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General Introduction 

The distribution of lynx was once widespread throughout Europe (Sommer and Benecke 2006). 

However, by the end of the 19th and the early-20th century, lynx had been directly persecuted, 

resulting in a reduced population and distribution (Linnell et al. 2009; Breitenmoser et al. 1998; 

Breitenmoser and Haller 1993). In addition, strong deforestation was accompanied by the 

eradication of the ungulate population in Europe (Linnell et al. 2009; Linnell et al. 2005; 

Breitenmoser et al. 1998). The once large carnivore population was then severely reduced to 

local extinction (Linnell et al. 2005). Not only lynx but also brown bears (Ursus arctos) and 

wolves (Canis lupus) disappeared (Breitenmoser et al. 1998). 

With the forest regeneration at the end of the 19th century, the ungulate population started to 

recover quickly (Breitenmoser et al. 1998). Favourable legislation, changes in public attitudes 

as well as management plans and policies turned the tide for lynx in Europe (Linnell et al. 2009; 

Linnell et al. 2005; von Arx et al. 2004; von Arx and Breitenmoser 2004) and started the 

recovery in northern and eastern Europe from the 1950s onwards (Breitenmoser et al. 2010). 

Large carnivores are today legally protected through the Berne Convention (Council of Europe 

1979). From the 1970s, reintroductions of lynx in the Central and Western Europe started, 

resulting in a lynx population displaying an upwards trend compared with the mid-20th century 

(von Arx et al. (2004), Fig. 1). Reintroduction programs were conducted in Italy, Switzerland, 

Slovenia, Austria, Czech Republic, France and Poland (Linnell et al. 2005). In Germany, three 

reintroductions were initiated, the first in Bavaria in 1970–1975, followed by the Harz Forest 

in 2000 (Kramer-Schadt et al. 2005) and the latest in the Palatinate Forest (“Pfälzerwald”) in 

2016 (Foundation of Nature and Environment Rhineland-Palatinate - SNU-RLP (2018)). Five 

of the fifteen reintroductions that took place in eight European countries from the 1970 to 2007 

appear to have been successful (Linnell et al. 2009). Linnell et al. (2009) highlight that many 

reintroductions were undertaken secretly, poorly planned and not followed up, and hence the 

learning effects gained from the failures were limited. 

Reintroduction program in the Palatinate Forest 

Along with the program in the Dinaric Alps (2017), the reintroduction of lynx in the Palatinate 

Forest is one of the latest rewilding programs in Europe (Rewildingeurope 2021). The reasons 

for the reintroduction of this large carnivore into the Palatinate Forest included establishing a 

metapopulation with the potential of distributing into the Northern Vosges and from a long-
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term perspective creating a genetic exchange with the metapopulations in the Middle and 

Southern Vosges and further with the Jura and Alp populations (SNU-RLP 2020). 

The reintroduction in the Palatinate Forest started in 2015 with public relations and integrational 

work of all directly affected groups, such as hunters and livestock breeders. The total number 

of lynx released in the Palatinate Forest should be sufficient in relation to some of the other 

reintroductions to achieve a viable population (Breitenmoser and Breitenmoser-Würsten 2008). 

Twenty individuals originating from Switzerland and Slovakia provided adequate genetic 

variation and were released over a time span of five years from 2016 to 2020 (SNU-RLP 2020). 

Reintroduced lynx are either wild catches or orphan lynx that were held for a certain time in 

captivity (SNU-RLP 2020). Each released individual was equipped with a GPS collar to observe 

the first year of movement in their new habitat (SNU-RLP 2020). One year after the 

reintroduction of lynx, the first lynx reproduction was detected, illustrating the success in the 

long-term return of this large carnivore in the Palatinate Forest. A systematic camera trapping 

session conducted throughout the Palatinate Forest from December to April 2019/2020 and 

2020/2021 revealed seventeen and thirteen independent lynx, which corresponds to a 

population density of 0.65 and 0.51 lynx per 100 km² within the 1,800 km² study area, 

respectively (Port 2021; Port 2020). 

 

Fig. 1 Distribution of Eurasian lynx (Lynx lynx) in Europe with different presence levels (©LCIE 2021). The 

Iberian Lynx (Lynx pardinus), which occurs in small numbers in southern Spain, is not marked here on the map.  
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Lynx (Lynx lynx) – a large solitary felid 

The Eurasian lynx (Lynx lynx) is the third largest carnivore in Europe, after the brown bear 

(Ursus arctos) and the grey wolf (Canis lupus) (Hočevar et al. 2020; Breitenmoser et al. 2000). 

In addition, it is the largest existing member of the Felidae family in Europe (Hočevar et al. 

2020). 

Lynx typically weigh around 12–35 kg, with males being larger than females (Breitenmoser et 

al. 2000). The total body length reaches 70–130 cm and the shoulder height can be up to 65 cm 

(Breitenmoser et al. 2000). Mating season occurs in February to mid-April (Breitenmoser et al. 

2000) and brings forth a litter size of 1–5, with an average of 2–3 kittens (Breitenmoser and 

Breitenmoser-Würsten 2008; Breitenmoser et al. 2000; Kvam 1991). The fur coloration and 

pattering varies across the species’ distribution range, showing a generally greyish coloration 

with various shadings (Breitenmoser et al. 2000). Breitenmoser et al. (2000) differentiate 

between three major coat patterns, namely spotted, striped and unspeckled. Each individual has 

its unique pattern (Hočevar et al. 2020; Breitenmoser and Breitenmoser-Würsten 2008; 

Breitenmoser et al. 2000), helping researchers to identify and distinguish the individuals. 

The lynx is an ambush and stalking predator (Hočevar et al. 2020; Nilsen et al. 2009; 

Breitenmoser and Breitenmoser-Würsten 2008) specialised on medium-sized prey (Hočevar et 

al. 2020; Breitenmoser and Breitenmoser-Würsten 2008). In Europe, roe deer (Capreolus 

capreolus) is the main prey of lynx, but red deer (Cervus elaphus), chamois (Rupicapra 

rupicapra) and rodents are also within their diet (Hočevar et al. 2020; Molinari-Jobin et al. 

2007; Jobin et al. 2000; Jędrzejewski et al. 1993). In northern Europe, hare (Lagopus sp.) and 

reindeer (Rangifer tarandus) play a main role in the dietary pattern of lynx (Odden et al. 2006; 

Pedersen et al. 1999). All lynx are nocturnal and predominantly crepuscular active (Heurich et 

al. 2014; Podolski et al. 2013). Home range sizes of lynx vary between regions, also depending 

on the habitat type and density of prey, with lower prey densities leading to larger home ranges, 

and vice versa (Hočevar et al. 2020). Home ranges can range from 180–2,780 km² for males 

and 98–759 km² for females (Breitenmoser et al. 2000). The larger male home ranges can 

overlap with one or two female home ranges (Hočevar et al. 2020; Herfindal et al. 2005). 

The return of the lynx and the conflicts 

Around 9,000–10,000 lynx individuals are estimated to live in Europe nowadays (Status: 

excluding Russia and Belarus, Kaczensky et al. (2013)). With increasing numbers of lynx, 

conflicts with humans have arisen, especially with hunters and livestock breeders (Gervasi et 
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al. 2020; von Arx and Breitenmoser 2004). Livestock breeders are afraid of losses in their herds, 

even though they are relatively low for lynx compared to other large predators. Compensation 

programs of the governments cover the financial loss, which should increase the acceptance 

towards this species (Gervasi et al. 2020; von Arx et al. 2004). Hunters perceive lynx as a direct 

competitor for the game animals (von Arx et al. 2004) and additionally they suspect the prey to 

change its behaviour, making it more difficult for hunters to be successful in the presence of 

this predator (von Arx and Breitenmoser 2004). Lüchtrath and Schraml (2015) found that the 

huntersʼ position towards lynx is influenced by their backgrounds (past experience), with 

forestry and nature conservation groups being positive towards lynx. Not only the direct 

competition for the prey but also the social identity as a hunter is questioned with the return of 

the lynx, leading to incomprehension among the hunters and in some cases illegal killing 

(Lüchtrath and Schraml 2015). Experts state that illegal killing is a major threat to the lynx 

population in Europe (Heurich et al. 2018; Breitenmoser et al. 2010; Andrén et al. 2006; von 

Arx and Breitenmoser 2004; Červený et al. 2002). Despite the legal protection, lynx in 

Scandinavia are regularly hunted (Sweden, Latvia, Estonia and Finland), and they even have 

annual hunting quotas in Norway (Hočevar et al. 2020). Additional threats to lynx include 

habitat loss and fragmentation (Kaczensky et al. 2013). In-breeding depression is a possible 

threat to small, isolated and/or introduced populations (Mueller et al. 2020; Port et al. 2020; 

Kramer-Schadt et al. 2005; Kramer-Schadt et al. 2004). 

Population size / density estimation of prey species 

Throughout recent decades, ungulates in Europe have experienced a strong increase in numbers 

and in some places they have even become overabundant (Carpio et al. 2020; Valente et al. 

2020; Apollonio et al. 2010). The reasons for this include socio-demographic changes, habitat 

re-naturalisation with increased grazing availability for ungulates, restricted hunting laws, 

supplementary feeding, global warming, the declining number of hunters and the earlier 

reduction of natural predators such as wolf and lynx (Carpio et al. 2020; Valente et al. 2020; 

Melis et al. 2006). Naturally, there are positive effects for the ecosystem and society (Valente 

et al. 2020), although the high numbers of ungulates can also lead to a loss of plant diversity, 

decline in the population of other species, spread of diseases, increased number of wild 

ungulate-vehicle collisions and damage to agriculture and forestry, for example (Carpio et al. 

2020; Valente et al. 2020; Warren 2011; Mysterud 2004).  
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For the efficient management of ungulate populations in Europe, it is necessary to understand 

the numbers and spatial variation in the ungulate density (Buckland et al. 2015; Wäber and 

Dolman 2015). Therefore, several sampling methods have been developed and tested in the past 

(Buckland et al. 2015). Many researchers have been studying the distribution and abundance of 

animals and their interaction with the environment (Buckland et al. 2001). Moreover, one of 

the most frequently asked questions in applied ecology is about the size (N) of a population and 

hence the population density (D) or even the rate of population change (Buckland et al. 2015). 

These parameters are dependent on time, space, species, sex and age (Buckland et al. 2001). 

The density and population size relationship is expressed by the parameter size (A), number per 

unit area (D) and the size of the population (N). The size of the study area (A) multiplied by the 

number per unit area reveals the size of the population (N) (Buckland et al. 2001). 

Distance sampling (DS) can be a very effective approach to estimate the parameters D and N 

and therewith estimating the density or abundance of biological populations (Buckland et al. 

2001). Borchers et al. (2002) describes distance sampling as a method that comprises several 

related methods involving the measurement or estimation of the distance to the detected animal 

from the line or point where the observer is positioned. DS has been widely used to determine 

ungulate populations (Focardi et al. 2013; Hemami et al. 2007; Focardi et al. 2005; Buckland 

et al. 2001; Focardi et al. 2001). Roe deer – the most common ungulate in Europe – have been 

successfully monitored with the distance sampling method under the application of thermal 

imagers (La Morgia et al. 2015; Wäber and Dolman 2015; Focardi et al. 2005; Smart et al. 

2004; Ward et al. 2004). At night, the activity pattern of ungulates is higher, leading to a higher 

detectability during night than day (Franzetti et al. 2012). The use of thermal imagers for 

detecting wild ungulates at night is improving detectability (Focardi et al. 2013) and 

consequently the sample size for a given effort, i.e. the number of detected individuals per 

driven kilometre (Franzetti et al. 2012). In addition, DS is described as a cost-effective survey 

method (Franzetti et al. 2012; Smart et al. 2004; Ward et al. 2004; Gill et al. 1997). The method 

can be differentiated into line and point transect sampling (Buckland et al. 2015; Borchers et 

al. 2002; Thomas et al. 2002; Buckland et al. 2001). Line transect sampling in combination with 

thermal imagers is described to be a precise and effective method (Smart et al. 2004; Gill et al. 

1997) even in denser habitats, and is more efficient in comparison with spotlight counts 

(Focardi et al. 2001). In the following, I will concentrate on line transect sampling due to its 

application in our data acquisition. In line transect sampling, the observer travels along lines 

searching for animals or animal clusters. The lines should be systematic grids or parallel lines 
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and randomly placed within the study area to ensure uniform distribution of the animals with 

respect to the distance from the line (Borchers et al. 2002). The observer records the 

perpendicular distance χ from the line to each detected object or object group. In many cases, 

it is easier to record the radial distance τ and the angle Ɵ and then calculate the perpendicular 

distance by  

     χ = r sin (Ɵ). 

The recorded distance χ of the detected object is used to model the detection function g(χ), 

which predicts the probability of detecting an animal, given that it is at distance χ from the line 

(Buckland et al. 2015). 

𝑓(χ) =
𝑔 (χ)

𝜇
   for 0 ≤ χ ≤ ω   (Buckland et al. 2015) 

 μ = effective strip half-width, the half-width of the strip extending to either side of a 

  transect centreline such that as many objects are detected outside the strip remain 

  undetected within it (Buckland et al. 2001) 

 ω = truncation point 

The animal density is then estimated by 

   D̂ = 
𝑛

2 ω  𝐿 𝑃̂𝑎
  (Buckland et al. 2001). 

 D̂ = estimated density of objects based on the sample data 

 n = sample size, number of objects detected 

 ω = truncation point 

 L = total line length 

 P̂a = probability that a randomly selected object in the survey area ɑ is detected 

 (Thomas et al. 2002; Buckland et al. 2001). 

This applied method assumes that all animals on or close to the transect line are detected by the 

observer (g(0) = 1) and even allows a proportion of objects in the distance ω of the line to be 

missed (Buckland et al. 2001). In addition, it is necessary that all detections are independent 

and that the detection probability decreases with increasing distance from the transect line 

(Buckland et al. 2015; Buckland et al. 2001). In many cases, line transect studies are conducted 

along roads, tracks or paths (Buckland et al. 2001), which are not randomly distributed in the 
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study areas. Here, it is crucial to distinguish between density estimations based on 

evenly/randomly distributed transects and non-randomly distributed road transects, as the later 

may not be representative of the entire study area (Buckland et al. 2001). 

Predator-prey interactions 

Predation is defined as any kind of interaction in which energy flows from one organism (the 

prey) to another (the predator, Begon et al. (2006); Sih et al. (1985)). It can also be described 

as a special form of consumption by which one organism (predator) consumes another organism 

(prey) by actively searching for it and killing it (Hohmann, U., personal communication, 2021). 

Predation is also a “major selective force in the evolution of several morphological and 

behavioural characteristic of animals” (Lima and Dill 1990). Taylor (2013) describes predation 

as a behavioural act, an ecological process, or even a combination of both. The interaction 

between a predator and its prey inevitably leads to the removal of the prey individual (lethal 

effect), which can then have an impact on the prey population dynamics, the entire ecosystem 

and biodiversity (Creel and Christianson 2008; Ripple and Beschta 2004; Lima 1998). The 

interaction works across trophic levels, which can be controlled on a bottom-up or top-down 

basis (Miller et al. 2001). Based on the example of top-down-regulated interactions, the plant 

biomass is being reduced by herbivores, whereas they are held in check by carnivores (Begon 

et al. 2006). 

Predators are not only affecting their prey by killing it (Creel and Christianson 2008; Lima 

1998). Moreover, predation also triggers behavioural responses among prey, which elicit anti-

predator strategies (Creel and Christianson 2008; Miller et al. 2001; Lima 1998). Anti-predator 

strategies can include changes in morphology or behaviour (Creel et al. 2007). Vertebrates 

mostly alter their behaviour as a result of predation risk (Creel et al. 2007; Lima 1998) to make 

it more difficult to be captured, detected or encountered by the predator (Lima 1998). 
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Predation risk is defined as the probability of being killed during some time unit (Lima and Dill 

1990) and it is described with the following basic components: 

 𝑃(𝑑𝑒𝑎𝑡ℎ) = 1 − exp(− 𝛼 𝑑 𝑇) (Lima and Dill 1990) 

 𝛼 = rate of encounter between predator and prey 

 d = probability of death given an encounter 

 T = time spent vulnerable to encounter (or attack) 

Schmitz et al. (1997) indicated that the effects of predators on the behaviour of prey might be 

more important than the direct mortality in shaping patterns of herbivory. The authors postulate 

that predation risk can cause – for instance – reduced foraging time, followed by increased 

starvation risk and hence reduced impact on the lower trophic level, namely the plant ecosystem 

(Schmitz et al. 1997). To reduce predation risk, prey may alter their habitat preferences 

(avoiding risky habitats), group size, vigilance, time of activity and foraging patterns (Miller et 

al. 2001; Lima and Bednekoff 1999; Lima and Dill 1990). 

For example, urine as olfactory cue of lynx causes a shift in the vigilance level in roe deer, even 

after a long absence of this predator within the ecosystem (Eccard et al. 2015). The results of 

Eccard et al. (2015) support the ‘risk allocation hypothesis’, according to which the prey 

increases anti-predator behaviour and at the same time reduces foraging behaviour during high 

pulses of predator presence, whereas with continuous pulses anti-predator behaviour decreases 

despite the risk (Eccard et al. 2015). On the other hand, Wikenros et al. (2015) found no 

difference in the vigilance level of roe and red deer when exposed to lynx scent (fresh scats), 

but they found a change in visitation duration at scat sites. Perhaps roe deer perceived lynx 

urine as an acute threat (Eccard et al. 2015), whereas fresh scats rather cause a change of 

foraging time at this site (Wikenros et al. 2015). Prey that reduce their exposure to predation 

risk due to the presence of a predator are described as being under the effect of ‘ecology of fear’ 

(Brown et al. 1999). Laundré et al. (2010) investigated an additional aspect of the fear in 

ecology, namely the landscape use of prey. They propose that the “spatial and temporal use of 

landscape is fear driven” (Laundré et al. 2010; Laundré et al. 2001) and they call the concept 

the ‘landscape of fear’ (Laundré et al. 2010). This concept aims to explain how animals that are 

trying to reduce predation risk use the landscape under the influence of fear (Laundré et al. 

