooft, P., Bub-
nicki, J. and Jędrzejewska, B. 2013. Landscape of fear in 
Europe: wolves affect spatial patterns of ungulate browsing in 

Białowieża Primeval Forest, Poland. – Ecography 36: 
1263–1275.

Kuijper, D. P. J., Verwijmeren, M., Churski, M., Zbyryt, A., 
Schmidt, K., Jędrzejewska, B. and Smit, C. 2014. What cues 
do ungulates use to assess predation risk in dense temperate 
forests? – PLoS One 9: e84607.

Kuijper, D. P. J., Bubnicki, J. W., Churski, M., Mols, B. and van 
Hooft, P. 2015. Context dependence of risk effects: wolves and 
tree logs create patches of fear in an old-growth forest. – Behav. 
Ecol. 26: 1558–1568.

Kuijper, D. P. J., Sahlén, E., Elmhagen, B., Chamaillé-Jammes, S., 
Sand, H., Lone, K. and Cromsigt, J. P. G. M. 2016. Paws 
without claws? Ecological effects of large carnivores in anthro-
pogenic landscapes. – Proc. R. Soc. B 283: 20161625.

Kupferschmid, A. 2017. Local trophic cascading impact of wolves 
on tree regeneration in summer and winter areas of ungulates. 
– In: Bauch, K. (ed.), 6th symposium for research in protected 
areas. Salzburger Nationalparkfonds, pp. 353–356.

Kupferschmid, A., Beeli, F. and Thormann, J.-J. 2018a. Effekte des 
ersten Schweizerischen Wolfsrudels in der Neuzeit auf die lokale 
Baumverjüngung. – Ökojagd Mag. Ökologischen Jagdver-
bandes 22: 14–18.

Kupferschmid, A., Beeli, F. and Thormann, J.-J. 2018b. Effekte des 
Wolfrudels am Calanda auf die lokale Waldverjüngung. – 
Bünder Wald 71: 37–44.

Laundré, J. W., Hernández, L. and Altendorf, K. B. 2001. Wolves, 
elk, and bison: reestablishing the ‘landscape of fear’ in Yellow-
stone National Park, USA. – Can. J. Zool. 79: 1401–1409.

Lesniak, I., Heckmann, I., Franz, M., Greenwood, A. D., Heitlinger, 
E., Hofer, H. and Krone, O. 2018. Recolonizing gray wolves 
increase parasite infection risk in their prey. – Ecol. Evol. 8: 
2160–2170.

Lima, S. L. and Dill, L. M. 1990. Behavioral decisions made under 
the risk of predation: a review and prospectus. – Can. J. Zool. 
68: 619–640.

Lone, K., Loe, L. E., Gobakken, T., Linnell, J. D. C., Odden, J., 
Remmen, J. and Mysterud, A. 2014. Living and dying in a 
multi-predator landscape of fear: roe deer are squeezed by con-
trasting pattern of predation risk imposed by lynx and humans. 
– Oikos 123: 641–651.

Loosen, A. E., Devineau, O., Zimmermann, B., Cromsigt, J. P. G. 
M., Pfeffer, S. E., Skarpe, C. and Mathisen, K. M. 2021. Roads, 
forestry, and wolves interact to drive moose browsing behavior 
in Scandinavia. – Ecosphere 12: e03358.

Makin, D. F., Chamaillé-Jammes, S. and Shrader, A. M. 2017. 
Herbivores employ a suite of antipredator behaviours to mini-
mize risk from ambush and cursorial predators. – Anim. Behav. 
127: 225–231.

Månsson, J., Prima, M. C., Nicholson, K. L., Wikenros, C. and 
Sand, H. 2017. Group or ungroup – moose behavioural 
response to recolonization of wolves. – Front. Zool. 14: 10.

Marshall, K. N., Hobbs, N. T. and Cooper, D. J. 2013. Stream 
hydrology limits recovery of riparian ecosystems after wolf rein-
troduction. – Proc. R. Soc. B 280: 20122977.

