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Chapter 1

1.1 INTRODUCTION

Large carnivores play an important role in shaping ecosystems, as they occupy the top trophic 

position in the food web and can directly and indirectly affect lower trophic levels (Elmhagen 

et al. 2010, Ford and Goheen 2015, Suraci et al. 2016, Elbroch et al. 2017). Large carnivores 

have experienced substantial population declines world-wide due to persecution and habitat 

degradation which changed the structure of diverse marine, terrestrial and freshwater ecosystems 

(Estes et al. 2011, Ripple et al. 2014). However, due to protective legislation and land abandonment 

large carnivores recover across Europe (Chapron et al. 2014), North-America (Mech 2017), and Africa 

(Ford et al. 2015). The return of large carnivores will cause changes in ecosystem processes and likely 

change ecosystem functioning.

In absence of large carnivores many ungulate populations increased, causing a high browsing 

pressure on the vegetation, which often makes it less diverse and inhibiting successful tree 

regeneration (Kuijper et al. 2010b, Ripple et al. 2014, Flagel et al. 2016). The role of top-down effects 

of large carnivores on lower trophic levels has been studied worldwide, but the reintroduction of 

grey wolves (Canis lupus) in Yellowstone National Park in 1995 is probably the best-known example 

of how large carnivores can influence an entire ecosystem (Figure 1.1, Ripple et al. 2014). Illustrative 

to this is the Youtube-video ‘How wolves changes rivers’ promoting this fascinating story that got 

over 40 million views in five years’ time. However, despite this video’s popularity, the impact of the 

wolves on the Greater Yellowstone ecosystem is scientifically highly debated (David Mech 2012, 

Beschta and Ripple 2013, Kauffman et al. 2013, Beschta et al. 2014, Winnie 2014, Peterson et al. 

2014), since not all studies found support for the wolf-induced trophic cascading effects (Kauffman 

et al. 2010, Winnie 2012). Ongoing research shows that the impact of large carnivores on lower 

trophic levels is scale- and context-dependent (Krebs et al. 1995, Schmitz et al. 2000, Sinclair et 

al. 2000, Anderson et al. 2010, Hopcraft et al. 2010, Eisenberg et al. 2013, Riginos 2014, Letnic and 

Ripple 2017). Local abiotic conditions, human disturbances and ungulate herbivore- and tree-

species specific responses can all potentially mitigate the wolf-induced trophic cascading effects on 

tree regeneration (Haswell et al. 2017, Montgomery et al. 2019).

In this thesis, using both descriptive as well as experimental approaches, I investigate different 

paths of how tree regeneration is influenced by biotic (ungulate browsing and seed predation) and 

abiotic factors (site productivity), and how wolves can indirectly promote tree regeneration in the 

Białowieża forest, Poland. The Białowieża forest is a great system for such studies as the regeneration 

of several tree species is inhibited, due to the high ungulate density (Kuijper et al. 2010b, Churski et 

al. 2017). However, the occurrence of wolves seems to release saplings from browsing on sites that 

are perceived as risky by deer (i.e. inside the wolf core territories and near downed wood; Kuijper 

et al. 2013, 2015). The forest consist of a variety of tree species, and it is likely that the regeneration 

of these species are differentially affected by the interplay of browsing and abiotic conditions, and 

the presence of landscape- and fine-scale risk factors. Moreover, the forest is dynamic and contains 
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large amounts of downed wood that can protect tree saplings against ungulate herbivores via 

physical obstruction and/or act as fine-scale risk factor. However, the role of local abiotic conditions 

in mitigating the effects of ungulate browsing on tree regeneration is often ignored. Therefore, the 

focus of this thesis is on how landscape- and fine-scale risk factors as well as local abiotic conditions 

affect ungulate behavior and the regeneration of different tree species.