2010). The ‘landscape of fear’ theory caused by lynx predation has not been supported by 

current lynx studies (Eccard et al. 2015; Samelius et al. 2013). There is no evidence that roe 

deer avoid habitats with higher predation risk by lynx, and hence the recolonisation of lynx had 
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limited impact on habitat selection by roe deer (Samelius et al. 2013). These findings are 

contrary to those found in Yellowstone National Park (North America), where elk responded in 

shifting habitat selection when wolf were reintroduced (Laundré et al. 2001). Samelius et al. 

(2013) suggest that the response of the prey to predation risk depends on ecosystems and the 

predator-prey constellation. 

A large proportion of research studies in Europe have dealt with the interaction of lynx and 

their main prey in relation to population dynamics, kill rates and the impact of humans on the 

predator-prey system (Andrén and Liberg 2015; Heurich et al. 2012; Molinari-Jobin et al. 2002; 

Okarma et al. 1997). In Sweden, lynx were found to influence roe deer population dynamics 

along with density-dependent factors (Andrén and Liberg 2015). After lynx recolonization, the 

annual roe deer growth rate decreased, which was also related to roe deer density, from which 

Andrén and Liberg (2015) concluded that lynx predation was additive to other roe deer 

mortalities. Moreover, Melis et al. (2009) concludes that lynx predation seems to have a 

negative impact on the prey population. Lynx in the Swiss Jura killed around 9% of the roe deer 

spring population (Molinari-Jobin et al. 2002), whereas in Poland lynx reduced 21–36% of the 

spring numbers (Okarma et al. 1997). Similarly high impacts were measured in the north-

western Alps in the mid-1990s, where lynx took 36–39% of the local roe deer population 

(Breitenmoser et al. 2010). Even temporary local extinctions of the prey within an area due to 

lynx predation have been documented (Swiss Turtmanntal, Haller (1992)). In the Bavarian 

Forest National Park, the survival of roe deer decreased due to a combination of severe winters 

and lynx predation (Heurich et al. 2012). In addition, Heurich et al. (2012) concluded that due 

to a low roe deer population density (1–5 roe deer / km²), the influence of the stalk-and-ambush 

predator on the prey population was very high. These results are in line with those of 

Jędrzejewska and Jędrzejewski (2005), finding a strong limitation of ungulate densities by 

predation in less productive environments. The importance of environmental productivity was 

clearly highlighted by Melis et al. (2009), who emphasized that it plays a crucial role in 

assessing the effect of the predator on its prey. 

In general, lynx consume roughly one ungulate per week, adding up to around 55 ungulates per 

year (66 in presence of cubs, Breitenmoser and Haller (1987)). Within this thesis, predation rate 

is defined as the proportion of the prey population killed by predation per unit time (Gehr 2016; 

Andrén and Liberg 2015). Consumption rates of lynx vary depending on lynx sex, ranging from 

3.8 kg for males and 3.1 kg for solitary females (Breitenmoser et al. 2010). In the Bohemian 

Forest, the main prey of lynx are roe deer, followed by red deer, hare (Lepus europeus), wild 

boar (Sus scrofa) and fox (Vulpes vulpes) (Mayer et al. 2012). Lynx preyed upon red deer more 
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often in winter months than in summer, especially calves and adult females (Mayer et al. 2012). 

Kill series reveal that lynx on average spend 4–5 nights consuming an adult roe deer 

(Breitenmoser et al. 2010). Not only predation rates and the diet of lynx have been in the focus 

of the researchers in the last decade, but also the determination of foraging sites of lynx. 

To date, foraging sites – hereafter called kill sites – have been investigated in the Bohemian 

Forest (Belotti et al. 2013), the Bialowieza Primeval Forest (Poland, Podgórski et al. (2008)), 

the Harz Mountains (Frauendorf 2012) and the Dinaric Mountains in Slovenia (Krofel et al. 

2007). Habitat complexity, visibility (good stalking cover and good visibility) and rugged 

terrain seem to play a crucial role for a successful lynx hunt (Belotti et al. 2013; Podgórski et 

al. 2008; Krofel et al. 2007). The distribution of kill sites is independent of human infrastructure 

(public roads) and even positioned closer to tourist trails than random locations (Belotti et al. 

2012). Sunde et al. (1998) concluded that lynx avoid the presence of humans but not the 

alteration of the habitat (roads, trails, houses). Thus, lynx use areas of high prey availability 

during the night when human activity is low, allowing these large carnivores to persist in 

human-dominated landscapes (Gehr et al. 2017). 

Habitat selection of lynx 

Habitat selection is an adaptive behaviour, where the organisms choose specific habitat 

attributes and food resources to maximise their fitness (Morris 2013; Thomas and Taylor 2006). 

To facilitate the return of lynx in Europe – an area where large parts of the landscape are human-

dominated and disturbed – it is essential to understand the habitat requirements of the species 

(Niedziałkowska et al. 2006; Schadt, Revilla, et al. 2002). The co-existence of large carnivores 

and humans depends on successful management and conservation plans. Viable populations 

need to be established while the conflicts are kept to a minimum (Schadt, Revilla, et al. 2002). 

This requires knowledge about the species, its habitat preferences, dispersal habitat and 

tolerance towards human disturbance (Magg et al. 2015; Schadt, Revilla, et al. 2002). Habitat 

selection of lynx has been investigated under different setups and scales, and in different regions 

(Gehr et al. 2017; Bouyer, Gervasi, et al. 2015; Basille et al. 2013; Basille et al. 2009; 

Breitenmoser-Würsten et al. 2007; Breitenmoser et al. 2001). 

Lynx appear to tolerate high levels of human disturbance and activity, provided that there is 

high forest density, high prey availability or good hiding cover (Gehr et al. 2017; Bouyer, 

Gervasi, et al. 2015; Sunde et al. 1998). Lynx face a trade-off between prey availability and the 

avoidance of human disturbance, and they respond by using either areas with high prey 

availability at times where human activity is low (Gehr et al. 2017) or by minimising the 
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exposure to the most disturbed areas (Bouyer, Gervasi, et al. 2015). As a consequence the 

habitat selection of lynx differs between day and night time (Filla et al. 2017). 

High prey availability is usually associated with fragmented landscapes that include open forest 

canopy structures, forest edges, agricultural fields, and numerous small patches of grassland 

(Filla et al. 2017; Torres et al. 2012; Basille et al. 2009). This could be the reason why lynx 

select a high proportion of fields and forests within their home ranges (Basille et al. 2013). On 

the other hand, the habitat selection analysis of lynx in the Vosges revealed the avoidance of 

agricultural areas and highways (Basille et al. 2008). Additionally, lynx in Norway avoid high 

road density within their home ranges, which poses an increased mortality risk from humans 

due to legal hunting (Basille et al. 2013; Bunnefeld et al. 2006). The parameters of altitude 

(elevation) and slope play a decisive role in the habitat selection of lynx (Bouyer, San Martin, 

et al. 2015; Basille et al. 2008; Krofel et al. 2007). Lynx in general prefer areas with high values 

of elevation, slope and rocks (Signer et al. 2019; Basille et al. 2008). 

Overall, the research on lynx habitat selection provides us with an insight into the habitats that 

lynx require to establish their home ranges. For the re-establishment of the lynx in Europe, 

further in-depth studies are needed to decide which habitats and what home range sizes are 

suitable for this large predator. 

Objectives and methodology 

The aim of this thesis was to document the re-establishment of lynx by investigating the 

spatial habitat use of lynx and the effect on their main prey in a forest-dominated low 

mountain range in Germany. 

The specific objectives of this study were to: 

(1) investigate the roe deer population trend in the Palatinate Forest during the re-

establishment of lynx; 

(2) investigate the habitat structure of roe deer kill sites caused by the newly reintroduced 

lynx in the Palatinate Forest; 

(3) investigate the habitat selection of newly reintroduced lynx in relation to anthropogenic 

structures in the Palatinate Forest between 2016 and 2019. 

Lynx telemetry data used in this study were provided by the Foundation of Nature and 

Environment (SNU-RLP 2020) and collected in connection with the reintroduction program in 

the Palatinate Forest, where 20 lynx (12 females, 8 males) were fitted with GPS radio collars 

and released between 2016 and 2020 (SNU-RLP 2020). 
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Since 2016, we have been collecting count data of deer throughout the Palatinate Forest with 

thermal imaging cameras for population estimation calculations (Fig. 2). The data collected 

were then used to estimate the roe deer population in the entire Palatinate Forest prior to lynx 

reintroduction and during the establishment of lynx population in this area. Overall, we 

observed 4,671 roe deer during 120 nights on a 6,000 kilometre total transect line from 2016 to 

2019. 

We observed 123 kill sites from the GPS collared lynx within the study area over the period 

from 7th August 2016 to 27th August 2019 (SNU-RLP 2020). The kill sites were examined for 

their microhabitat structure and their location to human-dominated habitat features. GPS data 

of 14 lynx individuals over the period from 11th August 2016 to 31st December 2019 contained 

18,038 locations for habitat selection analyses. 

 

Fig. 2 Map of the study area, the Palatinate Forest, which is positioned in the southwestern part of Germany. The 

study area borders on to the Vosges du Nord in France.  
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Outline of the thesis 

The work presented here focuses on the establishment of a recently-introduced predator, the 

Eurasian lynx (Lynx lynx) and the interaction with its main prey, the European roe deer 

(Capreolus capreolus) in the Palatinate Forest, an ecosystem where prey did not experience a 

natural predator for a longer time. The thesis is structured into three manuscripts. In these three 

manuscripts, I explore the roe deer population trend after the reintroduction of lynx, the 

successful hunting sites, and the general habitat selection of lynx within the study area. 

 

Manuscript I: 

Carolin Tröger, Diress Tsegaye, Ulf Hohmann (in Press), Roe deer population trend after 

reintroduction of Eurasian lynx within the Palatinate Forest: a first insight into a long-term 

study, European Journal of Ecology 

In the first manuscript, I examine how the roe deer population trend in the Palatinate Forest 

developed under the newly established presence of a large carnivore. In particular, I started to 

monitor the roe deer population prior to lynx reintroduction and under the presence of lynx. 

Roe deer hunting bag and lynx spatial habitat use were linked to investigate possible (short-

term) effects of this new predator on its prey population in the first years after reintroduction. 

 

Manuscript II: 

Carolin Tröger, Diress Tsegaye, Johannes Signer, Ulf Hohmann, unpublished, Microhabitat 

influences the kill sites of recently-introduced lynx within the Palatinate Forest in Germany 

In the manuscript 2, I was interested in exploring lethal effects, and more specifically the habitat 

in which the direct interaction between the predator and prey occurs. The investigation of 

microhabitats at kill sites should reveal habitats in which lynx successfully hunts roe deer and 

where roe deer experience increased mortality risk. To answer this research question, clusters 

of lynx GPS locations were used to locate potential kill sites. Confirmed kill sites were then 

related to the habitat structure at different scales and compared with random and lynx GPS 

locations.  
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Manuscript III: 

Carolin Tröger, Diress Tsegaye, Sylvia Idelberger, Ulf Hohmann, unpublished, The effect of 

anthropogenic structures on habitat selection of newly reintroduced Eurasian lynx (Lynx lynx) 

in the Palatinate Forest, Southwest Germany 

In the manuscript 3, I investigate the habitat selection of the newly reintroduced lynx in the 

Palatinate Forest regarding anthropogenic structures. The lynx GPS data was related to different 

temporal settings, as well as being compared with the habitat offer at the same scales. Habitat 

selection analysis of newly introduced lynx considered habitat parameters such as distance from 

human settlements, infrastructure, and grazing areas. 
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Abstract 

Kill sites are often used to understand the interaction between predator and prey considering 

habitat structures. The aim of this study was to analyse the microhabitat of roe deer (Capreolus 

capreolus) kill sites caused by Eurasian lynx (Lynx lynx), which have been reintroduced since 

2016 within the Palatinate Forest in the southwestern part of Germany. We identified 123 roe 

deer kill sites caused by thirteen radio-tracked lynx (6 female, 7 male) over a total period of 

four years (2016–2019). 

We tested seasonal differences of microhabitat features at kill sites and their influence on the 

kill probability of roe deer in the Palatinate Forest. Kill sites were compared with habitat 

availability, represented by random locations, and with habitat use by considering lynx GPS 

locations. Random locations were generated within lynx home ranges. We found that 95% of 

all kill sites were related to ground cover and that summer kill sites displayed a significantly 

lower percentage of canopy cover than winter kill sites. We detected a higher probability of a 

roe deer kill in proximity to forestry roads, paved public roads, grassland areas and at low 

elevations. On the other hand, we found a significantly lower probability of kill closer to human 

settlements (villages). Comparing the kill sites with lynx habitat use (based on lynx GPS 

positions), we also found a higher kill probability in proximity to grassland areas and partly to 

not truck-drivable roads. Our kill site monitoring underlines that the interaction of roe deer and 

lynx follows a known pattern, indicating that this newly returned predator has quickly adapted 

to new conditions while occupying unfamiliar surroundings. Nevertheless, further in-depth 

investigations of kill sites within the Palatinate Forest are recommended to gain a better 

understanding of the interaction between the predator and its main prey with respect to the long-

term consequences for the prey population. 

 

Keywords: Eurasian lynx, Lynx lynx, roe deer, predator-prey interaction, microhabitat 
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Introduction 

By the late-1960s, the European lynx (Lynx lynx) population had recovered in Europe due to 

favourable legislation and increasing habitat quality in most European countries (Linnell et al. 

2005; Linnell, Andersen, et al. 2001). In addition, reintroduction programmes were initiated in 

several European countries, including Italy, Switzerland, Slovenia, Austria, Czech Republic, 

France and Poland (Linnell et al. 2005). In Germany, three reintroductions were conducted, the 

first in Bavaria in 1970–1975, followed by Harz Forest in 2000 (Kramer-Schadt et al. 2005) 

and more recently in the Palatinate Forest in 2016 (SNU-RLP 2018). The return of this predator 

into human-dominated landscape raises the question of how ungulates – particularly roe deer – 

respond to a predation risk by a predator that has long been absent in its environment (Sand et 

al. 2006). In particular, it holds interest to distinguish in which habitat the predation risk of the 

prey increases when large carnivores are present in the area. 

As a stalking and ambush predator (Breitenmoser and Breitenmoser-Würsten 2008), lynx 

habitat selection is driven by prey accessibility and mortality risk (hunting, poaching and traffic 

collision, Basille et al. (2009)). Many studies have focused on habitat selection by lynx (Signer 

et al. 2019; Belotti et al. 2018; Filla et al. 2017; Belotti et al. 2012; Rozylowicz et al. 2010; 

Basille et al. 2009; Herfindal et al. 2005). Filla et al. (2017) suggested that lynx select open 

habitats at night, linking this to high prey density, whereas during the day lynx select habitats 

with dense understory cover on rough terrain and with a low risk of human disturbance. On the 

other hand roe deer are known to favour closed habitats with a higher degree of complexity 

during the day and a more open habitat with higher grazing quality during twilight and night 

(Mysterud, Larsen, et al. 1999). Basille et al. (2009) verified that lynx stay in areas with high 

roe deer abundance and they additionally documented a trade-off between habitats with 

intermediate roe deer abundance and intermediate human disturbance. Hence, lynx avoid 

habitats with maximum prey density, which is usually linked to high human density (Basille et 

al. 2009). By contrast, Belotti et al. (2012) observed that lynx do not avoid roads and tourist 

trails. Small and less frequented gravel roads are most likely used by carnivores to move quickly 

and conserve energy (Creel et al. 2002; Sunde et al. 1998). Moreover, it can be presumed that 

at night paths are rarely used by humans, whereby lynx is able to use them without fearing any 

disturbance. 

Although many studies have explored the habitat use of lynx and roe deer in general, more 

knowledge about lynx hunting habitat and hunting success is still required to understand the 

direct interaction between a predator and its prey, especially after the long absence of the large 
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carnivore within an area. Our study focused on gaining a better understanding of the interaction 

between a recently-reintroduced predator and its main prey by observing kill sites and their 

microhabitats in the Palatinate Forest. Only a few studies to date have investigated 

microhabitats by looking at kill sites (Belotti et al. 2013; Frauendorf 2012; Podgórski et al. 

2008; Krofel et al. 2007). 

Krofel et al. (2007) examined thirteen kill sites in the Slovenian Dinaric Mountains and 

concluded that lynx do not necessarily need dense vegetation and rugged terrain, but it may 

influence their hunting success. Successful documented hunts mainly took place in areas with 

steep slopes and rugged terrain (Krofel et al. 2007). Dolines – a special karst structure in the 

Dinaric Mountains – might be of great importance for hunting (Krofel et al. 2007). Krofel et al. 

(2007) assume, that roe deer prefer the downwards escape when fleeing. When reaching the 

bottom of the doline, the only chance is to run upwards, which slows the roe deer down (Krofel 

et al. 2007). Here, it is important to remember that lynx are sight-hunting predators that ambush 

and stalk their prey (Squires et al. 2010), whereas wolf are chasing predators with distances of 

around 237 m for roe deer and 76 m for moose (Wikenros et al. 2009). On the other hand, lynx 

will use the ‘surprise’ moment for the prey and jump with two to three steps to reach the prey 

(Breitenmoser and Breitenmoser-Würsten 2008). 

Podgórski et al. (2008) found that lynx in Białowieża Primeval Forest successfully hunted in 

habitats of high complexity and low visibility. The number of useful stalking structures like 

branches, logs, root plates and bushes characterised high complexity within their analyses 

(Podgórski et al. 2008). They found no selection for any type and/or age class of the forest when 

observing 116 hunting sites (Podgórski et al. 2008). Additionally, in summer they found more 

hunting sites in the vicinity (0–50 m) of forest glades than expected from their availability 

(Podgórski et al. 2008). This could indicate that these habitats represent good stalking cover for 

lynx and rich foraging grounds for ungulates (Podgórski et al. 2008). Visibility at hunting sites 

was significantly lower than at random sites but higher at kill sites than caching sites (Podgórski 

et al. 2008). Furthermore, Belotti et al. (2013) showed that lynx in the Bohemian Forest killed 

roe deer in winter in habitats with good stalking cover but also good visibility. In addition, they 

found significant differences between kill locations and those of alive ungulates in winter 

seasons, suggesting that the positions of kill sites are not only based on the habitat use of 

ungulates (Belotti et al. 2013). 