Mech, L. D. 2012. Is science in danger of sanctifying the wolf? – 
Biol. Conserv. 150: 143–149.

Messier, F. 1991. The significance of limiting and regulating factors 
on the demography of moose and white-tailed deer. – J. Anim. 
Ecol. 60: 377–393.

Middleton, A. D., Kauffman, M. J., McWhirter, D. E., Jimenez, 
M. D., Cook, R. C., Cook, J. G., Albeke, S. E., Sawyer, H. and 
White, P. J. 2013. Linking anti-predator behaviour to prey 

 1903220x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/w

lb3.01229 by Instytut O
chrony Przyrodyon, W

iley O
nline L

ibrary on [20/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 16 of 17

demography reveals limited risk effects of an actively hunting 
large carnivore. – Ecol. Lett. 16: 1023–1030.

Moll, R. J., Redilla, K. M., Mudumba, T., Muneza, A. B., Gray, S. 
M., Abade, L., Hayward, M. W., Millspaugh, J. J. and Mont-
gomery, R. A. 2017. The many faces of fear: a synthesis of the 
methodological variation in characterizing predation risk. – J. 
Anim. Ecol. 86: 749–765.

Moncrieff, G. R., Bond, W. J. and Higgins, S. I. 2016. Revising 
the biome concept for understanding and predicting global 
change impacts. – J. Biogeogr. 43: 863–873.

Mori, E., Bagnato, S., Serroni, P., Sangiuliano, A., Rotondaro, F., 
Marchianò, V., Cascini, V., Poerio, L. and Ferretti, F. 2020. 
Spatiotemporal mechanisms of coexistence in an European 
mammal community in a protected area of southern Italy. – J. 
Zool. 310: 232–245.

Moura, A. E., Tsingarska, E., Dąbrowski, M. J., Czarnomska, S. D., 
Jędrzejewska, B. and Pilot, M. 2014. Unregulated hunting and 
genetic recovery from a severe population decline: the caution-
ary case of Bulgarian wolves. – Conserv. Genet. 15: 405–417.

Murray, B. D., Webster, C. R. and Bump, J.K. 2013. Broadening 
the ecological context of ungulate–ecosystem interactions: the 
importance of space, seasonality, and nitrogen. Ecology 94: 
1317–1326.

Nicholson, K. L., Milleret, C., Månsson, J. and Sand, H. 2014. 
Testing the risk of predation hypothesis: the influence of recolo-
nizing wolves on habitat use by moose. – Oecologia 176: 69–80.

Nitze, M. 2012. Schalenwildforschung im Wolfsgebiet der Ober-
lausitz-Projektzeitraum 2007–2010. – Forschungsbericht der 
Forstzoologie/AG Wildforschung, TU Dresden.

Okarma, H. 1995. The trophic ecology of wolves and their preda-
tory role in ungulate communities of forest ecosystems in 
Europe. – Acta Theriol. 40: 335–386.

Packer, C., Holt, R. D., Hudson, P. J., Lafferty, K. D. and Dobson, 
A. P. 2003. Keeping the herds healthy and alert: implications 
of predator control for infectious disease. – Ecol. Lett. 6: 
797–802.

Palmer, M. S., Gaynor, K. M., Becker, J. A., Abraham, J. O., 
Mumma, M. A. and Pringle, R. M. 2022. Dynamic landscapes 
of fear: understanding spatiotemporal risk. – Trends Ecol. Evol. 
37: 911–925.

Peterson, R. O., Vucetich, J. A., Bump, J. M. and Smith, D. W. 
2014. Trophic cascades in a multicausal world: Isle Royale and 
Yellowstone. – Annu. Rev. Ecol. Evol. Syst. 45: 1–22.

Petridou, M., Benson, J. F., Gimenez, O. and Kati, V. 2023. Spa-
tiotemporal patterns of wolves, and sympatric predators and 
prey relative to human disturbance in northwestern Greece. – 
Diversity 15: 184.