Figure 1.1 Conceptual diagram showing direct (solid lines) and indirect (dashed lines) effects of gray wolf 
reintroduction into the Greater Yellowstone ecosystem. Derived from Ripple et al. (2014).
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1.2 Predator-prey dynamics and the landscape of fear

Large carnivores can regulate herbivore populations by killing and consuming their prey, but 

simultaneously, prey tend to avoid predators (Fischhoff et al. 2007). A classic example is the 10-

year population cycle of Canada lynx (Lynx canadensis) and snowshoe hare (Lepus americanus). 

Predation by lynx is responsible for >80% of the hare mortality rate, causing a decline in the hare 

population followed by a decline in lynx numbers because their prey becomes limiting, after which 

the hare population is released from predation and can increase again (Krebs et al. 1995, 2001). 

Large carnivores and herbivorous prey are in a constant arms race, where the herbivores try to avoid 

predation and the large carnivores aim to catch prey (Bytheway et al. 2013). In this predator-prey 

game, herbivores can reduce the risk of predation by altering their temporal activity pattern (Bakker 

et al. 2005, Arias-Del Razo et al. 2012, Crosmary et al. 2012), their spatial distribution (Mao et al. 

2005, Creel et al. 2005, Valeix et al. 2009b) and/or their behavior (Dehn 1990, Lima 1995, Kuijper et 

al. 2014).

In addition to avoiding predation, herbivorous prey simultaneously aim to maximize their net 

energy intake (Macarthur and Pianka 1966). However, to reduce predation risk prey are more vigilant, 

which comes at the cost of a reduction in foraging time (Laundré et al. 2001, Fortin et al. 2004, 

Winnie and Creel 2007, Ciuti et al. 2012a, Kuijper et al. 2014). Therefore, prey constantly experience 

a trade-off between acquiring food and avoiding predation (by being vigilant or avoidance of risky 

habitat). This dilemma between food and fear (Lima and Dill 1990, Brown and Kotler 2004, McArthur 

et al. 2014) is combined in the ‘Ecology of Fear’-concept (Brown et al. 1999). The outcome of the 

dilemma is often that prey prefer low-quality and safe foraging areas over high-quality foraging 

areas that are perceived as risky (Hernández and Laundré 2005, Fischhoff et al. 2007, Valeix et al. 

2009a, 2009b, Thaker et al. 2011). However, prey are often willing to accept a higher perceived risk 

of predation if the energetic gains of foraging on that location are higher (Kotler and Blaustein 1995, 

Nersesian et al. 2011, Stears and Shrader 2015, Bonnot et al. 2017).

For herbivorous prey to decide how much time to spend on foraging and how much on vigilance, 

they should be able to predict the potential risk of predation. In general, prey do not know exactly 

where the predators are and have to estimate for each foraging patch the potential predation risk 

(Verdolin 2006). To estimate this potential predation risk, prey use risk indicators like olfactory, visual 

and oral cues (Bakker et al. 2005, Li et al. 2011, Bytheway et al. 2013, Kuijper et al. 2014) as well as 

habitat characteristics (Altendorf et al. 2001, Verdolin 2006, Kuijper et al. 2015). The risk of predation 

for prey differs in space and time, resulting in relatively safe and unsafe areas and risky and less 

risky times creating a spatio-temporal dynamic ‘Landscape of Fear’ (Brown et al. 1999, Creel and 

Christianson 2008, Laundre et al. 2010, Kohl et al. 2018). Moreover, whether areas are perceived as 

risky by prey depends on the hunting tactics of the large carnivore. In response to a sit-and-wait 

ambush predator herbivores generally prefer foraging in open habitats with good visibility to detect 

approaching predators in time (Anderson et al. 2010, Periquet et al. 2012). In contrast, when the 
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main predator pursues its prey, herbivores generally prefer to forage in more closed habitats (Creel 

et al. 2005). In natural multi-species communities ambush and cursorial predator species often co-

occur, making these landscapes of fear even more complex, as prey can become more vulnerable to 

one predator species when they try to avoid the other (Atwood et al. 2007).

Whereas these predator-prey interactions generally operate at a landscape scale, on a smaller 

scale landscape features that obstruct visibility and block escape possibilities are perceived as risky. 