Using roe deer kill sites based on a GPS dataset of reintroduced lynx in the Palatinate Forest, 

we tested the following predictions: 
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1) Lynx successfully hunt roe deer in areas with higher vegetation/ground cover on a fine 

landscape scale. 

2) Lynx successfully hunt roe deer in areas with increased probability of encountering 

prey, like grasslands areas, meadows, open forests and along travel corridors (roads). 

3) Lynx successfully hunt roe deer in areas where there is a low risk of disturbance (e.g. 

away from human settlements). 

4) The season influences the relative importance of the different habitat features of kill 

sites.  
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Material and Methods 

Study area 

The study was conducted in the Palatinate Forest in the southwestern part of Germany, which 

lies in the temperate zone between the Atlantic and continental climate (49°12ʼN, 7°45ʼN). 

Elevation in the Palatinate Forest ranges from 210 m to 609 m a.s.l.. The Palatinate Forest 

contains only small settlements and little infrastructure (Hohmann et al. 2018; Simon and 

Kotremba 2016). Approximately 90% of the area is covered by forest (MUEEF RLP 2012), 

which mainly comprises of Fagus sylvatica and Pinus sp.. Dense and steep carved valley 

systems and various hill formations characterise the Palatinate Forest, a variegated mountain 

range (MUEEF RLP 2012). Annual precipitation is about 700–800 mm and annual average 

temperature is 10–11.5 °C (2015–2020, Rheinland-Pfalz Kompetenzzentrum für 

Klimawandelfolgen (2021)). The Palatinate Forest is one of Germanyʼs largest contiguous 

forest areas with over 1790 km² and borders in the south on the Vosges du Nord. Since 1998, 

the Vosges du Nord and the Palatinate Forest have been the first transboundary biosphere 

reserve in Europe (Naturpark Pfälzerwald 2018), covering about 3018 km². Our study 

concentrated on the German part of the biosphere reserve, the Palatinate Forest (Fig. 1). The 

primary species of wild ungulates are roe deer, red deer (Cervus elaphus) and wild boar (Sus 

scrofa). In the northern part of the forest, mouflon (Ovis musimon) occur in small numbers. All 

ungulates above are hunted within the whole study area, with one exception of a 25 km2 area in 

the centre of the forest. 

Lynx reintroduction and population 

In 2015, an EU-LIFE project – supervised by the Foundation of Nature and Environment (SNU) 

Rhineland-Palatinate – initiated the reintroduction of lynx within the Palatinate Forest 

(Idelberger et al. submitted). From 2016 onwards, the first lynx were released in the Palatinate 

Forest (SNU-RLP 2018). Over the course of five years, a total of 20 lynx were reintroduced, 

with lynx (Lynx lynx carpathicus) originating from Slovakia (Carpathian Mountains) and 

Switzerland. Reintroduced lynx are either wild catches or orphan lynx that were held for a 

certain time in captivity. In 2017, the first lynx offspring was documented within the Palatinate 

Forest. In the first half of 2019, twelve independent (adult and subadult) lynx were verified (at 

least temporary) within the central Palatinate Forest.  
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All lynx were released in the central part of the Palatinate Forest. Two large motorway (two to 

four lanes) splits the forest into a northern, a central and a southern part. GPS collars were fitted 

on all reintroduced lynx with an approximate battery life of around one to two years. The 

frequency of GPS measurements was programmed differently depending on the status and 

requirements of the reintroduction project. One individual received an additional collar prior to 

the battery expiry date of the original one, resulting in longer GPS datasets. Data of GPS 

collared lynx provided information about possible prey kill sites, which were verified by 

research teams (Gaß 2018; SNU-RLP 2018; Schukraft 2017). The dataset is a random, non-

systematic sample of kill sites in the period from 7th August 2016 to 27th August 2019 and 

resulted in 123 roe deer kill sites within the centre of the Palatinate Forest (Fig. 1). Kill sites 

located in the southern and northern part of the Palatinate Forest were considered outliers and 

removed from the dataset due to different habitat structures in the boundary areas of the 

Palatinate Forest. 

Habitat data / Explanatory variables 

We applied two different approaches to the 123 roe deer kill sites found in the Palatinate Forest. 

I: Descriptive habitat features of different diameters are recorded in the field at the kill sites, 

and hereafter called microhabitat features. We applied these features to the first 75 kill sites 

within the period from 2016–2018. Data acquisition took place between August 2017 and April 

2018. In 2017, we recorded habitat features for the confirmed kill site at this point with a time 

offset (from kill to habitat recording) of several months and up to a year within the same 

vegetation season. In 2018, we were able to record habitat features directly after the lynx 

abandoned the site, around 3–5 days after killing its prey. The exact position of the kill site – 

especially those registered in the previous years (2016–2017) – was determined by GPS 

positions, general habitat descriptions and photographs of the kill site and its surrounding. We 

tried to find the exact position to verify that the habitat structure had remained the same.  

II: GIS-based habitat features were applied to all kill sites (n = 123) and additional random 

points (see paragraph below), hereafter called geographic habitat features. 
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Fig. 1 Distribution of 123 roe deer kill sites caused by thirteen lynx individuals within the Palatinate Forest, 

Germany. Kill sites were observed between 2016 and 2019. Microhabitat features were observed at only 75 kill 

sites, whereas geographic habitat features are available for all 123 kill sites. 

I: Microhabitat features  

We focused on seasonal differences in those microhabitat features around the kill sites that may 

have influenced predation, i.e. forage quality with respect to deer, habitat concealment with 

respect to lynx or human infrastructure (traffic-related disturbance). Within a 5 m radius of the 

kill site, detailed forest characteristics (mature stand, mature stand in generation change, young 

timber, pole wood, thicket, regeneration, open area or forestry and paved roads) were recorded. 

Kill sites positioned directly on forestry roads were registered as 'roads' in line with the forest 

characteristics. 

Additionally, we estimated habitat concealment, ground cover and canopy cover within a 20 m 

radius of the kill site. Canopy cover was classified into four groups (categories: “1” 0–25%, “2” 

26–50%, “3” 51–75% and “4” 76–100%). In order to quantify the possibility of a lynx hiding 

and stalking up on its prey, we applied the ‘pole method’ (Belotti et al. 2013; Pierce et al. 2004). 

Based on this method, we registered habitat features within a radius of 20 m around the kill 

sites, representing the mean distance over which lynx might move carcasses from the original 

kill site (Podgórski et al. 2008; Jędrzejewski et al. 1993). 

For the pole method, we used a 2 m-high wooden pole divided into ten different coloured 
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segments, each 20 cm in width. We positioned the pole in the middle of the kill site. At a 

distance of 20 m in each cardinal direction, the observer kneed at a height of 1 m and registered 

the number of segments, which were > 50% hidden (Belotti et al. 2013). For an in-depth 

investigation of the kill site, we used the ground cover index according to Belotti et al. (2013), 

which describes the “number of cardinal directions in which the three lowest segments of the 

wooden pole were completely hidden”. In our case, we defined ground cover as the number of 

cardinal directions in which the three lowest segments were > 50% hidden (Table 1). 

Additionally, we used the habitat concealment index of Belotti et al. (2012), adapted to the 

lowest three segments of the pole, e.g. the lowest 60 cm ('habitat concealment < 60 cm', Table 

1). Finally, we documented tree species composition (leaf, needle and mixed forest, open areas 

and meadows) within a 50 m radius of a kill site. 

II: Geographic habitat features  

Geographic habitat features were calculated for kill sites, random positions within lynx home 

ranges, as well as lynx GPS positions. This enabled us to compare certain habitat features at the 

kill sites with their availability. The forest taxation database of Rhineland-Palatinate was linked 

to all aforementioned positions (Landesforsten RLP Forest Taxation 2020; LVermGeoRP 

2020). For the analyses, we considered the geographic habitat features of slope, elevation 

(digital elevation model with 5 m resolution), exposition and nearest distance to grassland edge, 

meadows, roads (three categories) and villages. These features were applied for each site (kill 

site, random positions, lynx GPS positions) using corresponding GIS layers in R 3.5.3 (R Core 

Team 2020). 

We categorised roads into ‘paved public roads’, ‘truck-drivable forestry roads’ and ‘not truck-

drivable forestry roads (only 4WD car)’. Meadows were defined as small grazing areas within 

the forest (wild meadows, glades), maintained mostly by hunters sowing seed mixtures to attract 

ungulates and small mammals (hares). Sizes of meadows within the range of kill sites varied 

from a minimum < 0.01 km² to a maximum 0.026 km².  

In contrast to meadows, we defined grassland as grassed areas that are not utilised as a farmland 

crop. The sizes ranged from a minimum < 0.01 km² to a maximum of 0.28 km². Based on the 

size difference and characterisation, we separated meadows and grassland areas within the 

analyses.   
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As defined by the German Weather Service, we classified roe deer kills in two seasons, whereby 

we refer to hereafter as summer (from 1st April to 31st September) and winter kills (from 1st 

October to 31st March). Belotti et al. (2013) used similar season dates (15th April – 14th October 

for summer, 15th October – 14th April for winter). With habitat shifts of red deer in summer and 

winter seasons (Mysterud et al. 2001), lynx diet also differ by season (Odden et al. 2006) and 

hence habitat features change between the two seasons (Belotti et al. 2013), justifying the 

setting of our season dates. 

A) For the comparison of the 123 kill sites with random sites, we derived the following data 

subsets: 

We selected lynx GPS locations, including the locations two weeks before each individualʼs 

first roe deer kill and ending with each individualʼs last registered roe deer kill. In order to be 

included in the analysis, each lynx individual had to contribute with a minimum of five roe deer 

kills. A minimum convex polygon (MCP 100%) for each of the thirteen individual lynx was 

then produced based on the clipped GPS locations of each individual. Within each of the 

thirteen MCPs, we generated 1,000 random locations (R package sp, Bivand et al. (2013); 

Pebesma and Bivand (2005)), resulting in 13,000 random locations within the home ranges of 

the thirteen lynx individuals. 

B) For the comparison of kill sites with lynx GPS locations, we included only lynx GPS 

locations of the thirteen individuals from the first detected roe deer kill (07th August 2016) to 

the last recorded roe deer kill (27th August 2019). This resulted in 19,167 GPS locations, of 

which 13,000 GPS locations were then randomly selected (package dplyr, Wickham et al. 

(2020)). The aforementioned geographic habitat parameters were also calculated for the random 

locations and the randomly-chosen lynx GPS locations. For both, we did not record 

microhabitat features at these locations (Tab. 1). All analyses were carried out using R version 

3.5.3 (R Core Team 2020). 

Statistical analyses 

We used a chi-squared test to examine probable differences between seasons in habitat 

parameters (ground cover, habitat concealment < 60 cm, canopy cover) of kill sites (n = 75). 

Kernel density plot was applied for visualising the distribution of habitat concealment < 60 cm 

(R Core Team 2020; Wickham 2016).  
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Prior to the final analysis, we checked multicollinearity with the variance inflation factors using 

the car package (Fox and Weisberg 2011). We could not find any multicollinearity between our 

geographic habitat features. We randomly assigned season (summer/winter) and lynx ID to 

random locations. 

A) Model: kill sites with random sites 

We applied a generalised linear mixed-effects model (GLMM). Lynx ID was used as a random 

effect to encounter for individual variation. Model evaluation was undertaken by using Akaike 

information criterion (AIC) for a small sample size to select the most parsimonious model 

(Burnham and Anderson 2002). The response variable of the GLMM was binomial (1 = kill 

sites and 0 = random locations). The ‘season’ parameter was used as an interaction term in the 

model. To allow the model to converge, the variables were scaled (i.e. standardised by shifting 

the centre to their means, and scaling with the respective standard deviation). 

B) Model: kill sites with lynx GPS positions 

For the comparison of GPS lynx locations with kill sites (n = 123 kill sites), the data of the same 

lynx individuals that caused the 123 kill sites (thirteen lynx individuals) was selected. Three 

analysis considering I) all lynx GPS locations (day and night) including lynx ID as random 

effect (n = 13,000 lynx GPS points), II) only lynx GPS locations at night (dawn, dusk and night 

included) including lynx ID as random effect (n = 7,052 lynx GPS locations) and III) only lynx 

GPS points at night (dawn, dusk and night included) without random effect (n = 7,052 lynx 

GPS locations) were performed. Individual lynx ID was included as random effects in two 

model setups (I and II) to account for individual variation. The models were evaluated using 

AIC for a small sample size to select the most parsimonious model (Burnham and Anderson 

2002). The response variable of the GLMM was binomial (1 = kill sites and 0 = lynx GPS 

locations). To allow the model to converge, the variables were scaled (i.e. standardised by 

shifting the centre to their means, and scaling with the respective standard deviation). All 

analyses were conducted in R version 3.5.1 (R Core Team 2020). 

  



 MANUSCRIPT II 

39 

Tab. 1 Habitat features recorded at lynx kill sites in the Palatinate Forest, Germany. Microhabitat measurements 

are based on a radius of 5–50 m around each kill site. Geographic habitat features were calculated using ArcGIS 

for the each kill site location. Indices modified after Belotti et al. (2013); Belotti et al. (2012). 

 Radius 

around 

kill site 

Comparison 

to random 

points 

Seasonal      

comparison 
Unit Description 

Microhabitat features (n = 75 kill sites) 

 

Forest 

characteristics 

5 m No Yes - 

mature stand, mature stand in 

generation change, young 

timber, pole wood, thicket, 

regeneration, open area, path 

Ground Cover 

modified after 

(Belotti et al. 

2013) 

20 m No Yes 
Index 

(0 - 4) 

Number of cardinal direction 

in which the three lowest 

segments of the pole were > 

50% hidden (three segments = 

60 cm) 

Habitat 

concealment      

< 60 cm 

modified after 

Belotti et al. 

(2012) 

20 m No Yes 
Index 

(0 – 3) 

Index of the presence of 

hiding places at the kill site 

(Belotti et al. 2012) 

Mean of four values 

registered in the 20 m radius 

plot using ‘pole method’ 

counting the number of 

segments (lowest 3) of the 

pole, which were > 50% 

hidden of vegetation 

value 0 (open habitat), value 3 

(closed habitat) 

 

Canopy Cover 20 m No Yes 
Index 

(0 - 4) 

Index 1: 0–25% cover 

  Index 2: 26–50% cover 

  Index 3: 51–75% cover 

    Index 4: 76–100% cover 

Tree 

composition 

groups 

50 m No Yes - 
leaf, needle and mixed forest, 

open areas / meadows 

Geographic habitat features (n = 123 kill sites) 

slope, elevation, 

exposition, distance to 

grassland / meadow / 

road / village 

Point 

of kill 

site 

Yes No 

Distances 

[m] 

Slope [°] 

Elevation 

[m above 

sea level] 

Information was gained 

out of associated ArcGIS 

layers (Landesforsten RLP 

Forest Taxation 2020; 

LVermGeoRP 2020) 
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Results 

For the microhabitat feature analysis, we examined 31 summer and 44 winter roe deer kill sites 

(ntotal = 75 roe deer kills) in the Palatinate Forest. Microhabitat feature mapping revealed that 

lynx kill sites were mostly in forested areas (~ 95%, nforest = 71, nopen/rest = 4). In summer, a 

larger number of kill sites were positioned directly on forestry roads (n = 7, ≙ 23%) whereas in 

winter this was true for only one kill site (≙ 2.3%). In summer and winter, similar numbers of 

kill sites were found within complex and structure-rich habitats, represented by regeneration, 

thickets and mature forest in generation change (nsummer = 17, ≙ 54.8%, nwinter = 16, ≙ 36.4%, 

Mann-Whitney-U-Test, p = 0.8). Ground cover was found at 95% of all kill sites (nground cover = 

71 kill sites), whereby 43% of all 75 kill sites exhibit ground cover in all four cardinal directions 

(n = 32, 45.5% in winter, 38.7% in summer). Only four kill sites (two in each season) showed 

no ground cover at all, thereby representing 5.3% of all kill sites. Ground cover of summer and 

winter kill sites showed no significant differences (p = 0.88, X2 = 1.21; chi-squared test), nor 

did habitat concealment < 60 cm (p = 0.6, X2 = 1.86; chi-squared test, Fig. 2 A). Canopy cover 

at summer kill sites was significantly lower than at winter kill sites (p = < 0.001, X2 = 19.861, 

chi-squared test, Fig. 2 B). In both seasons, kill sites tend to be located in a setting of high 

habitat concealment and ground cover scores. Thus, unlike in summer, correlation of habitat 

concealment and ground cover scores with canopy cover was less pronounced in winter (Fig. 3 

A & B). Only in winter kill sites with higher habitat concealment and ground cover were also 

found in places with a higher canopy cover (category 3: 51–75% and category 4: 76–100%, 

Fig. 3 A & B).  
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Fig. 2 A Density distribution of habitat concealment < 60 cm on 75 kill sites in summer and winter seasons in the 

Palatinate Forest. Habitat concealment is defined as an index of the presence of hiding places at the kill site (Belotti 

et al. 2012), which in this case is based on a height level of 0 – 60 cm. Values range from 0 (open habitat) to 3 

(closed habitat). B Relative frequency distribution of canopy cover on 75 roe deer kill sites in winter and summer 

seasons in the Palatinate Forest. Categories: “1” 0–25%, “2” 26–50%, “3” 51–75% and “4” 76–100% canopy 

cover. 

 

In terms of geographic habitat features, we produced several models with a level of support 

similar to the best-supported model (Supplementary material Appendix 1 Tab. 1, ∆ AIC < 

2). The best-supported model displayed a significantly higher relative probability of a roe deer 

kill in close distance to truck-driveable forestry roads, paved public roads and not truck-drivable 

forestry roads in comparison with random locations (Fig. 4, Tab. 2). The relative probability 

of a roe deer kill was higher at lower elevation (p = 0.072, estimate = -0.179) and significantly 

higher closer to grassland edges (p = 0.004, estimate = -0.379, Fig. 5, Tab. 2). In addition, we 

found a significant lower probability of a roe deer kill in close distances to villages (p = 0.031, 

estimate = 0.239, Fig. 4, Tab. 2).  
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Fig. 3 A Relationship between habitat concealment < 60 cm and canopy cover in summer and winter seasons at 

roe deer kill sites (n = 75) in the Palatinate Forest. Habitat concealment ranges from 0 to 3, representing open and 

closed habitat, respectively. B Relationship between ground cover and canopy cover in summer and winter seasons 

at roe deer kill sites (n = 75) in the Palatinate Forest. Ground cover is the number of cardinal directions in which 

the three lowest segments of a 2 m pole (pole method) were > 50% hidden (lowest three segments = 60 cm). 