Popova, E., Zlatanova, D., Dolapchiev, N., Stojanov, A., Doykin, 
N. and Peteov, P. 2018. In: Zagorchev, L. (ed.) The grey wolf 
and its prey – insights from camera trapping in Osogovo Mtn 
in Bulgaria and Macedonia. – Ann.Sofia Univ. ‘St. Kliment 
Ohridski’, pp. 266–277.

Preisser, E. L., Bolnick, D. I. and Benard, M. F. 2005. Scared to 
death? The effects of intimidation and consumption in preda-
tor–prey interactions. – Ecology 86: 501–509.

Proffitt, K. M., Grigg, J. L., Hamlin, K. L. and Garrott, R. A. 2009. 
Contrasting effects of wolves and human hunters on elk behav-
ioral responses to predation risk. – J. Wildl. Manage. 73: 
345–356.

Proudman, N. J., Churski, M., Bubnicki, J. W., Nilsson, J.-Å., 
Kuijper, D. P. J., Proudman, N. J., Churski, M., Bubnicki, J. 
W., Nilsson, J.-Å. and Kuijper, D. P. J. 2020. Red deer allocate 

vigilance differently in response to spatio-temporal patterns of 
risk from human hunters and wolves. – Wildl. Res. 48: 
163–174.

Prugh, L. R., Sivy, K. J., Mahoney, P. J., Ganz, T. R., Ditmer, M. 
A., van de Kerk, M., Gilbert, S. L. and Montgomery, R. A. 
2019. Designing studies of predation risk for improved infer-
ence in carnivore–ungulate systems. – Biol. Conserv. 232: 
194–207.

Pusenius, J., Kukko, T., Melin, M., Laaksonen, S. and Kojola, I. 
2020. Wolf predation risk and moose movement in eastern Fin-
land. – Wildl. Biol. 2020: 1–9.

Randon, M., Bonenfant, C., Michallet, J., Chevrier, T., Toïgo, C., 
Gaillard, J.-M. and Valeix, M. 2020. Population responses of 
roe deer to the recolonization of the French Vercors by wolves. 
– Popul. Ecol. 62: 244–257.

Ripple, W. J. and Beschta, R. L. 2008. Trophic cascades involving 
cougar, mule deer, and black oaks in Yosemite National Park. 
– Biol. Conserv. 141: 1249–1256.

Ripple, W. J. and Beschta, R. L. 2012. Large predators limit her-
bivore densities in northern forest ecosystems. – Eur. J. Wildl. 
Res. 58: 733–742.

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, 
E. G., Hebblewhite, M., Berger, J., Elmhagen, B., Letnic, M., 
Nelson, M. P., Schmitz, O. J., Smith, D. W., Wallach, A. D. 
and Wirsing, A. J. 2014. Status and ecological effects of the 
world’s largest carnivores. – Science 343: 1241484.

Roder, S., Biollaz, F., Mettaz, S., Zimmermann, F., Manz, R., Kéry, 
M., Vignali, S., Fumagalli, L., Arlettaz, R. and Braunisch, V. 
2020. Deer density drives habitat use of establishing wolves in 
the western European Alps. – J. Appl. Ecol. 57: 995–1008.

Rogala, J. K., Hebblewhite, M., Whittington, J., White, C. A., 
Coleshill, J. and Musiani, M. 2011. Human activity differen-
tially redistributes large mammals in the Canadian Rockies 
national parks. – Ecol. Soc. 16: 16.

Rossa, M., Lovari, S. and Ferretti, F. 2021. Spatiotemporal patterns 
of wolf, mesocarnivores and prey in a Mediterranean area. – 
Behav. Ecol. Sociobiol. 75: 32.

Roux, E. le, Kerley, G. I. H. and Cromsigt, J. P. G. M. 2018. 
Megaherbivores modify trophic cascades triggered by fear of 
predation in an African savanna ecosystem. – Curr. Biol. 28: 
2493–2499.e3.

Sand, H., Wikenros, C., Wabakken, P. and Liberg, O. 2006. Cross-
continental differences in patterns of predation: will naive 
moose in Scandinavia ever learn? – Proc. R. Soc. B 273: 
1421–1427.