For example, ungulate prey increase their vigilance levels when foraging nearby cliffs or tree logs, 

which comes at the costs of reduced foraging (Halofsky and Ripple 2008, Iribarren and Kotler 2012a, 

Kuijper et al. 2015). Especially in areas actively used by carnivores, such fine-scale risk factors might 

have a stronger effect on the ungulate behavior, compared to less actively used areas (Kuijper et al. 

2015). Concluding, the occurrence of large carnivores in a system creates a dynamic risk landscape 

in space and time at different spatial scales and the ungulate prey have to respond adequately to 

reduce their predation risk, with potential consequences for lower trophic levels.

1.3 Large carnivore-induced trophic cascades

When large carnivores cause a change in the density or behavior of their prey species and this ripples 

further down the foodweb to lower trophic levels, we speak of a trophic cascade. Large carnivores 

can induce a trophic cascade by altering either the herbivore population size (i.e. density-mediated 

trophic cascade) or the herbivore foraging behavior (i.e. behaviorally mediated or risk-mediated 

trophic cascade). The risk-mediated impact on their prey and indirect impact on lower trophic levels 

has long been overlooked, probably as it operates in the same direction through the foodweb as 

the density-mediated effect (Peckarsky et al. 2008). Although it is often difficult to disentangle 

density-mediated effects from risk-mediated effects of large carnivores on their prey, the risk effect 

has been suggested to be stronger for inducing trophic cascades (Kotler and Holt 1989, Schmitz 

1998, Werner and Peacor 2003, Preisser et al. 2005, Creel and Christianson 2008). Regardless the 

underlying mechanism, the return of the wolves in Yellowstone National park seems to have 

resulted in a trophic cascade, since cottonwoods (Populus spp.) and willows (Salix spp.) managed to 

recover after many years of suppression by elk (Cervus elaphus) browsing (Ripple and Beschta 2003, 

Painter et al. 2014). Similarly, on Isle Royale, USA, wolves reduced the moose (Alces alces) population 

and released balsam fir (Abies balsamea) from intense browsing which started to regenerate again 

(McLaren and Peterson 1994). Moreover, dingoes (Canis lupus dingo) can have a positive influence 

on the grass cover favorable for cattle as they reduce red kangaroo (Macropus sp.) activity (Letnic et 

al. 2018). However, the recovery of the trees and vegetation in the previous examples is multi-causal 

and cannot solely be ascribed to the effect of the large carnivores on the ungulates (Vucetich et al. 

2005, Marshall et al. 2014, Peterson et al. 2014, Letnic et al. 2018).

In the Białowieża forest, Poland, wolves create a landscape of fear for red deer, as red deer are 

found to avoid and increase their vigilance levels in the areas actively used by wolves (Kuijper et al. 
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2015). On a smaller scale, these behavioral responses of deer to reduce the risk of predation are even 

more pronounced in the presence of downed tree logs (Kuijper et al. 2015). As result, tree saplings 

in the wolf core areas are less browsed and especially when associated with tree logs (Kuijper et al. 

2013), causing more saplings to grow beyond the browsing line of 200 cm (i.e. where browsers can 

no longer reach the leading shoot). In general, the magnitude of the wolf-induced trophic cascade 

is influenced by the presence of downed wood on a fine-scale. However, the interplay of landscape-

scale and fine-scale risk factors on deer behavior and the indirect impact on tree regeneration is 

likely tree species-specific.

1.4 Tree regeneration and the role of downed wood

Prior to establishment in the canopy layer trees have to pass multiple stages (i.e. seed, seedling 

and sapling phase) which can be inhibited by abiotic (water, pH, nutrient and light) and by biotic 

(granivory and herbivory) factors. For seedling establishment the abiotic conditions seem to be 

the main limiting factor, whereas ungulate herbivory turns out to be the main limiting factor for 

saplings to grow beyond the browsing line of 200cm (Kuijper et al. 2010a).