Canopy cover categories: “1” 0–25%, “2” 26–50%, “3” 51–75% and “4” 76–100% canopy cover.  
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Fig. 4 Relationship between the relative probability of a roe deer kill and the nearest distance to paths (truck-

driveable forest path, not truck-driveable forest path and public roads) and nearest distance to human settlements 

(villages) based on a GLMM analysis of lynx kill sites (n = 123) and random sites (n = 13,000) in the Palatinate 

Forest, Germany. 
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Fig. 5 Relationship between relative probability of a roe deer kill and the nearest distance to grassland areas (A) 

and elevation (B) based on a GLMM analysis of lynx kill sites (n = 123) and random sites (n = 13,000) in the 

Palatinate Forest, Germany. 
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Tab. 2 Effect of the explanatory variables on the predicted probability of lynx predation for roe deer in the 

Palatinate Forest, Germany. Correlation and multicollinearity for all explanatory variables was checked. A GLMM 

model with individual Lynx ID as random effect was applied. A binomial set up (kill sites / random site) was used. 

All predictor variables were scaled in order to allow model conversion. Significant factors are marked in boldface. 

Predictor variables roads, village and grassland present each the nearest distance from kill site / random site to 

these predictors. 

 

 Estimate Std. Error z value Pr (>|z|) 

(Intercept) -5.187 0.260 -19.95 < 0.001 

Elevation -0.179 0.100 -1.799 0.072 

Road truck-driveable -0.315 0.137 -2.296 0.022 

Road public roads -0.268 0.114 -2.358 0.018 

Road not truck-drivable -0.586 0.206 -2.847 0.004 

Villages 0.239 0.111 2.161 0.031 

Grassland -0.379 0.132 -2.861 0.004 

 

 

Comparing lynx GPS locations with kill sites, in all three-model setups (I, II, III) we found 

significant differences regarding the distance to grassland edges and partly significant 

differences for not truck-drivable forestry roads (Tab. 3). For model setup I (day and night lynx 

GPS locations), the relative probability of a roe deer kill was significantly higher at lower slopes 

(p = < 0.001, Tab. 3) and in proximity to not truck-drivable forestry roads (p = 0.027) and 

grassland edges (p = 0.014) when compared with lynx live locations. For model setup II (night 

– inclusive dawn and dusk – lynx GPS locations with lynx ID as a random effect), the relative 

probability of a roe deer kill was significantly higher closer to grassland edges (p = 0.012, Tab. 

3). Slope and distance to not truck-drivable roads remained in the best model, but did not show 

significant values (Tab. 3). For model setup III (lynx GPS locations at night, dawn and dusk 

without random effect), the relative probability of a roe deer kill compared with lynx live 

locations was significantly higher closer to not truck-drivable forestry roads (p = 0.04) and 

grassland edges (p = 0.006, Tab. 3). 
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Tab. 3 Effect of the explanatory variables on the predicted probability of lynx predation for roe deer in relation to 

lynx movement in the Palatinate Forest, Germany. A binomial set-up (1 = kill sites / 0 = lynx GPS locations) was 

applied. A GLMM model with individual Lynx ID as random effect was applied for model set-up I and II. Model 

set-up III did not have a random effect included in the GLM model. All predictor variables were scaled in order to 

allow model conversion. Significant factors are marked in boldface. Predictor variables road, village and grassland 

present each the nearest distance from site (kill sites / lynx GPS points) to these predictors. 

 Estimate Std. Error z value Pr (>|z|) 

Model set-up I (lynx GPS locations for day and night with random effect lynx ID) 

(Intercept) -4.808 0.153 -31.498 < 0.001 

Elevation -0.156 0.099 -1.571 0.116 

Slope -0.354 0.094 -3.771 < 0.001 

Road not truck-drivable -0.265 0.120 -2.208 0.027 

Grassland -0.292 0.119 -2.447 0.014 

Model set-up II (lynx GPS location at night with random effect lynx ID) 

(Intercept) -4.158 0.136 -30.528 < 0.001 

Slope -0.140 0.092 -1.532 0.125 

Road not truck-drivable -0.232 0.121 -1.922 0.055 

Grassland -0.286 0.114 -2.502 0.012 

Model set-up III (lynx GPS points at night without random effect) 

(Intercept) -4.168 0.104 -40.070 < 0.001 

Slope -0.145 0.092 -1.583 0.113 

Road not truck-drivable -0.245 0.119 -2.054 0.040 

Grassland -0.309 0.113 -2.743 0.006 
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Discussion 

Ground cover and seasonal differences at kill sites 

Our results indicated that in order to hunt successfully, cover and habitat concealment on the 

ground is important for lynx in the Palatinate Forest. In addition, places with ground vegetation 

are attractive forage sites for deer. Hence, hunting in structure-rich and complex habitats may 

increase encounter probability and the possibility to sneak up on its prey. This conclusion is in 

line with other studies showing that lynx almost never hunt roe deer in places with no ground 

cover (Belotti et al. 2013; Podgórski et al. 2008; Krofel et al. 2007). Although Belotti et al. 

(2013) found more kill sites in open habitats, the term “open” is misleading due to including 

habitats where the strong vegetation growth may have ’homogenised’ the habitat features in the 

20 m radius plots. Like in our study, Podgórski et al. (2008) only found lynx kill sites in forested 

areas, a result that mainly reflects the similarity with the landscape of the Bialowieza Primeval 

Forest, where “forest stands are quite continuous with only a few glades occupied by villages, 

marshes and open river valleys” (Podgórski et al. 2008). Our study area is also mainly 

characterised by forested areas, where open structures like grassland are common within valleys 

and close to villages. The results of our analysis showed that the majority of kill sites are found 

in forested areas and around 45% of the sites exhibit ground cover in all cardinal directions. 

Krofel et al. (2007) state that lynx in Slovenia do not necessarily need total dense vegetation 

and rugged terrain for hunting. However, lynx in the Palatinate Forest also hunted successfully 

when cover only existed in one cardinal direction, which again partly supports Krofel et al. 

(2007) hypothesis. 

Comparing microhabitat features at kill sites with each other, we found seasonal differences, 

whereas when analysing geographic habitat features at kill sites with random sites we were 

unable to find seasonal differences (for the best-supported model). Belotti et al. (2013) found 

habitat differences in visibility between summer and winter kill sites and concluded that in 

summer predation risk is dependent on prey occurrence rather than habitat variables. We could 

not find any seasonal differences in vegetation cover at kill site (habitat concealment < 60 cm 

height and ground cover), but we found seasonal differences in canopy cover when analysing 

our data on a fine scale. In winter, kill sites showed a higher and in summer a lower percentage 

of canopy cover. We found that summer kill sites with low canopy cover revealed high ground 

cover as well as habitat concealment values, whereas winter kill sites had a larger variety with 

respect to both habitat features. We conclude that in summer less canopy cover is required for 

a successful hunt, due to better vegetation structures on the ground (habitat concealment < 60 
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cm height). Low canopy cover usually leads to regeneration or the establishment of light 

favouring plants like raspberry and blackberry, hence offering an optimal foraging habitat for 

roe deer. This leads to dense ground cover with complex vegetation structures, which in turn 

reduces the visibility, so that a stalking predator can easily approach its prey (Podgórski et al. 

2008). In summer, lynx might profit from seasonally-dependent vegetation structures, whereas 

in winter other habitat parameters might be favourable for a successful hunt. This premise 

supports the hypothesis posited by Belotti et al. (2013) that predation risk in winter depends on 

habitat variables rather than prey density. We assume that the kind but not really the amount of 

ground cover changes over season. Cover in the form of regeneration, deadwood, uproot trees, 

stones and rocks are probably more important in winter than summer. Podgórski et al. (2008) 

found a higher degree of complexity and lower visibility at hunting site than random sites. We 

believe that a high amount of ground cover might lead to more successful lynx hunting attempts 

in the Palatinate Forest. However, lynx are not dependent on the presence of ground cover in 

all cardinal directions to hunt successfully. 

Habitat parameters of kill sites and random sites 

When comparing kill sites with random sites regarding their geographical parameters, we found 

a higher kill probability in close proximity to grassland areas, reflecting an example of naturally 

attractive foraging grounds for ungulates. The edge habitat of grassland areas offers high plant 

diversity and different kinds of shrubs, hence providing ideal habitat (food and cover) for roe 

deer (Gill et al. 1996) and consequently good habitat cover for lynx. At night, grassland areas 

present little disturbance for both roe deer and lynx, and thus could lead to a higher probability 

of a roe deer kill in close distances to grassland areas. Gehr et al. (2017) found a lynx trade-off 

between prey availability and the avoidance of human disturbance by using prey-rich areas at 

night when human activity is low. This supports our results, which show that lynx hunt 

successfully near grassland areas during a time when human disturbance is naturally low. We 

assume that due to the low numbers of roe deer kills directly on the grassland areas, lynx kill 

their prey in the vicinity of the grassland, where cover helps the predator to ambush or stalk up 

on its prey. Molinari‐Jobin et al. (2004) demonstrated that roe deer in the Jura Mountains were 

mainly preyed upon while ruminating. When doing so, roe deer normally bed down close by 

the grazing ground. Roe deer usually rely on their good sense of hearing and smell (Stubbe 

1997), but while ruminating their sense of hearing might be inactive and they mainly rely on 

their sense of smell (Molinari‐Jobin et al. 2004; Raesfeld 1985). Thus, the risk of a predator 

approaching undetected increases. Grassland areas in the Palatinate Forest are often situated in 
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valleys, which could explain the increased kill probability at lower elevations. 

Our findings demonstrate that in close vicinity to linear infrastructures, roe deer experience a 

higher predation probability regardless of classification (paved public roads, truck- and not 

truck-drivable forestry roads). Earlier studies suggested that lynx use forestry roads and hiking 

trails (Kunz et al. 2020; Pesenti and Zimmermann 2013; Weingarth et al. 2012) for energy-

efficient travel, scent marking, quick travel from one place to another and dispersal (Mathisen 

et al. 2018; Vogt et al. 2014). We assume that lynx might use these linear structures additionally 

for hunting, due to the oversupply of forestry roads in the Palatinate Forest. With 50–90 m/ha 

(Simon and Kotremba 2016), the forestry road network in the Palatinate Forest is very high and 

hence possibly influences the habitat use of lynx. Not only lynx use this infrastructure, but also 

ungulates use human-made structures to benefit from this road edge environment (Meisingset 

et al. 2013). Roads provide gaps in forested environments, increase the light regime, change 

water and nutrient availability and generate soil disturbance (Coffin 2007). Taken together, this 

might lead to a different vegetation composition alongside roads, generating attractive grazing 

grounds for ungulates. For both lynx and roe deer, roads are highly attractive and therefore the 

kill probability for roe deer close to roads is higher. 

Besides human-made infrastructure, human disturbance in the form of distance to settlements 

(villages) might also influence the kill probability of roe deer in the Palatinate Forest. In our 

study, we analysed the effect of villages on the kill probability of roe deer by lynx. Our findings 

demonstrate that with increasing distance to villages, an increased kill probability occurred. 

This could lead to the assumption that the predator or the prey might avoid human-disturbed 

areas. However, roe deer are known to cope with human disturbance near settlements better 

than – for instance – red deer (Jiang et al. 2008), and additionally roe deer use the more open 

habitat and feeding possibilities in the proximity of settlements, especially at night (Mysterud, 

Lian, et al. 1999). Additionally, lynx trade-off between prey availability and human disturbance 

(Bouyer, Gervasi, et al. 2015; Basille et al. 2009), and are able to tolerate intermediate human 

disturbance (Basille et al. 2009). Contrary to this, our results rather support the avoidance 

theories. Further detailed analyses of lynx GPS data in the study area did not reveal any 

avoidance of settlements in the Palatinate Forest (unpublished data, manuscript 3). However, 

the establishment of lynx in the Palatinate Forest is still at its beginning, leaving still-free home 

ranges within the area to be occupied by lynx, and hence possibly creating bias in our kill site 

analyses regarding human settlements, which are sparsely distributed in the Palatinate Forest. 

The tolerance of lynx to human disturbance depends on its intensity, which was shown by 

Belotti et al. (2012), where lynx chose their day-resting place further away when having a prey 
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close to tourist trails. In southern Norway, the home range of 49 lynx has been studied regarding 

their tolerance to human-modified landscapes (Bouyer, Gervasi, et al. 2015). They authors 

found that increasing human disturbance generates a home range adjustment of lynx “to 

minimize exposure to most disturbed areas” (Bouyer, Gervasi, et al. 2015). In addition, Bouyer, 

San Martin, et al. (2015) and Basille et al. (2009) found that lynx select areas with medium 

levels of human modification and an avoidance of most-disturbed areas (Basille et al. 2009). 

For the Palatinate Forest the most-disturbed areas (eastern part of the forest) are not yet 

occupied by lynx, which probably confirms the results of Basille et al. (2009). Future 

investigations within this specific subject will possibly offer more insights into how lynx 

utilised their territory for hunting, especially when it comes to the proximity of human 

settlements. 

Habitat parameters of kill sites and lynx GPS locations 

Comparing lynx live locations with kill sites of roe deer in the Palatinate Forest we found further 

evidence that kill probability increases in closer distance to the grassland edge. Lynx also use 

other habitat structures like the proximity of forestry roads for hunting. Both forestry roads and 

grassland edges are habitats where prey density and prey encounter rate is presumably high 

(prey habitat selection). For a successful hunting attempt, the terrain inclination could be 

advantageous for lynx in the Palatinate Forest (predator site selection). Habitat structure like 

elevation and slope also play a crucial role for the habitat selection of lynx in other study areas 

(Signer et al. 2019; Bouyer, San Martin, et al. 2015; Basille et al. 2008; Krofel et al. 2007). 

Rock formations seem to be important criteria for lynx resting sites (Signer et al. 2019), possibly 

explaining our difference in the degree of slope when comparing lynx locations with kill sites. 

Conclusions 

The findings of this study highlight the fact that interactions between lynx – a stalking predator 

– and roe deer – its main prey – depend on those landscape features that increase both the 

nocturnal encounter rate (public and forestry roads, grassland areas) as well as approach and 

ambush opportunities (ground cover and concealment). Apart from our study, few other studies 

to date have dealt with a reintroduced predator into a habitat in which prey had not experienced 

this predator over a long period. The alleged avoidance of human settlements should be subject 

to further investigations. Our results contribute to the understanding of how large carnivores 

like lynx re-establish within a new environment, and how their prey adapt to a new and 

additional predation risk. Nevertheless, further investigations of kill sites in the Palatinate 
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Forest should be continued over longer periods of time to better understand the interaction 

between lynx and roe deer, and thus the long-term consequences for the prey population in the 

forest.  
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Supporting Information Appendix 1 

Appendix 1 Tab. 1 Results of model fitting for the probability of a roe deer being killed by lynx in the Palatinate Forest. Within the model we 

included individual lynx ID as random effect. Models were compared based on the number of parameters and the Akaike´s Information Criterion 

corrected for sample size and the difference from the best-fitting model (∆ AIC). Only the models ∆ AIC < 2 are presented. 

Model  AIC ∆ AIC 

Elevation + Road Truck-driveable + Road public + Road not-Truck driveable + Village + Grassland  1308.3 0 

Season + Elevation + Road Truck-driveable + Road public + Road not-Truck driveable + Village + 

Grassland + Season * (Road public) 

1309.0 0.7 

Season + Elevation + Road Truck-driveable + Road public + Road not-Truck driveable + Village + 

Grassland  

1310.2 1.9 
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Abstract 

Germany is characterized in large parts by an anthropogenic dominated landscape. 

Understanding habitat requirements of large carnivores within this human dominated landscape 

is necessary for a successful return of such species. We therefore investigated the habitat 

selection of recently-reintroduced lynx in the Palatinate Forest in relation to anthropogenic 

structures. In general, we predicted that newly reintroduced lynx do not avoid the surroundings 

of human settlements, but their habitat selection varies in relation to time of day (day vs. night) 

and environmental variables. We used GPS data from 14 lynx (equal sex distribution) in the 

Palatinate Forest over the time span of 2016 to 2019. We compared lynx (1) locations vs. 

random locations and (2) time of the day (daytime vs. night-time) in relation to anthropogenic 

and environmental variables by applying a generalized linear model (GLM) or generalized 

linear mixed model (GLMM). Our results reveal that lynx did not avoid human settlements and 

even chose to remain in areas near them at night. Roads play an important role in the habitat 

selection of lynx in the Palatinate Forest, as lynx select areas close to them and prefer public 

roads and small forest roads even more at night-time than during daytime. At night, lynx chose 

lower terrain ruggedness (lower elevation and lower slopes) and closer distances to grassland 

areas than during the day. Our study results contribute to the current knowledge of habitat 

requirements of large carnivores in Europe and can be used to improve future management 

plans related to lynx. 

 

Keywords: Eurasian Lynx, habitat selection, anthropogenic structures, reintroduction 
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Introduction 

The Eurasian lynx (Lynx lynx) is slowly recovering in Germany and across Europe (Schadt, 

Revilla, et al. 2002) due to changes in public attitudes towards wildlife (Filla et al. 2017; 

Kramer-Schadt et al. 2005) and favourable conservation choices regarding large carnivores 

(Filla et al. 2017; Linnell, Swenson, et al. 2001). This shift in awareness has led to lynx presence 

in 23 European countries in 2014 (considering all continental European countries excluding 

Belarus, Ukraine and Russia). These can be divided into 11 populations, 6 of which are based 

on reintroduction programmes (Chapron et al. 2014). According to Chapron et al. (2014), 

around 9,000 lynx are assumed to be located in Europe. In Germany alone, there were three 

lynx reintroduction programmes, including the Bohemian-Bavarian ecosystem (Heurich et al. 