Sand, H., Jamieson, M., Andrén, H., Wikenros, C., Cromsigt, J. 
and Månsson, J. 2021. Behavioral effects of wolf presence on 
moose habitat selection: testing the landscape of fear hypothesis 
in an anthropogenic landscape. – Oecologia 197: 101–116.

Say-Sallaz, E., Chamaillé-Jammes, S., Fritz, H. and Valeix, M. 
2019. Non-consumptive effects of predation in large terrestrial 
mammals: mapping our knowledge and revealing the tip of the 
iceberg. – Biol. Conserv. 235: 36–52.

Schmitz, O. J. 2008. Herbivory from individuals to ecosystems. – 
Annu. Rev. Ecol. Evol. Syst. 39: 133–152.

Selva, N. and Fortuna, M. A. 2007. The nested structure of a scav-
enger community. – Proc. R. Soc. B 1613: 1101–1108.

Skinner, J. D. and Hunter, L. T. B. 1998. Vigilance behaviour in 
African ungulates: the role of predation pressure. – Behaviour 
135: 195–211.

Smolko, P., Veselovská, A. and Kropil, R. 2018. Seasonal dynamics 
of forage for red deer in temperate forests: importance of the 

 1903220x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/w

lb3.01229 by Instytut O
chrony Przyrodyon, W

iley O
nline L

ibrary on [20/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Page 17 of 17

habitat properties, stand development stage and overstorey 
dynamics. – Wildl. Biol. 2018: 1–10.

Spong, G., Gould, N. P., Sahlén, E., Cromsigt, J. P. G. M., Kind-
berg, J. and DePerno, C. S. 2020. Large-scale spatial variation 
of chronic stress signals in moose. – PLoS One 15: e0225990.

Stankowich, T. 2008. Ungulate flight responses to human disturbance: 
a review and meta-analysis. – Biol. Conserv. 141: 2159–2173.

Tanner, E., White, A., Acevedo, P., Balseiro, A., Marcos, J. and 
Gortázar, C. 2019. Wolves contribute to disease control in a 
multi-host system. – Sci. Rep. 9: 7940.

Thaker, M., Vanak, A. T., Owen, C. R., Ogden, M. B., Niemann, 
S. M. and Slotow, R. 2011. Minimizing predation risk in a 
landscape of multiple predators: effects on the spatial distribu-
tion of African ungulates. – Ecology 92: 398–407.

Theuerkauf, J. and Rouys, S. 2008. Habitat selection by ungulates 
in relation to predation risk by wolves and humans in the 
Białowieża forest, Poland. – For. Ecol. Manage. 256: 1325–1332.

Theuerkauf, J., Jędrzejewski, W., Schmidt, K. and Gula, R. 2003. 
Spatiotemporal segregation of wolves from humans in the 
Bialowieza forest (Poland). – J. Wildl. Manage. 67: 706–716.

Tizzani, P., Bessone, M., Rossi, L. and Meneguz, P. G. 2022. Does 
predation risk affect spatial use in an introduced ungulate spe-
cies? The case of a Mediterranean mouflon alpine colony. – Eur. 
J. Wildl. Res. 68: 66.

Torretta, E., Serafini, M., Imbert, C., Milanesi, P. and Meriggi, A. 
2016. Wolves and wild ungulates in the Ligurian Alps (western 
Italy): prey selection and spatial-temporal interactions. – Mam-
malia 81: 537–551.

Weterings, M. J. A., Meister, N., Fey, K., Jansen, P. A., van Lan-
gevelde, F. and Kuipers, H. J. 2022. Context-dependent 
responses of naïve ungulates to wolf-sound playback in a 
human-dominated landscape. – Anim. Behav. 185: 9–20.

White, P. J., Garrott, R. A., Cherry, S., Watson, F. G. R., Gower, 
C. N., Becker, M. S. and Meredith, E. 2008. Changes in elk 
resource selection and distribution with the reestablishment of 
wolf predation risk. Chapter 21. – In: Garrott, R. A., White, 
P. J. and Watson, F. G. R. (eds), Terrestrial ecology. Elsevier, pp. 
451–476.