Concerning the seed phase, soil humidity is a crucial factor as seeds are prevented from drying 

out and seedling germination is better in humid soils (Shaw 1968, Götmark et al. 2011, Perea et 

al. 2011, Nopp-Mayr et al. 2012). Rodents disperse seeds and hoard the seeds in caches to survive 

winter and early spring (Pons and Pausas 2007, Gómez et al. 2008, Muñoz and Bonal 2011), and 

preferentially do so near nearby tree logs, shrubs and dense vegetation that offer rodents safety 

against their predators, thus reducing seed survival (Sanguinetti and Kitzberger 2010, Smit and 

Verwijmeren 2010, Sullivan and Sullivan 2012). On the other hand, tree logs and downed wood offer 

the seeds and also emerging seedlings physical protection against rooting by wild boar (Sus scrofa; 

Focardi et al. 2000). The role of downed wood in affecting seed survival therefore seems to depend 

on the composition of seed predators.

Concerning the seedling and sapling phase, light intensity is an important factor for sapling 

establishment and growth, especially for light-demanding tree species (Bobiec 2007, Götmark et 

al. 2011, Churski et al. 2017). As previously mentioned, ungulate browsing is mainly limiting the 

sapling’s potential to outgrow the browsing line (Kuijper et al. 2010a, Cromsigt and Kuijper 2011, 

Churski et al. 2017). However, the presence of downed wood reduces the browsing pressure, which 

is beneficial for the saplings growth (Smit et al. 2012, Winnie 2012, Kuijper et al. 2013). Downed 

wood primarily promotes tree regeneration in two ways: 1) by physically protecting the saplings 

against ungulate browsing and rooting (Götmark et al. 2011, Winnie 2012), and 2) by increasing 

the perceived predation risk for ungulates (Halofsky and Ripple 2008, Kuijper et al. 2013, 2015). 

The presence of downed wood therefore often leads to higher seedling and sapling densities (de 

Chantal and Granström 2007, Bobiec et al. 2011, Smit et al. 2012). However, the relative importance 

of physical vs. risk-induced protection as  underlying mechanism behind this positive association 
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of seedlings and saplings with downed wood is debated (Winnie 2012, 2014, Beschta et al. 2014).

How much saplings profit from the presence of downed wood and carnivore occurrence is 

likely tree species specific. Tree species traits determine whether a species is selected or avoided 

by browsers and how well the saplings tolerate browsing (Churski et al. 2017). If a tree species is 

selected more than expected based on its availability, the species is considered as preferred by the 

browsers, and if it is selected less the species is considered as avoided (Lechowicz 1982). Moreover, 

tree species selectivity by browsers is season dependent (Dumont et al. 2005, Boulanger et al. 2009), 

and under high light intensities the C:N ratio in saplings increases which makes them less preferred 

by the browsers (Bryant et al. 1983). These species dependent differences in how much they are 

selected leads to differences in browsing impact and survival, which can eventually influence the 

forest composition (Kuiters and Slim 2002, Kuijper et al. 2010b, Kolstad et al. 2018). For example, in 

East Africa poorly defended acacia species occur in areas avoided by browsing impala (Aepyceros 

melampus) due to high predation risk, whereas in low predation risk areas mainly well-defended 

acacia species occur (Ford et al. 2014). In addition, the tree species differ in their required or 

preferred light availability, soil moisture content and nutrient availability (Brzeziecki and Kienast 

1994). Thus, the combination of the tree species’ abiotic requirements, the browser’s preference and 

the browsing tolerance of the tree species determines how successful a species will regenerate. 

Moreover, these different factors likely interact and their relative importance might be life-stage 

dependent (i.e. seed, seedling, sapling).Therefore, it is likely tree species-specific, and depending on 

the local abiotic conditions, how the occurrence of large carnivores and downed wood influences 

tree regeneration.