2012), the Harz Mountains (Chapron et al. 2014) and the Palatinate Forest (SNU-RLP 2018). 

In 2015, a reintroduction programme was initiated in the Palatinate Forest, as the Vosges lynx 

population was declining (status 2014) and only a few occasional lynx proofs were confirmed 

on the German side. Reintroducing lynx into their original habitat is often accompanied by 

conflicts with and apprehension by hunters and farmers (Filla et al. 2017; Lüchtrath and 

Schraml 2015; Červený et al. 2002; Breitenmoser et al. 2000), and it has raised debate on 

suitable spaces for viable populations (Chapron et al. 2014) within our agricultural and 

otherwise modified landscape (Bouyer, San Martin, et al. 2015). The spatial requirements of 

large carnivores exceed the capacity of European protected areas, which are usually small and 

contiguous areas with little human modification (Filla et al. 2017; Chapron et al. 2014). To 

enable the coexistence of carnivores and humans in Europe, we need a better understanding of 

habitat requirements, movements and acceptance of lynx towards human settlements (Filla et 

al. 2017; Chapron et al. 2014; Zimmermann and Breitenmoser 2007; Zimmermann et al. 2005). 

For this reason, we investigated movement data of recently-reintroduced lynx to examine their 

habitat selection in the Palatinate Forest, Germany. 

Habitat selection is defined as a hierarchical process involving inherent and learned behavioural 

decisions made by an individual in order to choose a habitat at different environmental scales 

(Hutto 1985). Additionally, it is described as an adaptive behaviour for maximising an 

individualʼs fitness (Thomas and Taylor 2006). Only a limited number of studies have 

investigated lynx habitat selection at a finer scale (Belotti et al. 2013; Podgórski et al. 2008), 

and have shown the importance of habitat visibility and heterogeneity for lynx to hunt 

successfully. Habitat selection on a large scale has been investigated in different areas of Europe 

(Herrero et al. 2020; Signer et al. 2019; Filla et al. 2017; Bouyer, San Martin, et al. 2015; Basille 
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et al. 2013; Basille et al. 2009) and has revealed a variety of outcomes. 

For example at night, lynx in the Bohemian Forest Ecosystem chose for open habitats, such as 

meadows, which are associated with higher ungulate abundance, whereas during the day, 

habitats with dense understory cover and rugged terrain away from human infrastructure were 

preferred (Filla et al. 2017). Other studies revealed no avoidance of human disturbed areas but 

showed that lynx differentiate regarding the level of human activity (Bouyer, San Martin, et al. 

2015; Basille et al. 2009). For instance, Bouyer, San Martin, et al. (2015) state that lynx choose 

habitats with medium human modification and avoid low and very high degrees of modification 

(Basille et al. 2009). Conversely, lynx showed tolerance towards high human activity within 

their range as long as dense habitat cover is present (Sunde et al. 1998). Ruggedness and 

elevation seem to be two important factors allowing lynx to withstand highly modified areas 

(Bouyer, San Martin, et al. 2015). Trade-offs between prey and disturbance seem to be proved 

through several studies (Gehr et al. 2017; Gehr 2016; Basille et al. 2009). Resting sites of lynx 

are selected in close proximity to rock formations (Signer et al. 2019; Weingarth et al. 2012) 

and in Norway even away from human settlements and roads (Sunde et al. 1998). It is also 

known that lynx, especially for natal den sites, use rugged terrain, low road- and human density 

(White et al. 2015). It appears that roads and streams are important for shaping the home range 

and habitat use of lynx (Donovan et al. 2011). Thus, lynx like to travel on established, easily 

accessible routes like forestry roads, hiking trails and cross-country ski-tracks in order to move 

fast and save energy (Weingarth et al. 2015; Weingarth et al. 2012; Sandrini 2010; Breitenmoser 

and Breitenmoser-Würsten 2008; Zimmermann and Breitenmoser 2007; Koehler and Brittell 

1990). Koehler and Brittell (1990) also found that lynx like to travel along roads of less than 15 

metersʼ width and with cover on both sides. They use these linear structures to move between 

areas within their large home range (Vogt et al. 2014) and to scent mark for territoriality and 

communication (Vogt et al. 2014). 

Until now, the habitat selection of Eurasian lynx shortly after reintroduction and its differences 

regarding the phases of the day have not been fully investigated yet (Filla et al. 2017). We 

therefore will seek to link the outcomes of this study to other European research results 

regarding the habitat selection of a large carnivore in our human-dominated landscape. Our 

research might contribute to improve management actions of Eurasian lynx, especially when 

considering reintroduction programmes. In this study, we investigated the habitat selection of 

newly reintroduced Eurasian lynx in relation to anthropogenic structures, habitat parameters 

and time of the day (day or night rhythmic).  
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Based on the results of previous studies of lynx in Europe, we predict that newly reintroduced 

lynx 

1) do not avoid human settlements and select for areas closer to human disturbed areas at night 

than during the day. 

2) at night use areas closer to main forestry roads and public roads than during the day. 

3) choose higher terrain ruggedness (steeper areas with higher elevation) when resting (daytime 

GPS locations), whereas lower elevations and flatter terrain are selected during night. 

4) select areas in proximity to grassland / meadows areas (human maintained) as hunting 

grounds during the night. 
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Material and methods 

Study area 

We conducted our study in the Palatinate Forest in the southwestern part of Germany, located 

in the temperate zone between Atlantic and continental climates (49°12ʼN, 7°45ʼN). With over 

1,790 km² the Palatinate Forest is the largest contiguous forest area in Germany (Fig. 1) 

(Pfälzerwald-Nordvogesen 2021) and borders the northern part of the Vosges du Nord. The 

Palatinate Forest elevation ranges from 210 m to 609 m a.s.l.. Annual precipitation is about 

700–800 mm and annual average temperature is 10–11.5 °C (2015–2020, Rheinland-Pfalz 

Kompetenzzentrum für Klimawandelfolgen (2021)). Geological processes created a variegated 

average mountain range with a dense and steep carved valley system and various hill formations 

(MUEEF RLP 2012). Intensive forestry is practiced in large parts of the state- and communally 

owned parts of the Palatinate Forest, which has led to a highly developed forestry road network 

and extensive forestry care. The Palatinate Forest contains only small settlements and little 

infrastructure. Increased recreational activities mainly takes place in the eastern and southern 

part. In addition to outdoor tourism like hiking and mountain biking, hunting is common in this 

region. The primary species of wild ungulates are roe deer (Capreolus capreolus), red deer 

(Cervus elaphus) and wild boar (Sus scrofa). In the northern part of the forest, mouflon (Ovis 

musimon) are found in small numbers. The annual harvest rate of red deer in the state-managed 

hunting areas in the center of the study area between 2007 and 2015 averaged 1.13 individuals 

/ km², whereas roe deer and wild boar revealed 2.1 individuals / km² and 1.83 individuals / km², 

respectively (Hohmann et al. 2018). 

Lynx Reintroduction and Location Data 

In 2015, an EU-LIFE project supervised by the Foundation of Nature and Environment (SNU) 

Rhineland-Palatinate (SNU-RLP 2020) began reintroducing lynx in the Palatinate Forest. Over 

five years, from 2016 to 2020, 20 lynx originating from Slovakia (Carpathian Mountains) and 

Switzerland were released (SNU-RLP 2020; SNU-RLP 2018). The released lynx were mostly 

wild catches but also rescued orphans and differed in age (SNU-RLP 2020). GPS collars were 

fitted on all reintroduced lynx, with an approximately one/two year battery life. The temporal 

resolution of GPS positions differs slightly between individuals (SNU-RLP 2020). In spring 

2020, 17 to 19 independent lynx were verified in the study area based on a systematic camera 

trapping survey and telemetry data from the reintroduction program (Port 2020; SNU-RLP 

2020). The GPS locations of 14 lynx geographically located in the Palatinate Forest were used 
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in this study (SNU-RLP 2020). 

Explanatory variables 

A total of nine explanatory variables were used in the habitat selection analysis of lynx in the 

Palatinate Forest (Appendix 1 Tab. 1). We applied a digital terrain model with 5 m resolution 

(LVermGeoRP 2020) to extract altitudes. Furthermore, we extracted slope and direction 

(aspect) for each single position. Three different road classifications were included in the 

analysis. Public roads are defined as paved roads. Forestry roads were differentiated between 

truck-drivable roads and not truck-drivable roads (only 4WD car, Landesforsten RLP Forest 

Taxation (2020)). The explanatory variables grassland and meadows (LVermGeoRP 2020) 

were used to determine the habitat selection of lynx. Grasslands are cultivated grassed areas 

which are not utilized as a farmland crop. The sizes ranged from a minimum of 0.01 km² to a 

maximum of 0.28 km². Meadows are defined as small grazing areas within the forest (wild 

meadows, glades), maintained by hunters bringing out seed mixtures on the meadows to attract 

ungulates and small mammals (hares). The sizes of meadows varied from a minimum of < 0.01 

km² to a maximum of 0.026 km².  

 
Fig. 1 Location of the Palatinate Forest within Germany (inset) with the Biosphere Reserve Boundary and the lynx 

reintroduction site. The area not colored comprises agricultural land, settlements and infrastructure.  
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Data was available from the forest taxation data base of Rhineland Palatinate (Landesforsten 

RLP Forest Taxation 2020; LVermGeoRP 2020) and the ATKIS data base (LVermGeoRP 

2020). The distances from the above-mentioned variables to lynx locations and random 

locations were determined in R 3.5.3 (R Core Team 2020). Moreover, we calculated the 

distances to villages (human settlements) in order to determine if human disturbances affect the 

habitat selection of lynx. 

Data structure and statistical analyses 

The underlying dataset contained GPS locations of 14 lynx individuals from 11th August 2016 

to 31st December 2019 within the boundary of the Palatinate Forest (98% of all registered lynx 

GPS positions, Fig. 1). There were between 404 and 4,648 GPS locations for each lynx 

individual. The first 14 days after reintroduction of lynx within the Palatinate Forest were 

removed from the data set to exclude behaviour patterns caused by the relocation. In order to 

compare the different activity phases of lynx, daytime locations were defined as locations after 

sunrise until nautical dawn (excluding), whereas night-time locations are locations including 

nautical dawn, nautical dusk and night-time. Calculations were carried out with the R package 

suncalc (Thieurmel and Elmarhraoui 2019). 

Each lynx GPS location was buffered with 500 m (circle form; Bivand and Rundel (2020)) and 

within this circular buffer a corresponding random point was placed (Bivand et al. 2013; 

Pebesma and Bivand 2005). Habitat parameters (see environmental covariates) were calculated 

for each location (lynx and random locations) with the raster (Hijmans 2020) and rgeos 

packages (Bivand and Rundel 2020). We considered distances to forestry roads, which were 

greater than 1,000 m as outliers and excluded them from the data set (ntruck driv. = 6, nnot truck driv. 

= 2). For public roads we considered distances with 3,000 m as outliers (npublic = 25). Prior to 

the analysis, we checked multicollinearity with variance inflation factors using the car package 

(Fox and Weisberg 2011). We could not find any multicollinearity between the geographic 

habitat features. 

We analysed the data with respect to the following aspects:  

1) Comparison of random locations with lynx GPS locations (day- and night-time) 

We applied a generalized linear model (GLM) when comparing lynx GPS locations with 

random locations. The response variable of the GLM was binomial (1 = GPS lynx locations day 

and night, 0 = random locations). The explanatory variables were the environmental covariables 

described above. The output of the model is connected to hypothesis 2, 3 and 4. 
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2) Comparison of random locations with night-time lynx GPS locations 

We applied a generalized linear model (GLM) when comparing night-time lynx GPS locations 

with random locations. The response variable of the GLM was binomial (1 = GPS lynx locations 

night, 0 = random locations). The explanatory variables were the environmental covariables 

described above. The output of the model is connected to hypothesis 2, 3 and 4. 

3) Comparison of daytime with night-time lynx GPS locations 

We applied a generalized linear mixed-effect model (GLMM) when comparing daytime with 

night-time lynx GPS locations regarding their habitat selection. Lynx individual was used as a 

random effect to encounter for individual variation / preferences in lynx habitat selection 

(Gillies et al. 2006). The response variable of the GLMM was binomial (1 = GPS lynx locations 

night, 0 = GPS lynx locations day). The explanatory variables were the environmental 

covariables described above. The output of the model is connected to hypothesis 2, 3 and 4. 

4) Comparison of daytime with night-time lynx GPS locations and additional random locations 

to lynx GPS locations regarding villages 

For the comparison of random locations to lynx GPS locations (day- and night-time) regarding 

villages we used a generalized linear model (GLM). Again the response variable of the GLM 

was binomial (1 = GPS lynx locations day and night, 0 = random locations). The explanatory 

variable was the environmental covariable ‘village’. The output of the model is connected to 

hypothesis 1. 

We applied a generalized linear mixed-effect model (GLMM) when comparing daytime and 

night-time lynx GPS locations in relation to villages. Again, lynx identification was used as a 

random effect to account for individual variation in lynx habitat selection within this model. 

The response variable of the GLMM was binomial (1 = GPS lynx locations night, 0 = GPS lynx 

locations day). The explanatory variable was the environmental covariable ‘village’. 

To allow the models to converge, we scaled the variables (i.e. standardized by shifting the centre 

to their means, and scaling with the respective standard deviation). Model evaluation was done 

for all model set-ups by using the Akaike information criterion (AIC) for small sample size to 

select the most parsimonious model (Burnham and Anderson 2002). All analyses were done in 

R version 3.5.3 and 4.0.3 (R Core Team 2020). 
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Results 

GPS data points of 14 reintroduced lynx in the Palatinate Forest provided us with 18,038 GPS 

locations. An equal sex ratio of seven individuals each was used in the data analysis (Appendix 

1 Tab. 2). When analysing the data, we produced several models, which were similar to the 

best supported model (Appendix 1 Tab. 3). 

Comparison of random locations with lynx GPS locations (day and night-time) 

We found a strong selection for truck-drivable and not truck-drivable forestry roads for habitat 

selection of lynx if compared to random locations (truck-drivable: p < 0.001, not truck-drivable: 

p = 0.045, Tab. 1, Fig. 2). Lynx chose areas close to truck-drivable forestry roads, whereas the 

proximity to not truck-drivable forestry roads were less likely to be used (Fig. 2). Additionally 

lynx selected areas with higher slopes (p < 0.001, Fig. 3). Grassland areas and meadows were 

selected by lynx in comparison to random locations (grassland areas: p = 0.007; meadows: p = 

0.020, Fig. 3). 

Comparison of random locations with night-time lynx GPS locations 

When examining the predicted probability of habitat selection of lynx at night in comparison to 

random locations, we found a strong selection of lynx for areas close to truck-drivable forestry 

roads and grassland (truck-drivable forest path: p = 0.002, grassland: p = 0.02, Tab. 1, Fig. 4). 

In addition, elevation, slope and direction had significant influence on night-time habitat 

selection of lynx (Tab. 1, Fig. 4). At night-time lynx selected lower elevations, higher slopes 

and south-orientated habitats in comparison to random locations (Fig. 4). 

Comparison of daytime with night-time lynx GPS locations 

We found a strong preference of lynx at night towards forestry roads and public roads (Tab. 1). 

Lynx at night-time selected habitats closer to public roads and to not truck-drivable forestry 

roads and preferred south-orientation habitats (Fig. 5). Furthermore, the best-supported model 

revealed high significance for the effects of elevation, slope and distance to grassland areas on 

the spatiotemporal habitat selection of lynx at night (Fig. 6). Lynx used habitats with lower 

elevation and lower slope at night-time in comparison to daytime (Tab. 1, Fig. 6). 

At night, lynx utilized habitats closer to grassland areas than during daytime. Conversely, we 

found a marginally non-significant effect of distance to meadows on the spatiotemporal habitat 

selection of lynx (Tab. 1, Fig. 6); e.g. during daytime lynx utilized habitats closer to meadows 

than during night-time. 



 MANUSCRIPT III 

70 

Comparison of daytime with night-time lynx GPS locations and random locations regarding 

villages 

We found no evidence that lynx were avoiding villages when comparing lynx locations to 

random locations (distance to nearest village: p = 0.467). In examining the probability of habitat 

selection of lynx during different times of the day in relation to villages, we found a strong 

selection of lynx towards villages at night (p < 0.001, Appendix 1 Fig. 1). 
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Fig. 2 Effect of truck-drivable and not truck-drivable forestry roads on the probability of lynx habitat selection 

compared to random locations in the Palatinate Forest.  
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Tab. 1 Parameter estimates for the GLM and GLMM models on the habitat selection of lynx comparing lynx GPS 

locations (day- and night-time) to random locations (A), night-time lynx GPS locations to random locations (B) 

and comparing between day- and night-time lynx GPS locations (C) of 14 lynx in the Palatinate Forest. Model C 

included the individual variation of lynx in a GLMM model. Coefficients at a 0.05 significance level are in bold. 

 

A Comparison of random locations with lynx GPS locations (day- and night-time) 

Fixed effects Estimate Std. Error P value 

Road truck-drivable  -3.783e-02   1.079e-02   <0.001 

Road not truck-drivable  2.327e-02   1.160e-02      0.045 

Slope  2.885e-01   1.093e-02   <0.001 

Grassland -3.060e-02   1.134e-02     0.007 

Meadow -2.824e-02 1.217e-02   0.020 

B Comparison of random locations with night-time lynx GPS locations 

Fixed effects Estimate Std. Error P value 

Road truck-drivable  -0.044 0.0144   0.002 

Elevation -0.037 0.015   0.014 

Slope  0.124 0.015 <0.001 

Direction -0.043 0.020   0.028 

Grassland -0.033 0.014   0.023 

    

C Comparison of daytime with night-time lynx GPS locations 

Fixed effects Estimate Std. Error P value 

Road Public Road -0.091 0.017 <0.001 

Road not truck-drivable  -0.075 0.017 <0.001 

Elevation  0.146 0.017 <0.001 

Slope -0.445 0.017 <0.001 

Direction -0.095 0.016 <0.001 

Grassland -0.048 0.018    0.01 

Meadow  0.044 0.025    0.078 
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Fig. 3 Effect of slope, grassland areas and meadows on the probability of lynx habitat selection compared to 

random locations in the Palatinate Forest.  
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Fig. 4 Effect of truck-drivable roads, slope, grassland areas, direction and elevation on the probability of lynx 

habitat selection at night compared to random locations in the Palatinate Forest.  
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Fig. 5 Effect of public and not truck-drivable roads and direction on the probability of lynx habitat selection based 

on the comparison of daytime and night-time GPS locations of lynx in the Palatinate Forest. Lynx ID was used as 

random effect within the GLMM model. 
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Fig. 6 Effect of elevation, slope, grassland areas and meadows on the probability of lynx habitat selection based 

on the comparison of daytime and night-time GPS locations of lynx in the Palatinate Forest. Lynx identification 

was used as random effect within the GLMM model.  
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Discussion 

In accordance with the telemetry data of the newly reintroduced lynx in the Palatinate Forest 

Germany, we have obtained a first insight into lynx habitat selection in one of the largest 

continuous forested area in Germany. 