Widén, A., Clinchy, M., Felton, A. M., Hofmeester, T. R., Kuijper, 
D. P. J., Singh, N. J., Widemo, F., Zanette, L. Y. und Cromsigt, 
J. P. G. M. 2022. Playbacks of predator vocalizations reduce 
crop damage by ungulates. – Agric. Ecosyst. Environ. 328: 
107853.

Wikenros, C., Liberg, O., Sand, H. and Andrén, H. 2010. Com-
petition between recolonizing wolves and resident lynx in Swe-
den. – Can. J. Zool. 88: 271–279.

Wikenros, C., Sand, H., Ahlqvist, P. and Liberg, O. 2013. Biomass 
flow and scavengers use of carcasses after re-colonization of an 
apex predator. – PLoS One 8: e77373.

Wikenros, C., Balogh, G., Sand, H., Nicholson, K. L. and Måns-
son, J. 2016. Mobility of moose–comparing the effects of wolf 
predation risk, reproductive status, and seasonality. – Ecol. 
Evol. 6: 8870–8880.

Wikenros, C., Aronsson, M., Liberg, O., Jarnemo, A., Hansson, J., 
Wallgren, M., Sand, H. and Bergström, R. 2017. Fear or food 
– abundance of red fox in relation to occurrence of lynx and 
wolf. – Sci. Rep. 7: 9059.

Winnie, J. and Creel, S. 2007. Sex-specific behavioural responses 
of elk to spatial and temporal variation in the threat of wolf 
predation. – Anim. Behav. 73: 215–225.

Winnie, J., Christianson, D., Creel, S. and Maxwell, B. 2006. Elk 
decision-making rules are simplified in the presence of wolves. 
– Behav. Ecol. Sociobiol. 61: 277–289.

Wirsing, A. J., Heithaus, M. R., Brown, J. S., Kotler, B. P. and 
Schmitz, O. J. 2021. The context dependence of non-consump-
tive predator effects. – Ecol. Lett. 24: 113–129.

Woodward, F. I., Lomas, M. R. and Kelly, C. K. 2004. Global 
climate and the distribution of plant biomes. – Philos. Trans. 
R. Soc. Lond. B 359: 1465–1476.

Zbyryt, A., Bubnicki, J. W., Kuijper, D. P. J., Dehnhard, M., Chur-
ski, M. and Schmidt, K. 2017. Do wild ungulates experience 
higher stress with humans than with large carnivores? – Behav. 
Ecol. 29: 19–30.

Zlatanova, D., Ahmed, A., Vlasseva, A. and Genov, P. 2014. Adap-
tive diet strategy of the wolf (Canis lupus L.) in Europe: a review. 
– Acta Zool. Bulg. 66: 439–452.

 1903220x, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/w

lb3.01229 by Instytut O
chrony Przyrodyon, W

iley O
nline L

ibrary on [20/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Introduction
	Literature search
	Where and how is our knowledge generated?
	Spatial distribution and focal prey species of studies
	Methodologies and predation risk assessment
	Assessment of human effects

	Which non-consumptive effects by wolves are documented in Europe?
	Spatio-temporal responses
	Large-scale spatial responses


	Spatial overlap
	Habitat selection before and after wolf recolonization
	Migration
	Fine-scale responses

	Observational studies of responses to fine-scale landscape structures
	Responses to experimental cues
	Temporal avoidance
	Other behavioural adaptations
	Vigilance
	Grouping behaviour

	Physiological effects and parasite prevalence
	Parasite prevalence

	Cascading effects on vegetation

	Discussion
	Complexity and context-dependence of non-consumptive effects
	Quantifying the risk landscape and human influences
	Spatial scales and constraints
	Limitations and methodological challenges
	Future research and methodological advancements

	Conclusions and implications
	Funding – The project was supported by the German government's Special Purpose Fund held at Landwirtschaftliche Rentenbank (28 RZ 7013) and the KORA Integrated Monitoring and Management project.
	Author contributions
	Data availability statement
	Supporting information

	References