1.5 The return of the wolf to the Netherlands

In 2000 the first wolf breeding was recorded in north eastern Saxony, Germany (Wagner et al. 2012), 

and since then the population increased to 73 wolf packs in 2018, further recolonizing western 

Germany (www.dbb-wolf.de). In 2015 the first wolf crossed the Dutch-German border and wandered 

into the provinces Drenthe and Groningen for several days, after which he returned to Germany and 

died in a car accident. In the next year, another wolf visited the Netherlands, and in 2017 wolves 

really started to explore the Netherlands with five recorded individuals. In total, eight known wolves 

visited the Netherlands in 2018, of which two established a territory in one of the biggest nature 

areas in the Netherlands, De Veluwe. One of the settled females was joined by a male and this pair 

produced the first wolf pups in spring 2019, making it the first wolf pack in the Netherlands (www.

wolveninnederland.nl). This short overview shows how fast the recolonization process can be.

One question that arises from this recent return is what role the returned wolves will have in 

Dutch ecosystems. This question is not easy to answer, as most studies on the effects of wolves on 

lower trophic levels are performed in national parks with relatively low human influence (Kuijper et 

al. 2016). Moreover, recent studies on the influence of large carnivores in these human-dominated 
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landscapes indicate than the role of large carnivores on the ecosystem can be much smaller that 

the role of the human ‘super-predator’ (Darimont et al. 2015, Kuijper et al. 2016, Clinchy et al. 2016). 

Therefore, the role of the wolf in the densely populated Netherlands is difficult to predict, though 

the outcomes of this thesis will help to generate predictions on what kind of effects wolves could 

have on tree recruitment in the Netherlands.

1.6 The Białowieża forest and its inhabitants

The Białowieża forest is a great system to study the effects of wolves on lower trophic levels, while 

taking landscape heterogeneity and the presence of downed wood into account. The Białowieża 

forest, stretching across Poland (580 km2) and Belarus (800 km2), is one of the last remaining old-

growth lowland forests in Europe. The Polish part of the Białowieża forest consists of a national 

Figure 1.2 Map of the Polish part of the Białowieża forest,  consisting of a national park (100 km  2; bordered 
by the red dotted line) and an adjacent managed part (480 km  2; Figure 1.2). The Białowieża National Park 
(BNP) was established in 1921 and started with a size of 47 km  2, that is strictly protected (bordered by the 
black dotted line) meaning no hunting, logging or motorized traffic and only accessible with a guide, and got 
enlarged in July 1996 to 100 km2. The Białowieża forest is surrounded by the main villages Hajnowka in the 
west, Białowieża in the east, and Narewka in the north.
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park (100 km  2) and an adjacent managed part (480 km  2; Figure 1.2). The Białowieża National Park 

(BNP) was established in 1921 and started with a size of 47 km  2, that is strictly protected meaning 

no hunting, logging or motorized traffic and only accessible with a guide. The BNP was enlarged in 

July 1996 to 100 km2, and the extended part of the BNP is freely accessible by bike or by foot, but 

human interference is minimal. In the managed part, the State Forestry allows seasonal hunting, 

active timber exploitation, and the forest is freely accessible for hikers and cyclists and is intersected 

by a few public roads for cars, but also contains a network of nature reserves with limited human 

interference (circa 130 km2 in total). The climate is continental with a mean annual temperature of 

6.8°C (average in January -4.7 and average in July 17.8°C). Mean annual precipitation is 641mm and 

mean annual snow cover lasts for 92 days.

The Białowieża forest is a species rich forest with trees > 500 years old. It is well-known for 

its old pedunculate oaks (Quercus robur), lime (Tilia cordata) and hornbeam (Carpinus betulus), 

and the variety in tree stands from mixed deciduous to coniferous and bog-alder forest (Falinski 

1988). Currently, the regeneration of pedunculate oak and Scottish pine (Pinus sylvestris) is limited 

(Brzeziecki and Kienast 1994, Kuijper et al. 2010b). Moreover, the recent spruce bark beetle (Ips 

typographus) outbreak is causing a decline in mature spruce (Picea abies) stands (Mikusiński et al. 