In agreement with our prediction 1, our results reveal that lynx in general do not avoid the 

surroundings of villages in the Palatinate Forest (when comparing lynx to random locations) 

and even choose areas closer to them at night than during the day (when comparing lynx day to 

lynx night locations). Forestry roads and public roads play a crucial role in the habitat selection 

of lynx in our study area. When comparing lynx location data to a set of random locations, lynx 

actually choose areas close to truck-drivable forestry roads and even prefer areas closer to 

public roads and not truck-drivable roads at night compared to day. Our analysis shows that 

lynx prefer habitats on steep slopes and in close distances to grassland areas / meadows. In 

addition, habitat selection of lynx differs between day and night, with lynx at night selecting 

lower elevations, shallower terrain, closer distance to grassland and south-orientated areas. 

Our results are in line with previous studies on habitat selection of lynx in Europe (Filla et al. 

2017; Basille et al. 2009; Sunde et al. 1998). Human settlements do not seem to present a hurdle 

for lynx when certain habitat criteria are fulfilled. For instance, lynx in south-eastern Norway 

tolerate human disturbance when dense vegetation cover is present and mature stands are 

available (Sunde et al. 1998). Additionally, lynx prefer a medium level of modification (Bouyer, 

San Martin, et al. 2015), but seem to avoid very low and high modified areas as a trade-off 

between prey availability and avoidance of human activity (Bouyer, San Martin, et al. 2015; 

Basille et al. 2009). 

Additionally we found clear differences in lynx habitat selection between day and night-time 

in relation to distances to villages, which also was found in the Bohemian Forest Ecosystem 

(Filla et al. 2017). Lynx in the Palatinate Forest used areas in proximity to human settlements 

more often during the night than during the day, supporting the results of Filla et al. (2017) that 

lynx during the day avoided settlements by up to one kilometre. Lynx select human-disturbed 

areas during times of low human encounter risk, i.e. during late evening and night (Filla et al. 

2017; Gehr et al. 2017; Ordiz et al. 2011). The reason for this can be higher prey availability in 

proximity to human settlements (Basille et al. 2009). In our study area, villages present 

attractive grazing grounds for deer, offering ample prey and cover for lynx near these human 

settlements which may explain why lynx do not avoid these areas, especially during the night. 

Additionally, Sunde et al. (1998) found that lynx in Norway avoid human settlements and roads 
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by 200 m while resting, which mostly happens during the day, supporting also the 

aforementioned results. 

In contrast, lynx in Poland seem to avoid human settlements and transportation infrastructure 

on a large scale (Niedziałkowska et al. 2006). The authors found that lynx are sensitive to forest 

connectivity, which makes it difficult for lynx to disperse to the extensive woodlands in the 

west and north-west of Poland, and are mostly found in the east and south of the country 

(Niedziałkowska et al. 2006). To achieve such a dispersal, it would be necessary to cross the 

highly human-modified and heavily deforested central part of Poland (Niedziałkowska et al. 

2006); thus the lynx avoid human settlements in connection to low forest cover density on a 

landscape scale. However, our study area is characterized by only minimal infrastructure and 

small villages within the forest. Furthermore, our results are based on a much smaller scale and 

we assume that human disturbance will be on a lower level than in other study areas, giving 

lynx the opportunity to choose areas close to human settlements in the Palatinate Forest at night-

time. 

Human settlements as well as infrastructure, represented by roads (public roads, forestry roads), 

might influence the habitat selection of large carnivores (Moen et al. 2010; Niedziałkowska et 

al. 2006). Lynx in the Palatinate Forest prefer to use areas close to forestry roads (truck-

driveable and not truck-drivable forestry roads) regardless of the time of day, whereas at night-

time, areas close to public roads and minor roads (not truck-drivable forestry roads) are selected 

over daytime. This supports our initial hypothesis 2. Again, lynx are selecting areas close to 

public roads at night-time, when the chance of human encounter is very low. 

The forest road network within the Palatinate Forest is very dense with 50–90 m/ha forest 

(Simon and Kotremba 2016; Ministerium für Umwelt und Forsten RLP 2002). In comparison, 

the road networks of the Bavarian Forest National Park and Harz National Park are described 

as dense with 29 m/ha and 33 m/ha forest, respectively (Röhl 2013; Kellner 2012), giving the 

Palatinate Forest a special position with regard to the existing forestry road network. This 

network can be beneficial for lynx in terms of energetic perspectives (Moen et al. 2010). Lynx 

are known to use linear structures for long-distance movements, for dispersal, for shifting areas 

within their home range and for scent marking (Vogt et al. 2014; Donovan et al. 2011; Moen et 

al. 2010). Forestry roads in the Palatinate Forest may also be preferred by lynx due to possible 

higher detection rate of roe and red deer, the main prey of lynx in Europe (Breitenmoser and 

Breitenmoser-Würsten 2008). Thus, lynx selecting for areas close to roads might be also 

connected to prey availability and density. Forestry roads and public roads represent edge 
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habitats that are characterized by a higher light regime and therefore often have more ground 

vegetation (Coffin 2007), which could be an attractive foraging ground for deer. Our results 

present a new insight into the habitat selection of lynx regarding different road and forestry 

road categories, which to our knowledge has not yet been published. We assume that different 

kind of road types (public roads and forestry roads) affect habitat selection of lynx in the 

Palatinate Forest and that lynx might benefit from the high availability of forestry roads. 

In line with our third prediction, we found that lynx in the Palatinate Forest choose areas with 

lower terrain ruggedness (lower elevation and lower slopes) during the night than during the 

day. This is also known for lynx in the Bohemian Forest, where lynx choose rugged terrain 

during the day (Filla et al. 2017). Additionally, these results were also consistent with the 

research conclusions found in Norway by Bouyer, San Martin, et al. (2015) and partially by 

Sunde et al. (1998) (steep slopes). Also, Signer et al. (2019) found that lynx select their day 

resting sites in proximity to rock formations. Rugged terrain and steepness of relief correlate 

with a lower probability of being disturbed by or encountering humans (Bouyer, San Martin, et 

al. 2015; Basille et al. 2009) and possibly offer higher availability for shelter, resting sites or 

dens. On the other hand, habitat preferences of lower elevation and lower steepness at night 

suggests that lynx in the Palatinate Forest choose areas with higher prey density. Gehr et al. 

(2017) found that lynx in the Swiss Alps, use areas of high prey availability during the night 

when human activity is low, supporting our hypothesis. Higher prey density can presumably be 

found close to grasslands areas and also in valleys in the Palatinate Forest. 

Our results show that lynx in the Palatinate Forest chose areas close to grassland areas, 

especially during the night, supporting our fourth hypothesis, that grassland areas are attractive 

hunting grounds for lynx at night. This is also in line with previous studies of Eurasian Lynx 

(Filla et al. 2017; Poole et al. 1996). In the Bohemian Forest Ecosystem for instance, lynx 

selected meadows (cultivated, natural and wetland pooled together) over mature stands during 

the nights. Filla et al. (2017) assume that lynx choose this habitat due to sufficient vegetation 

cover of high grasses to stalk prey. This habitat selection was also described for bobcats (Lynx 

rufus) and Canadian lynx (Lynx canadensis) (Poole et al. 1996; Rolley and Warde 1985). We 

agree with Filla et al. (2017) and additionally assume that lynx in the Palatinate Forest select 

areas close to grassland (open areas) due to a higher prey population (higher prey encounter 

rate). On the other hand, lynx seem to choose habitats near meadows during day. Here, we 

would assume that human disturbance at meadows within the forest during day is less than near 

the grassland areas, hence lynx might select their day resting sites in proximity to meadows. 

Our study reveals details on habitat selection of lynx, especially shortly after reintroduction into 
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a closed forest ecosystem. We conclude that the habitat selection of lynx in the Palatinate Forest 

during the night is driven by prey availability and decreased human disturbance. During the 

night, areas close to grasslands with low elevation and lower slopes are selected, which are 

represents habitats with high prey density. Habitat selection for public roads and proximity to 

villages during the night reveal that lynx make use of the human-modified landscape, however 

at times when human disturbance is low. 

We investigated the habitat selection of recently-reintroduced lynx within the largest closed 

forest ecosystem of Germany, which is characterized by a very high density of forestry roads. 

Our study highlights the strong preference of lynx to forestry roads as linear structures. Lynx 

might not only use the forestry roads for movement and territorial delimitation, but also for 

hunting purpose due to the extensive coverage of forestry roads. This hypothesis must be further 

investigated. Nevertheless, our results suggest also that lynx show a preference to the proximity 

of public roads at night compared to day. Reasons for this could be the lower traffic volume at 

night and thus the lower encounter rate with humans. This could lead to a reduction in the 

mortality risk for lynx along public roads. On the other hand, roads with little traffic but high 

speed limit embedded high risk of accidents (Seiler 2003), perhaps because animals often do 

not perceive these roads as a danger, which in turn can lead to an increased risk of mortality. 

An additional unnatural lynx mortality risk within such a young vulnerable population where 

each individual is a valuable contribution to the population establishment within the Palatinate 

Forest, should be avoided. Traffic collisions make up around 20–42% of lynx mortality cases 

(Herdtfelder 2012, Heurich et al. 2018). So far, only two fatal accidents involving traffic 

collisions (train and car collision) have been recorded for lynx in the Palatinate Forest. Road 

risk maps could help in identifying collision hotspot (Herdtfelder 2012, Heurich et al. 2018), 

also referred to road-kill black spots (Garrote et al. 2018) and lead to direct management 

implications by deploying for example warning signs, speed limitations and crossing aids 

(bridges, tunnels). Conservation managers often have to make decisions lacking scientifically 

evaluated research, which justifies further detailed research on the spatial requirements of large 

carnivores in fragmented landscape (Schadt, Knauer, et al. 2002). Our findings complement 

current knowledge about the habitat requirements of large carnivores and could improve 

management and conservation plans in the heavily fragmented European landscapes. 
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Supporting Information Appendix 1 

Appendix 1 Tab. 1 Description of nine explanatory variables included as predictors in the habitat selection 

analysis of lynx in the Palatinate Forest. 

Anthropogenic-related variables 

Truck-drivable forestry road Main forestry roads, passable by truck for wood transportation, by car 

and rescue vehicles with a minimum width of 3.0 m  

Not truck-drivable forestry road Smaller forestry roads, not passable by trucks, under certain weather 

conditions only passably by 4WD car 

Public road Paved public roads 

Grassland Cultivated grassed areas, not utilized as farmland crop, size range from 

0.01 km² and 0.28 km² 

Meadow Small grazing areas within the forest with attractive grazing plants for 

ungulates and hares, maintained by hunters, usually presence of a hunting 

tower 

Village Human settlements 

Geographic-related variables 

Elevation 

Based on a digital terrain model with 5m resolution Slope 

Direction 
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Appendix 1 Tab. 2 Overview of lynx individuals whose GPS data was included in the data analysis. The first two 

weeks after release in the Palatinate Forest were excluded from the data set in order to remove possible behavioural 

actions due to relocation procedure. Lynx IDs of the Federal Agency for Nature Conservation (BfN) are also 

presented. Lynx GPS data were provided by the Foundation of Nature and Environment (SNU) Rhineland-

Palatinate. 

Lynx ID (BfN ID) Sex Period of time Total no of GPS positions 

Alfi (B2014) Male 25.09.2018 – 27.02.2019 404 

Brano (B2015) Male 20.06.2019 – 09.10.2019 708 

Cyril (B2004) Male 20.06.2017 – 10.02.2018 1266 

Gaupa (B354) Female 27.03.2019 – 31.12.2019 1384 

Jara (B315) Female 03.05.2018 – 22.11.2018 986 

Juri (B623) Male 31.03.2018 – 25.11.2018 981 

Kaja (B2002) Female 12.08.2016 – 28.07.2017 1455 

Labka (B2007) Female 29.12.2017 – 25.02.2018 414 

Libre (B628) Male 21.03.2019 – 21.09.2019 1725 

Lucky (B2000) Male 12.08.2016 – 13.05.2019 6249 

Luna (B2001) Female 12.08.2016 – 03.12.2016 697 

Mala (B264) Female 27.02.2019 – 03.10.2019 1228 

Rosa (B314) Female 27.04.2017 – 11.06.2018 1404 

Wrano (B2013) Male 25.09.2018 – 23.06.2019 738 
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Appendix 1 Tab. 3 Results of model fitting for the habitat selection of lynx in the Palatinate Forest. Group of models were fitted separately for the lynx GPS locations (day and 

night-time) compared to random locations (A), night lynx locations compared to random locations (B) and lynx locations compared between day and night (C). Models were 

compared on the number of parameters and Akaike´s Information Criterion. All model parameters were scaled in order to converge. Path_cat_0 = truck drivable-paths, 

Path_cat_2 = public roads, Path_cat_3 = not truck-drivable paths (only 4WD car). 

Data set Model AICc ∆ AICc w 

1) Comparison random locations 

with lynx GPS locations (day 

and night-time) 

Path_cat_0 + Path_cat_3 + Slope + Grassland + Meadow 49190.1 0.00 0.289 

Path_cat_0 + Path_cat_3 + Elevation +Slope + Grassland + Meadow  49190.7 0.63 0.210 

Path_cat_0 + Path_cat_3 + Direction +Slope + Grassland + Meadow 49191.2 1.13 0.164 

Path_cat_0 + Path_cat_3 + Direction + Elevation +Slope + Grassland + Meadow 49191.9 1.80 0.117 

Path_cat_0 + Path_cat_2 + Path_cat_3 + Slope + Grassland + Meadow 49192.0 1.88 0.113 

Path_cat_0 + Path_cat_3 + Slope + Grassland + Meadow + Villages 49192.1 2.00 0.106 

2) Comparison of random 

locations with night-time lynx 

GPS locations 

Elevation + Slope + Direction + Path_cat_0 + Grassland+ Villages 27124.8 0.00 0.244 

Elevation + Slope + Direction + Path_cat_0 + Grassland  27125.1 0.29 0.210 

Elevation +Slope +Direction + Path_cat_0 +Path_cat_3 +Grassland +Villages 27125.8 0.98 0.149 

3) Comparison of daytime with 

night-time lynx GPS locations 

Elevation + Slope + Direction + Path_cat_2 +Path_cat_3 + Grassland + Meadow 23761.3 0.00 0.227 

Elevation + Slope + Direction + Path_cat_0 + Path_cat_2 +Path_cat_3 + Grassland + Meadow 23761.6 0.36 0.19 

Elevation + Slope + Direction + Path_cat_2 +Path_cat_3 + Grassland 23762.3 1.07 0.133 
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Appendix 1 Fig. 1 Effect of human settlements (villages) on the probability of lynx habitat selection based on the 

comparison of daytime and night-time lynx GPS locations in the Palatinate Forest. Lynx identification was used 

as random effect within the GLMM model. 
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General Discussion 

The analyses and results of this PhD thesis provide new insights into the interaction of Eurasian 

lynx (Lynx lynx) with its main prey, European roe deer (Capreolus capreolus), as well as the 

habitat selection of this predator in the Palatinate Forest after the first four years of its 

reintroduction. The conclusions of my results provide substantial information for management 

actions regarding large carnivores and additionally present a corner-stone of a rare situation in 

animal conservation ecology in Europe. The data presented here also offer a first insight into a 

long-term interaction process between a large carnivore and its prey in the Palatinate Forest in 

southwestern Germany. 

In the first manuscript of my thesis, I investigate the potential influence of this newly 

established predator on its main prey population dynamics. I estimated the prey population 

density before and under the presence of lynx in the Palatinate Forest. Additionally, I evaluated 

hunting bag data from 2012 to 2019. I found fluctuations within the roe deer population density 

in the Palatinate Forest, which included a slight decrease in the estimated prey population in 

2018 and 2019, after a two-year presence of lynx. I also found fluctuations in roe deer hunting 

bag, particularly in 2013 to 2014 and 2018 to 2019, suggesting a possible fluctuation in 

population density in the years prior to the predator’s return to the area. No significant 

difference was found between roe deer population index and roe deer hunting bag in relation to 

lynx reintroduction. 

Based on the results, I conclude that lynx had no measurable influence on the roe deer 

population in the Palatinate Forest in the first years of its return. However, it must be taken into 

account here that the population density of lynx in the Palatinate Forest was still low at that 

time. Long-term data are needed to assess the interaction between the two species and in 

particular the impact on population dynamics. 

In the first four years of lynx reintroduction, we experienced a still low lynx population in the 

Palatinate Forest over an area of 1,790 km². In the first half of 2019, about twelve independent 

lynx were documented in the area (SNU-RLP 2020), corresponding to around 0.67 lynx per 

100 km². In winter 2019 to 2020, lynx density was estimated at 0.65 individuals per 100 km² 

(Port 2021; Port 2020). The roe deer population estimate was monitored from 2016 to 2019, 

with lynx density during this time ranging from approximately 0.17 lynx per 100 km² in 2016 

to 0.67 lynx per 100 km² in 2019. Calculating the predation rate of lynx for 2020, we estimated 

kill rates based on Belotti et al. (2015) with around 0.46–0.75 roe deer per km² per year in the 



 GENERAL DISCUSSION 

93 

Palatinate Forest. Consequently, the predation rate must have been much lower in 2016 to 2019 

than in 2020, making it difficult for the distance sampling method to detect such small 

differences given a confidence interval of about ± 2.5 roe deer per km² in density estimates. 