2018). The combination of the hands-off policy in the BNP and the spruce bark beetle outbreak 

results in large gaps and increasing amounts of downed wood covering the forest floor (Bobiec 

2002a). In the newly formed gaps, especially hornbeam  (Carpinus betulus) regenerates well, due to 

the increased light availability and its better tolerance towards browsing compared to the other tree 

species (Kuijper et al. 2010b, Churski et al. 2017).

The Białowieża forest still inhabits the natural assemblage of ungulate species and their predators. 

Red deer (Cervus elaphus) is the most abundant ungulate species (12 individuals/km2) followed by 

wild boar (Sus scrofa, 10 ind./km2), roe deer (Capreolus capreolus, 2 ind./km2), European bison (Bison 

bonasus, 0.8 ind./km2) and moose (Alces alces, 0.04 ind./km2; Kuijper et al. 2014). However, the wild 

boar population dramatically declined since 2015, when the first cases of African Swine Fever (ASF) 

in wild boar were detected in Poland. Especially in 2016 numerous cases of ASF were reported within 

the Białowieża forest, resulting in high mortality rates, which diminished the population. Red deer is 

the dominant browser, both in actual numbers and in biomass (Jędrzejewska et al. 1997). Red deer 

forage mainly on trees and shrubs (70%), whereas the main food source for roe deer is herbaceous 

vegetation (65% in autumn-winter and 80% in spring-summer; Gebczynska, 1980). The wolf (C. 

lupus) density is approximately 0.01-0.05 wolves/km2 and the lynx (Lynx lynx) density is around 0.01-

0.03 individuals/km2 (Schmidt et al. 2009). Wolves primarily prey upon red deer (63%), followed by 

wild boar (28%) and roe deer (4%; Jędrzejewski et al., 2000; 2002). For lynx, the main prey is roe deer  

(62%), followed by female and juvenile red deer (22%; Okarma, Jędrzejewski, Schmidt, Kowalczyk, & 

Jędrzejewska, 1997). As wolf primarily preys upon red deer (Jędrzejewski et al. 2000, 2002), and red 

deer is the dominant browser in the forest (Gębczyńska 1980), this thesis focuses on the wolf–red 

deer–tree regeneration interactions. However, the lynx and the other ungulate species might also 
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play a role in the trophic cascade. Wolves occur in the entire forest (Jędrzejewski et al. 2007, Schmidt 

et al. 2009), but the activity patterns show wolves avoid humans in space and time (Theuerkauf 

et al. 2003a, 2003b). The perceived risk by deer for wolf is therefore indirectly induced by human 

occurrence with relatively safer sites for deer near settlements and relatively risky sites further from 

settlements (Kuijper et al. 2015). Therefore, distance from human settlements is used as proxy for 

perceived predation risk throughout this thesis.

1.7 Outline of this thesis

The objective of this thesis is to improve our understanding of how top-down factors (wolf presence 

and ungulate browsing) influence tree regeneration at different spatial scales in a closed canopy 

forest, and how this is mitigated by downed wood and local abiotic conditions. This thesis elaborates 

on previous studies performed in the Białowieża forest that showed a landscape of fear for deer and 

a positive effect of downed wood on sapling performance (Smit et al. 2012, Kuijper et al. 2013, 2015). 

Using an experimental approach I aimed to understand the mechanisms underlying the association 

of saplings with downed wood, while taking the landscape heterogeneity in risk and in abiotic 

conditions into account. Moreover, by performing a seed predation experiment and by describing 

seedling germination patterns, I aimed to investigate whether the association of saplings with 

downed wood is already occurring at the seed and/or sapling phase. Finally, as deer in closed forest 

seem to adjust their foraging behavior in response to visual and/or olfactory wolf cues (Kuijper et 

al. 2014), I aimed to test the response of deer in a wolf-absent (the Netherlands) and a wolf-present 

(Poland) area towards the scent of wolf urine in the view of the return of the wolf to the Netherlands.

Further from human settlements, and especially near tree logs, red deer increase their time 

being vigilant at the cost of foraging time (Kuijper et al. 2015). Subsequently, in line with a wolves-

induced trophic cascade, the saplings near tree logs and far from human settlements are expected 

to be less browsed. In Chapter 2 we therefore studied how the interactive effect of distance from 

human settlements (landscape-scale risk factor) and tree logs (fine-scale risk factor) on deer behavior 

indirectly influences the sapling browsing patterns in the Białowieża National Park (Figure 1.3).

To be able to better understand the functional effects of tree logs (i.e. physical protection and/or 

risk-induced protection against browsing) on sapling performance of different tree species we used 

an experimental approach in Chapter 3 (Figure 1.3). At 14 sites in the Białowieża forest, we erected 

artificial impediments and planted saplings of different tree species inside, near and without the 

impediments and followed the saplings’ fate over time, while simultaneously monitoring deer activity 

and behavior by means of camera trapping. This allowed us to determine the relative importance of 

the underlying protective mechanism of impediments for nearby saplings (physical vs. risk-induced) 

as observed in previous studies (Smit et al. 2012, Kuijper et al. 2013), and we could test whether tree 

species that are preferred by deer profit more from this protection than less preferred tree species. 

Moreover, these 14 sites differ in distance from settlements (proxy for predicted wolf risk) and local 
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abiotic conditions. Therefore we also used this experimental set-up in Chapter 4 to test how abiotic 

conditions can mitigate a wolf-induced trophic cascade (Figure 1.3). With this experimental set-up 

we linked per site the predicted wolf use to deer presence and, in turn, linked deer presence to the 

performance of different tree species, while taking the potential mitigating effects of the abiotic 

conditions into account.

Where Chapter 2 and Chapter 3 focus on how impediments, like downed wood, influence 

sapling browsing patterns, Chapter 5 dealt with the role of downed wood at the seed and seedling 

Figure 1.3 Overview of the thesis outline. In Chapter 2 we describe the interactive effect of distance from 
human settlements (landscape-scale risk factor) and tree logs (fine-scale risk factor) on sapling browsing 
patterns in the Białowieża National Park. In Chapter 3 we constructed an artificial impediment to study the 
effect of tree logs (i.e. physical protection and/or risk-induced protection against browsing) on deer behavior 
and linked this to sapling performance of different tree species. In Chapter 4 we studied how abiotic conditions 
can mitigate a wolf-induced trophic cascade. In Chapter 5 I study the role of downed wood at the seed and 
seedling phase of oak (Quercus robur) regeneration. In Chapter 6 I test the behavioral response of naïve and 
non-naïve deer towards wolf urine
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phase of oak (Quercus robur) regeneration. Using an acorn predation experiment in presence and 

absence of downed wood, and by a descriptive study on the habitat characteristics of oak seedling 

germination patterns, we aimed to find out whether the association of saplings with downed wood 

is the result of protective effects in the seed and/or seedling phase, or whether this association 

results from protection against browsing in the sapling phase (Figure 1.3).

In areas with long-term wolf occurrence, deer respond actively towards wolf cues to avoid 

predation (Chamaillé-Jammes et al. 2014, Kuijper et al. 2014). Recently, wolves started to recolonize 

the Netherlands (first modern wolf sighting in 2015, first wolf pair and wolf pups in 2019) after 

being absent for almost 150 years. Whether the returned wolves will induce a trophic cascade upon 

their return depends on the response of deer towards wolf cues and sightings. A proper response 

depends on the recognition of the wolf by their prey species. Therefore we executed in Chapter 6 

an olfactory-cue experiment where we compared the responses towards wolf urine of deer living 

in a wolf absent area (the Veluwezoom, Netherlands), and deer living in a wolf-present area (the 

Białowieża forest, Poland; Figure 1.3).

Finally, in Chapter 7, I synthesize the results from the research chapters, discuss the main 

findings as well as the remaining knowledge gaps, and end with future perspectives on the role of 

the wolf in the Netherlands. 
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Geen eik wordt oud
zonder dood hout.

Niet alleen de zwakken
dragen dode takken.

Stammen voeren strijd om
hoogste lichtkoning te zijn.
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