Thus, human hunters in the Palatinate Forest currently harvest two to four times as many roe 

deer per km² per year as lynx. 

Of course, the impact of such a predator on its prey can shift at any time. Breitenmoser et al. 

(2010) describe that the predation impact of lynx on prey can be considerable on a local scale 

and even lead to the local extinction of roe deer (Haller 1992). Naïve prey that were vulnerable 

to predation had to readapt to a natural predator and stabilised the predator-prey system after a 

short period (Breitenmoser and Haller 1993). Breitenmoser et al. (2010) described three 

different scenarios observed to date, ranging from changing impact during lynx recolonisation 

with naïve prey, to low to moderate impact after readaptation and a very high impact on prey 

population after many years of stability. There is no precise description of when a roe deer 

population is still considered naïve and when it has readapted to its natural predator. I will 

attempt to consider certain parameters here, although the majority of the values of each 

parameter used in this equation have not been proven for our study area. Nineteen lynx were 

detected in the monitoring year 2019 (Mai 2019 to April 2020) within the study area. Assuming 

a predation rate of 60 roe deer per year and lynx (46–74, Belotti et al. (2015)), this results in a 

total of approximately 1,140 roe deer per year that are preyed upon in the Palatinate Forest. 

Assuming an average summer roe deer density of 10 roe deer km-², this would be approximately 

6.3% of the total roe deer population taken by the lynx per year. The hunting success rate of the 

lynx has only been studied in a few cases. In Scandinavian areas, a hunting success rate of about 

65% was found (Pedersen et al. 1999 in Breitenmoser and Breitenmoser-Würsten 2008; 

Haglund 1966 in Breitenmoser and Breitenmoser-Würsten 2008), while in Poland a success 

rate of about 25–50% was described (Matjuschkin 1978 in Breitenmoser and Breitenmoser-

Würsten 2008). Taking the latter lynx success rate for further calculations, I assume that at least 

about 12–25% of the roe deer population has already experienced a lynx attack within the 2019 

monitoring year. Thus, the roe deer population in the Palatinate Forest is most likely in the 

preadaptation phase, where prey are still naïve and need to learn about the natural predator. 

Further research on this particular topic needs to be conducted to draw firm conclusions. 

In fact, it was planned to continue the monitoring of the roe deer population in 2020 and 2021 

to observe the population dynamics in the Palatinate Forest in the long term. Unfortunately, this 
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was not possible due to the occurrence of the Covid-19 pandemic in the spring of 2020. 

Breitenmoser and Breitenmoser-Würsten (2008) argue that many scientific studies only last for 

about three to four years (average time span of a PhD or project funding time span), which 

complicates the interpretation of ecological data and even leads to misinterpretation since only 

a section of the overall process is analysed. I have taken this aspect into account in the 

interpretation of my results and advice to continue the monitoring of both species in the coming 

years, because only long-term data can help to understand the top-down and/or bottom-up 

processes in such an ecosystem. 

Imperio et al. (2010) postulated that hunting bag data can provide valuable information on prey 

population trends and can be used as proxies for population density. In our investigation we 

were able to examine hunting bag data of a large part of our study area over an eight-year period 

(2012-2019). Imperio et al. (2010) argue that hunting bag data that are not corrected for hunting 

effort and are not validated could lead to incorrect abundance estimation indices. As an index, 

I used the hunting bag of the Palatinate Forest over the years, assuming no remarkable changes 

in hunting effort, based on previous studies of hunting licenses and effort monitoring in the 

same research area (Hohmann et al. 2016). The analysed hunting bag revealed a decrease of 

hunted deer in the hunting years 2018 and 2019. Based on previous fluctuations in hunting years 

(2013 and 2014), it might also be possible that other factors such as abiotic or density-dependent 

factors (Breitenmoser et al. 2010) influence roe deer population dynamics and thus human 

hunting success. 

One potential criticism is that our methodological approach to estimate the roe deer population 

in the Palatinate Forest has certain dependencies. Our estimation based on distance sampling is 

dependent on forestry roads, which may not provide valid information on the ungulate 

population throughout the study area, but rather density estimates in the immediate vicinity of 

forestry roads (Buckland et al. 2001). In addition, responsive movement – the reaction of the 

animal to the observer car – influences the detection probability in the vicinity of the transect, 

leading to an underestimation of the population (Buckland et al. 2001). Hunting bag data pooled 

at the spatial scale of forestry departments and districts do not provide evidence of changes in 

population dynamics at a smaller landscape scale (< 1,300 ha). 

The hunting tactic of lynx is to move from one area of its home range to another after successful 

prey capture (Breitenmoser and Breitenmoser-Würsten 2008), using the so-called surprise 

effect. This is not possible for a female lynx with kittens, at least for a short period of the year, 
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so prey must be killed in the closer vicinity of the den (Breitenmoser and Breitenmoser-Würsten 

2008; Schmidt 1998), possibly leading to a stronger local influence on the prey population. The 

use of only 4% of their own territory shows the reduction of the spatial activity pattern of female 

lynx with cubs in the period from May to July, whereas female lynx without cubs used about 

40% of their territory (Breitenmoser and Breitenmoser-Würsten 2008). The population 

dynamics and behaviour on such a small spatial and temporal scale is not detectable with the 

methods applied within this study. Another criticism within my analysis is the comparison of 

roe deer hunting bag and roe deer count index of lynx-free areas with lynx-rich areas. Here, the 

sample size is so small that this should be taken into account in the interpretation. 

In the second manuscript, I investigated the direct interaction between lynx and roe deer on a 

small spatial scale. Habitats in which a predator successfully hunts its prey provide important 

information about lynx hunting pattern at the microhabitat scale. Here, I addressed the question 

in which habitat roe deer have a higher predation risk, or in which habitat lynx successfully 

hunt prey that has not experienced a natural predator in the Palatinate Forest for a long time. 

The kill sites indicated that prey were found in structure-rich and complex habitats, which might 

present an increased encounter probability and plenty of cover to stalk up on the prey. Seasonal 

differences in habitat criteria of the kill sites are very likely, even though we only found 

differences in canopy cover. Low elevations and slopes showed a higher risk of predation on 

prey, which has also been found to be important in other research areas (Krofel et al. 2007). 

Signer et al. (2019) found that lynx use rock formations as resting sites, possibly explaining our 

significant difference in day and night slope levels. Rock formations provide cover, shelter from 

changing weather conditions and are difficult to access for humans (Signer et al. 2019), hence 

they are perfect for a carnivore to rest during the day. Additionally, the data revealed a higher 

predation risk for roe deer near grasslands and roads (forest and public). The aspect that roads 

might pose a higher predation risk to roe deer may be biased by the density of forestry roads in 

the Palatinate Forest and may not apply to other study areas with lower forestry road densities. 

The large road network might strongly influence lynx habitat selection. It is known that lynx 

use forestry roads to move quickly through their home range, hereby saving energy and at the 

same time using them to scent-mark their territory (Weingarth et al. 2015; Vogt et al. 2014; 

Weingarth et al. 2012; Sandrini 2010; Breitenmoser and Breitenmoser-Würsten 2008; 

Zimmermann and Breitenmoser 2007; Koehler and Brittell 1990). We assume that lynx in the 

Palatinate Forest also use the widespread forestry road network for hunting. This might be 

active use or a side effect of moving within the territory. Further research on this specific aspects 
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is required and in prospect. 

Kill sites were found to be less likely in close distances to villages. Kill sites were investigated 

at times when lynx did not yet occupy the entire area of the Palatinate Forest and were probably 

still searching for optimal home ranges. In addition, the kill site data were not collected 

systematically. This may have led to the habitat use of areas with low human disturbance for 

the time being, especially because the reintroduction site was chosen according to these criteria. 

Several studies have shown that both roe deer and lynx can cope with human disturbance at 

different levels (Gehr et al. 2017; Gehr 2016; Bouyer, Gervasi, et al. 2015; Bouyer, San Martin, 

et al. 2015; Basille et al. 2009; Sunde et al. 1998).  

In the final manuscript of my thesis, I was able to show how recently-reintroduced lynx utilise 

their habitat on a medium landscape scale. Forestry roads and public roads seem to play a crucial 

role in the habitat selection and movement patterns of lynx within the study area. Due to a 

different light regime and a different assortment of plant groups compared to their surroundings, 

forestry roads represent marginal habitats (Coffin 2007). Thus, ungulates find a different 

grazing supply on and near roads (forest and public roads). As mentioned above, lynx are also 

known to use forestry roads (Weingarth et al. 2015; Weingarth et al. 2012; Sandrini 2010; 

Breitenmoser and Breitenmoser-Würsten 2008; Zimmermann and Breitenmoser 2007; Koehler 

and Brittell 1990), probably explaining the higher predation risk within these habitats. Besides 

this, lynx can also use forestry roads to gain a good view and easily spot prey in the surrounding. 

Consequently, the potentially higher encounter rate of prey in close proximity to roads may be 

an additional reason for lynx to intensively use forestry roads in addition to movement patterns 

and territory marking. I found that lynx do not avoid human settlements within the Palatinate 

Forest and that they especially utilise areas closer to villages at night. These results are in line 

with other European research studies (Bouyer, Gervasi, et al. 2015; Basille et al. 2009; Sunde 

et al. 1998). I must highlight that I only considered lynx GPS positions within the boundaries 

of the Biosphere Reserve of the Palatinate Forest. The surrounding of the study area 

considerably differs from the Palatinate Forest. Here, it would be very interesting to observe 

how lynx use habitats in the near future that are increasingly disturbed by humans, and have a 

lower proportion of forest cover, but offer a higher prey abundance than the closed forest 

ecosystem of the Palatinate Forest. The lynx GPS locations surveyed so far outside of the 

boundaries of the Palatinate Forest could possibly already provide initial answers to this very 

important question for conservation management.  
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Geographic relief criteria also play an important role for lynx in selecting their habitat. Lynx 

seem to prefer lower elevations and less steep areas during the night, whereas during the day 

the opposite is the case. This indicates that lynx in the Palatinate Forest select areas with higher 

prey density, such as valleys or grassland areas (lower elevation, less steep) at night. Overall, 

our results in manuscript 3 support the observed patterns in the kill site analysis of manuscript 

2, except for the human settlements. 

Further research aspects 

My research on the influence of lynx on the prey population over a period of four years in the 

Palatinate Forest gave me the opportunity to observe the first years of a long-term interaction 

process. Like Breitenmoser and Breitenmoser-Würsten (2008) argue, many research projects 

are conducted on an insufficient temporal scale, and thus I would suggest to continue the 

monitoring and the research on the predator-prey interaction within the Palatinate Forest. Over 

a time scale of 10 to 15 years, the dynamics of both populations can be displayed based on a 

reliable data set. In the first years, we could not detect any influence of the predator on the prey 

population, but here the still low predator density in the first years should be taken into account. 

The approach to estimate prey population density on such a large scale (1,790 km² study area) 

with the help of distance sampling still seems applicable given the costs and benefits, although 

it has its drawbacks (dependency on roads, roads as special habitat, underestimation of the 

population). For the future, it would be very helpful to validate the method used here with an 

additional census method, such as non-invasive genetic capture-mark-recapture (Ebert, 

Sandrini, et al. 2012; Pollock et al. 1990), pellet counts (Putman 1984), spotlight counts 

(Anderson 1959), or camera trapping (Silver et al. 2004; Karanth 1995). 

In examining the characteristics of kill sites and the impact of a predator on its prey population, 

it became apparent that determining lynx prey spectrum, preference for certain prey species, 

age class and/ or sex, and consumption rate of the predator could be an additional way to 

understand how predators may affect prey populations, especially in the early years of return. 

The SNU-RLP (2020) has already started to track two lynx individuals more closely and 

analysed kill series over a period of three to four weeks. This data acquisition could be extended 

to more individuals over a longer period of time to obtain an average consumption rate and prey 

preference of different lynx individuals. More than 600 kills were examined in the Swiss Jura 

Mountains to assess consumption rates, prey spectrum and preferences of lynx (Jobin et al. 

2000). It was found that the prey spectrum varied from roe deer, chamois, red fox (Vulpes 
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vulpes), brown hare (Lepus europaeus), marmot (Marmota marmot) and badger (Meles meles, 

Jobin et al. (2000)). Moreover, the consumption rate also depended on the sex and reproductive 

status of lynx (Jobin et al. 2000), and it also varied over the course of the year (Nilsen et al. 

2009). External abiotic factors (such as weather) have been shown to influence the lynx 

consumption rate, illustrating how climatic variability can affect the dynamics of a predator-prey 

system (Stenseth et al. 2004). Understanding lynx prey preferences in the Palatinate Forest can 

help us to gain further insights into the impact of lynx on ungulate communities (Nilsen et al. 

2009; Jobin et al. 2000), including climate change impacts. 

Due to the limited financial and staff capacity of this project, it was not possible to more closely 

monitor the prey population behaviour patterns with and without predator presence in the area. 

In addition, the observation of direct interactions would be an interesting research question to 

follow up in the future. One way to address this issue would be to attach GPS collars on roe 

deer within the home range of independent adult lynx that are also fitted with GPS collars. 

Scientific studies to determine direct interspecific spatial behaviour between predator and its 

prey have already been successfully conducted with wolf and red deer (Michler et al. 2018). 

Depending on the number of tagged roe deer, the probability of prey encountering a collared 

lynx will be low to observe direct interactions, so the costs and benefits of this study design 

must be carefully weighed. One possibility would be to observe a female lynx with cubs during 

the first months after the birth of the cubs, since then only a small part of the territory is used, 

thus increasing the encounter rate with the prey. The use of proximity sensors in these collars 

provides the ability to automatically change the frequency of GPS measurements as the prey 

and predator approach each other (Michler et al. 2018), allowing observing direct interaction 

between the two species. At the same time, GPS data of roe deer individuals can provide further 

insights into the spatial and temporal use of forest roads by roe deer in the presence and absence 

of predators in the Palatinate Forest. 

As part of my research project, I have already begun to investigate the diurnal habitat use of roe 

deer in relation to small meadows (hunting meadows) using camera traps. I tried to relate this 

to the presence of lynx in the study area. The aim of this study is to investigate the impact of 

lynx presence on the daily activity of roe deer in small meadows in the Palatinate Forest. Day 

activity was described by the exit time, dwell time and vigilance behaviour of roe deer in the 

meadows. Lynx presence was assessed according to GPS locations of reintroduced lynx and 

opportunistic and systematic lynx indications (SCALP criteria) within the study area. Eccard et 

al. (2015) found that roe deer respond to lynx urine despite the long absence (160 years ago) of 
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the predator within the Bavarian Forest National Park, and the authorsʼ results support the risk 

allocation hypothesis, which states that roe deer respond to pulses of high predation risk but not 

to continuous predation risk. In this study, the main focus is on comparing lynx-free and lynx-

occupied areas rather than finding differences in acute and continuous predation risk for prey 

species. The evaluation of the data has not yet been completed (Kopaniak 2021). The data 

acquisition was limited to day time due to the plot function of the camera trap to observe more 

than only a 10 m range of the meadow. This plot function provided us with images of the 

meadow every 5 minutes during the day (sunrise to sunset). Because roe deer increase their 

activity between dusk and dawn, the recorded data represent the lowest activity segments of a 

24-hour cycle. Here, it would be very important to rethink the methodical setup to obtain more 

scientifically valuable data. Hunters in the Palatinate Forest and other areas with a lynx presence 

(Heurich 2018) complain about an increased effort to hunt ungulates, combined with allegations 

of altered ungulate behaviour and reduced population due to predator presence in the area. To 

assist local hunters and game keepers in their management goals, an insightful and applied 

approach would be to understand the potential changes for human hunters, as well as the anti-

predator behaviour of a still naïve prey population within a closed forest system. 

Conservation and management implications 

The return of large carnivores to Western Europe is a huge success for wildlife management 

and conservation. By reintroducing lynx to the Palatinate Forest in southwestern Germany, 

SNU-RLP (2020) has established a sub-population that has the potential to spread into the 

Northern Vosges, and in the long term create genetic exchange between the populations in the 

Central and Southern Vosges and even with the populations in the Jura and Alps, which would 

then constitute a metapopulation (SNU-RLP 2020). The instructions of lynx management in 

Rhineland-Palatinate are formulated in the management plan of 2016 (MUEEF RLP 2016), 

which also describes in detail the objectives of management in Rhineland-Palatinate. It is too 

early to make any statements about the long-term impact (ten-year time scale) of lynx on the 

roe deer population in the Palatinate Forest, and therefore I cannot derive any management 

implications regarding the prey population for hunters, nature conservation and hunting 

authorities. 

As my results suggest (manuscript 2 and 3), lynx use the vicinity of forestry and public roads 

primarily during twilight and night times. Minimising unnatural lynx mortality within such a 

young vulnerable population where each individual is a valuable contribution to the population 

establishment within the Palatinate Forest should potentially be considered as part of the 
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management implications for lynx. Traffic-related mortality of lynx is an important cause of 

mortality in Scandinavia (Andrén et al. 2006) and Switzerland (Schmidt-Posthaus et al. 2002), 

where 34% of non-infectious causes of death are human-related, mostly from vehicle collisions. 

In the Bohemian Forest Ecosystem, illegal hunting is the most prominent cause of death, 

followed by 20% of fatalities caused by traffic collisions (Heurich et al. 2018). A high mortality 

rate among adult lynx increases the threat for the long-term population survival (Schmidt-

Posthaus et al. 2002). In France, lynx mortality is more likely to be due to humans within adults 

than in juveniles (Stahl and Vandel 1999). The creation of a road mortality risk map (Heurich 

et al. 2018) in the Palatinate Forest could help to identify spots of high mortality risk and thus 

reduce the risk of additional mortality to a newly established carnivore population. Even though 

only two lynx individuals have been killed by traffic thus far (vehicle collision and train 

collision), the creation of such a map could prevent further fatalities in the Palatinate Forest. 

Poaching of lynx within this study area has not been recorded to date due to intensive 

environmental education and communication with all directly affected parties prior to the lynx 

reintroduction. 

Concluding remarks 

The reintroduction of a large carnivore into a human-dominated landscape in Europe plays an 

important role in management and conservation efforts of endangered and rare species. This 

work shows that after the first four years of lynx reintroduction in the Palatinate Forest, there 

were no changes in estimated roe deer population density associated with lynx presence. Long-

term studies on the establishment of the large carnivore and the dynamics of the prey population 

in the study area are necessary to evaluate the potential impact on its prey, as well as the success 

of the reintroduction program. This thesis thus contributes to a better understanding of where 

lynx establish their home ranges and hunt successfully after their reintroduction to the Palatinate 

Forest. It also gives insights to the habitat selection of newly reintroduced lynx within 

Germany’s largest contiguous forest ecosystem. Furthermore, our results raise new questions 

for additional research on lynx habitat selection in relation to roads, predator-prey dynamics, 

predation rates and anti-predator behaviour of prey in the Palatinate Forest. Increasing 

knowledge of large carnivores’ habitat selection in our human-modified landscape and its 

influence on other species will improve conservation and management decisions.  
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Summary 

Understanding the influence of a predator on its prey and the resulting changes in prey 

behaviour and/or abundance is a widely-discussed subject in wildlife ecology, yet large gaps in 

knowledge remain. In addition, the return of a long absent predator in our human-altered 

environment prompts conflicts of human interests, especially among hunters and livestock 

breeders. Hence, understanding the predator-prey dynamics is a highly interesting topic 

scientifically as well as from an applied management perspective regarding the forest-game 

conflict. At the same time, studying habitat selection of large carnivores in our human-

dominated landscape provides valuable information about their habitat requirements and 

adaptation to human disturbance. This supports management implications to establish and 

maintain viable metapopulations connected through corridors and thus can ensure genetic 

exchange. This thesis contributes in addressing this topic, aiming to investigate the 

establishment of newly reintroduced lynx (Lynx lynx) and its effect on the main prey species in 

a forest-dominated low mountain range in Germany. 

In the first manuscript, I examined how the roe deer (Capreolus capreolus) population trend in 

the Palatinate Forest developed under the newly established presence of a large carnivore, the 

lynx (Lynx lynx). In particular, I started to monitor the roe deer populations before lynx 

reintroduction (2016) and continued this under the presence of the predator (2017–2019). The 

estimation of roe deer population density was based on a distance sampling approach with ten 

fixed transects with an average transect length of 48 km within the study area. Data acquisition 

was undertaken at night with the use of thermal imaging cameras. Roe deer hunting bag were 

queried from forestry departments for state-managed hunting areas. The average roe deer 

population density was estimated at around 6.54 ± 1.28 roe deer km-² (2016–2019), whereas the 

average roe deer hunting bag within state-managed forests was around three individuals km-², 

leading to the assumption that the models underestimate the roe deer density within the 

Palatinate Forest. Lynx home range calculations based on kernel density estimations were used 

to define lynx presence and absence areas over the whole investigation period. Roe deer hunting 

bag, roe deer count index and lynx spatial habitat use were linked to investigate short-term 

effects of lynx on the roe deer population in the first years after reintroduction in the Palatinate 

Forest by comparing areas of lynx presence and absence. I did not find negative effects of the 

lynx on the roe deer population in the Palatinate Forest. Here, it has to be considered that the 
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time span of four years and the still-low lynx population density – especially in the first two 

years – most probably influenced the results. Monitoring based on 10 to 15 years is suitable to 

reveal long-term dynamics in both predator and prey populations. 

Investigating the impact of the predator on the prey individual, I was observing the habitat 

structure, where direct and lethal encounters of the predator with its prey occurred. In 

manuscript two, 123 roe deer kill sites caused by thirteen radio-tracked lynx (6 females and 7 

males) between 2016 and 2019 were investigated on a microhabitat scale. The investigation of 

these microhabitats should identify habitats in which lynx successfully hunt roe deer and where 

roe deer are at increased risk of predation. Kill sites were compared with habitat availability – 

represented by random locations – and with the habitat use of the corresponding lynx by using 

their GPS locations. In total, 95% of the kill sites were related to ground cover, and summer 

kill sites displayed a significant lower canopy cover than winter kill sites. The results also 

indicate that there is a higher kill probability of roe deer in proximity to forestry roads, paved 

public roads, grassland areas and at low elevations. By contrast, lower predation risk for roe 

deer was found at closer distances to human settlements. This leads to the assumption that the 

predator or the prey might avoid human-disturbed areas. However, roe deer and lynx are known 

to cope with human disturbance near settlements. 

After all, the establishment of lynx in the Palatinate Forest is still at its beginning, leaving still 

free home ranges within the area to be occupied by lynx, and hence possibly creating bias in 

our kill site analyses regarding human settlements, which are sparsely distributed in the 

Palatinate Forest. The analyses also revealed that structure-rich and complex habitats that might 

present an increased encounter probability and high amounts of cover for stalking up on the 

prey are important for lynx to kill its prey. In addition, low elevations and slopes revealed higher 

predation risk for the prey. This could possibly be related to a higher prey density near grassland 

areas, which are often located in valleys or on plateaus and therefore presenting lower elevation 

and/or slopes. Increased predation risk for deer in short distances to linear infrastructures 

reveals the intensive use of forestry roads by lynx in the Palatinate Forest, possibly due to a 

very high density of forestry roads and the increased use of the wayside areas by the prey 

animals. Future investigations on this specific subject will possibly offer more insights into how 

lynx utilise their territory for hunting, especially when it comes to the proximity of human 

settlements.  
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In manuscript three, I investigated the habitat selection of fourteen newly reintroduced lynx 

between 2016 and 2019 in the Palatinate Forest in relation to anthropogenic structures. I 

compared lynx locations versus random locations and time of the day (day time with night time) 

in relation to anthropogenic and environmental variables. Our study highlights the strong 

preference of lynx to forestry roads as linear structures. Lynx might not only use the forestry 

roads for movement and territorial delimitation, but also for hunting purpose due to the 

extensive coverage of forestry roads. This hypothesis should be further investigated. 

Nevertheless, our results suggest also that lynx show a preference to the proximity of public 

roads at night compared to day. Reasons for this could be the lower traffic volume at night and 

thus the lower encounter rate with humans. Along with this, our results reveal that lynx did not 

avoid human settlements and even chose to remain in areas near them at night, when the human 

encounter rate is low. These results do not agree with the results from the kill site analyses 

(manuscript 2), thus concluded an avoidance of human settlements. This can be refuted by the 

results of manuscript 3. The kill sites were investigated when the lynx were still establishing in 

the central part of the Palatinate Forest, which is characterised by low human settlement density. 

Geographic relief criteria also play an important role for lynx in selecting their habitat. At night, 

lynx choose lower terrain ruggedness (lower elevation and lower slopes) and closer distances 

to grassland areas than during the day, supporting the results of manuscript 2. 

Overall, in my thesis I focus on the interaction between a recently-returned predator and its 

main prey, considering the influence on population dynamics of still naïve prey in the first four 

years of predator presence. In addition, I conducted a microhabitat analyses of roe deer kill 

sites, characterising habitats in which lynx successfully hunt roe deer and roe deer experience 

increased predation risk. Furthermore, I examined the habitat selection of recently-established 

lynx within the study area, focussing on the spatial and temporal changes towards prey 

availability and human-dominated habitats. The results illustrate that predator-prey dynamics 

are working on larger temporal scales than four years and that habitat selection of lynx in our 

study area depends on prey availability and minimising human disturbance by using attractive 

hunting habitats at times of low human activity. Finally, my work serves as a corner-stone for 

long-term research on the predator-prey dynamics of lynx and roe deer in the Palatinate Forest, 

and contributes to a better understanding of lynx establishment in our patchy landscape. It may 

also help to improve wildlife management plans to create viable metapopulations of lynx within 

Europe to make the return of large carnivores feasible. 
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Zusammenfassung 

Den Einfluss eines Prädators auf seine Beute und die daraus resultierenden Veränderungen in 

Verhalten und/oder der Abundanz der Beute ist ein faszinierendes und viel diskutiertes Thema 

im Bereich der Wildtierökologie und weist weiterhin noch große Wissenslücken auf. Darüber 

hinaus führt die Rückkehr eines lange abwesenden Räubers in unsere vom Menschen 

dominierte Landschaft zu Konflikten, insbesondere unter Jägern und Viehzüchtern. Daher ist 

die Beobachtung und das Verstehen der Räuber-Beute-Dynamik ein grundlegendes Anliegen, 

sowohl aus wissenschaftlicher als auch aus der Perspektive des angewandten 

Wildtiermanagements, speziell im Hinblick auf den Wald-Wild-Konflikt. Gleichzeitig liefert 

die Habitatselektion von Großraubtieren in unserer vom Menschen geprägten Landschaft 

wertvolle Informationen über ihre Lebensraumansprüche und ihre Anpassung an menschliche 

Störungen. Diese Erkenntnisse unterstützen Managementmaßnahmen für die Etablierung und 

Erhaltung von lebensfähigen Metapopulationen, die durch Korridore miteinander verbunden 

sind und somit den genetischen Austausch der Populationen ermöglichen. 

Im ersten Kapitel habe ich die Entwicklung der Rehpopulation (Capreolus capreolus) im 

Pfälzerwald unter der neu etablierten Anwesenheit des Luchses (Lynx lynx) untersucht. In erster 

Linie wurde hier die Rehwildpopulation vor der Wiederansiedlung (2016) und unter 

Anwesenheit des Prädators (2017 - 2019) beobachtet. Die Schätzung des Rehwildbestandes 

basierte auf der Distance Sampling-Methode, welche auf 10 festgelegten Transekten mit einer 

durchschnittlichen Transektlänge von 48 km im Untersuchungsgebiet angewandt wurde. Die 

Datenerfassung erfolgte nachts mit Hilfe von Wärmebildkameras. Die jährlichen 

Rehwildjagdstrecken wurden bei den zuständigen Forstämtern für die der Regiejagd 

unterliegenden Reviere abgefragt. Die durchschnittliche Rehwildpopulationsdichte wurde auf 

ca. 6.54 ± 1.28 Rehwild km-² (2016–2019) geschätzt, während die durchschnittliche 

Rehwildstrecke innerhalb der staatlich bewirtschafteten Reviere bei ca. 3 Individuen km-2 

lagen. Dies lässt vermuten, dass die Populationsschätzungsmodelle für Rehwild innerhalb des 

Pfälzerwaldes den tatsächlichen Bestand unterschätzen. Luchs-Aktionsräume („home range“) 

wurden mit Hilfe von kernel density-Schätzungen berechnet, um Gebiete mit Luchs 

Anwesenheit und Abwesenheit über den gesamten Untersuchungszeitraum zu definieren. Die 

Rehwildstrecke, der Rehwilderfassungsindex und die Aktionsräume der Luchse wurden 

miteinander verschnitten, um kurzfristige Auswirkungen des Luchses auf die 
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Rehwildpopulation in den ersten Jahren nach der Wiederansiedlung im Pfälzerwald zu 

untersuchen. Ich konnte keine negativen Auswirkungen der Luchsanwesenheit auf die 

Rehwildpopulation im Pfälzerwald feststellen. Dabei ist zu berücksichtigen, dass die 

Zeitspanne von vier Jahren und die noch geringe Luchspopulationsdichte, vor allem in den 

ersten beiden Jahren, die Ergebnisse maßgeblich beeinflusst haben. Ein auf 10 bis 15 Jahre 

angelegtes Monitoring wäre in der Lage, langfristige Dynamiken, sowohl in der Räuber- als 

auch in der Beutepopulation, aufzuzeigen. 

Um den Einfluss des Prädators auf sein Beutetier bewerten zu können, untersuchte ich die 

Habitatstrukturen, in denen es zur direkten und tödlichen Begegnung des Prädators mit seinem 

Beutetier kam. Im zweiten Kapitel wird auf die Mikrohabitatuntersuchung von 123 

Rehwildrissen, die auf 13 telemetrierte Luchse (6 Weibchen und 7 Männchen) zwischen 2016 

und 2019 zurückzuführen sind, eingegangen. Die Untersuchung dieser Mikrohabitate sollte 

Aufschluss geben, in welchem Habitat Luchse erfolgreich Rehwild erbeuten und in welchem 

Habitat Rehwild erhöhtem Prädationsrisiko ausgesetzt ist. Das Habitat der Rissplätze wurde 

mit dem verfügbaren Habitat (Angebot), repräsentiert durch Zufallsstandorte, und mit dem 

Habitatnutzungsmuster der hier in der Analyse einbezogenen Luchse (GPS-Positionen) 

verglichen. Insgesamt 95% der Rissplätze wiesen Bodenbedeckung auf. Zusätzlich konnte im 

Sommer ein signifikant geringerer Überschirmungsgrad als im Winter festgestellt werden. Die 

Ergebnisse zeigen auch, dass sich ein erhöhtes Prädationsrisiko für Rehe in der Nähe von 

Forststraßen, befestigten öffentlichen Straßen, Grünlandflächen und in niedrigen Höhenlagen 

abbildet. Im Gegensatz dazu wurde ein geringeres Prädationsrisiko für Rehwild in der Nähe 

von menschlichen Siedlungen nachgewiesen. Strukturreiche und komplexe Habitate scheinen 

für eine erfolgreiche Jagd durch den Luchs von Bedeutung zu sein, da diese möglicherweise 

eine erhöhte Begegnungswahrscheinlichkeit und gleichzeitig ein erhöhtes Deckungspotenzial 

zum Anschleichen an die Beute bieten. Darüber hinaus zeigten niedrige Höhenlagen und 

Gefälle (Neigungen) ein höheres Prädationsrisiko für die Beute. Dies könnte möglicherweise 

mit einer höheren Beutedichte in der Nähe von Grünlandflächen zusammenhängen, welche sich 

oft in Tälern oder auf Hochplateaus befinden und daher geringere Gefälle aufweisen. Die 

intensive Nutzung von Forstwegen durch den Luchs im Pfälzerwald, welche möglicherweise 

auf die sehr hohe Wegedichte und die verstärkte Nutzung der Wegrandbereiche durch die 

Beutetiere zurückzuführen ist, resultiert in einem erhöhten Prädationsrisiko für Rehe in näherer 

Umgebung zu diesen linearen Infrastrukturen.  
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Kapitel drei beschreibt die Habitatselektion von 14 wiederangesiedelten Luchsen im 

Pfälzerwald im Zeitraum von 2016 bis 2019 in Abhängigkeit anthropogener Strukturen dar. 

Dazu habe ich die Luchsstandorte mit den Zufallsstandorten und der Tageszeit (Tag gegen 

Nacht), in Abhängigkeit von anthropogenen und umweltbezogenen Variablen, untersucht. 

Forstwege und öffentliche Straßen spielen eine wichtige Rolle bei der Habitatselektion von 

Luchsen im Pfälzerwald, da Luchse vor allem nachts Gebiete in deren Nähe aufsuchen. 

Forstwege stellen, aufgrund ihrer Struktur bezüglich des Lichtregimes, der Vielzahl der 

Pflanzenarten, des Wasserhaushaltes und der Bodennährstoffe im Vergleich zu ihrer 

Umgebung, eine Besonderheit dar, die einerseits für Beutetiere und andererseits für Prädatoren 

von Vorteil sind. Darüber hinaus zeigen meine Ergebnisse, dass Luchse menschliche 

Siedlungen nicht meiden und sich vor allem nachts in deren Nähe aufhalten, da nachts mit einer 

geringeren Begegnungsrate mit Menschen zu rechnen ist. Diese Schlussfolgerungen stimmen 

nicht mit den Ergebnissen aus den Rissplätzen (Kapitel 2) überein, da dort die Analysen durch 

das Verteilungsmuster der Rissplätze beeinflusst wurden und somit auf eine Meidung von 

menschlichen Siedlungen hindeuteten. Dies kann durch die Ergebnisse aus Kapitel 3 widerlegt 

werden. Die Rissplätze wurden untersucht, als die Luchse sich noch im zentralen Teil des 

Pfälzerwaldes ansiedelten, der sich durch eine geringe menschliche Siedlungsdichte 

auszeichnet. Die geografischen Reliefkriterien spielen für den Luchs bei der Auswahl seines 

Habitats ebenfalls eine wichtige Rolle. Nachts wählen Luchse eine geringere Geländerauhigkeit 

(geringere Höhenlage und Hangneigung) und geringere Abstände zu Grünlandflächen als 

tagsüber, was die Ergebnisse aus Kapitel zwei unterstützt. 

Zusammenfassend konzentrierte ich mich in meiner Dissertation auf die Interaktion zwischen 

einem kürzlich zurückgekehrten Prädator und seiner Hauptbeute unter Berücksichtigung des 

Einflusses auf die Populationsdynamik der noch naiven Beutetiere in den ersten vier Jahren der 

Prädatorpräsenz. Darüber hinaus führte ich eine Mikrohabitat-Analyse von Rehwildrissplätzen 

durch, um Habitate, in denen der Luchs erfolgreich jagt und in denen Rehe einem erhöhten 

Prädationsrisiko ausgesetzt ist, zu bestimmen. Außerdem untersuchte ich die Habitatselektion 

von den im Untersuchungsgebiet wiederangesiedelten Luchsen in Bezug auf Tag- und 

Nachtrhythmus zu den angebotenen Habitaten. Die Ergebnisse zeigen, dass die Räuber-Beute-

Dynamik auf einer größeren zeitlichen Skala als vier Jahren stattfindet und dass die 

Habitatselektion der Luchse im Untersuchungsgebiet von der Verfügbarkeit der Beutetiere und 

von der Vermeidung menschlicher Störungen abhängt, indem sie attraktive Jagdhabitate 
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während geringer menschlicher Aktivität nutzen. Am Ende stellt meine Arbeit einen Teil der 

Basis für eine langfristige Erforschung der Räuber-Beute-Dynamik von Luchs und Rehwild im 

Pfälzerwald dar und trägt zu einem besseren Verständnis der Luchsetablierung in unserer 

fragmentierten Landschaft bei. Ebenso können die hier dargelegten Ergebnisse zur 

Verbesserung der Wildtiermanagementpläne beitragen, um somit lebensfähige 

Luchsmetapopulationen innerhalb Europas zu erschaffen und damit die Rückkehr dieses 

Räubers zu ermöglichen. 
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