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populations only survived in northern and eastern Europe 
(Chapron et al. 2014; Lucena-Perez et al. 2020). Moreover, 
while wolves, and to some extent also brown bears, have 
naturally re-colonized parts of their historical range (Boi-
tani and Linnell 2015), lynx exhibit a very conservative dis-
persal behaviour (Zimmermann et al. 2007), which limits 
their prospects of naturally re-colonizing western Europe. 
Consequently, efforts have been made since the 1970s to 
reintroduce lynx to western Europe, mostly by translocating 
individuals from autochthonous populations in east-central 
Europe (Breitenmoser and Breitenmoser-Würsten 2008; 
Linnell et al. 2009; Boitani and Linnell 2015).

Owing to these reintroduction projects, there are now 
several newly established lynx populations in central 
Europe (Chapron et al. 2014). Many of these populations 
have grown to a size where they can be considered demo-
graphically stable. However, these populations have so far 
not expanded significantly beyond the areas of reintroduc-
tion, and remain isolated, both from each other, and from 

Introduction

West-central Europe was home to three species of large 
carnivores: The brown bear (Ursus arctos), the wolf (Canis 
lupus), and the Eurasian lynx (Lynx lynx) (Chapron et al. 
2014). Whereas brown bears and wolves have never com-
pletely disappeared from western Europe, Eurasian lynx 
had been completely extirpated by the beginning of the 20th 
century (Boitani and Linnell 2015). Autochthonous lynx 
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Abstract
To reinforce Eurasian lynx populations in central Europe, 20 lynx from Slovakia and Switzerland were translocated to 
the Palatinate Forest between 2016 and 2020. Using a systematic camera trapping array consisting of 80 camera trapping 
sites in a 1,000 km² study area located in the centre of the approximately 1,800 km² Palatinate Forest, we aim to describe 
the status of the population in the final stages of the reintroduction project in winter and spring 2019/20 and 2020/21. We 
also use our data to provide a first estimate of population density of the newly established population. With an estimate 
of 0.52 independent individuals per 100  km², population density in the Palatinate Forest was still significantly lower 
than the densities of well-established reintroduced populations. The number of independent individuals detected in the 
study area decreased from 15 individuals in 2019/20 to 11 individuals in 2020/21, thus significantly below the number 
of lynx translocated. The low abundance in the Palatinate Forest can be explained by the dispersal of several individu-
als to the Vosges (France), which, together with the Palatinate Forest, form a continuous area of suitable lynx habitat of 
approximately 8,000 km². Our results may thus reflect the status of a young population that can expand over a potentially 
large area. Nevertheless, in light of the low population density, we strongly recommend a synchronized and harmonized 
transboundary monitoring program to keep track of the development of this important Franco-German lynx population. 
In case population density remains low, supportive measures need to be considered.
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autochthonous populations in east-central and eastern 
Europe (Breitenmoser et al. 2021). As a consequence, there 
is no genetic exchange between populations, which has led 
to a significant decline in genetic diversity in many of the 
reintroduced populations (Mueller et al. 2022). To ensure the 
long-term viability of the Eurasian lynx in central Europe, 
further reintroduction projects are required to establish new 
populations in suitable areas, and eventually, to connect the 
so far isolated populations to a central European metapopu-
lation (Bonn Lynx Expert Group 2021).

As part of this metapopulation strategy, a reintroduction 
project was carried out in the Palatinate Forest in southwest 
Germany between 2016 and 2021. The project pursued the 
goal to establish a viable population nucleus in the trans-
boundary UNESCO Biosphere Reserve “Pfälzerwald-
Vosgeses du Nord” (Idelberger et al. 2021). Ultimately, this 
population nucleus should become part of the Upper Rhine 
Metapopulation, spanning from the Palatinate Forest in the 
north, across the Vosgeses (France) and the Black Forest 
(Germany) to the Jura Mountains (France and Switzerland) 
in the south (Krebühl et al. 2021). To reach this goal, a total 
number of 20 lynxes (12 females, 8 males) had been trans-
located from the autochthonous population in the Slovak 
Carpathian Mountains as well as from reintroduced popu-
lations in Switzerland to the Palatinate Forest. All translo-
cated individuals belonged to the phylogenetic lineage of 
the Carpathian lynx (L. l. carpathicus). Upon translocation, 
they were equipped with GPS/ GSM collars to monitor their 
fate and ranging behaviour approximately 1–1.5 years after 
release (Idelberger et al. 2021). Translocations started in 
spring 2016 and continued until spring 2020, when the last 
three individuals were released.

The project started very successfully. A first reproduction 
was already recorded in spring 2017, and in the following 
years a minimum of 2–3 females per year reproduced suc-
cessfully in their new environment (Idelberger et al. 2021). 
Moreover, the project was preceded and accompanied by 
extensive, transboundary activities to involve stakeholders 
and to raise public acceptance for the project (Stiftung Natur 
und Umwelt Rheinland-Pfalz 2021). Despite a few losses 
due to traffic accidents or emigrations from the project area, 
it was thus to be expected that the population nucleus in the 
Palatinate Forest would soon grow in size.

The present study aims to describe the status of the popu-
lation in the last two years of the project in 2020 and 2021, 
i.e. in the year of the last releases, and the year following the 
last releases. We used systematic camera trapping surveys in 
a 1,000 km² study area located in the centre of the approxi-
mately 1,800 km² Palatinate Forest. Our aim was to get a 
comprehensive overview of the number of lynxes present in 
the study area. Specifically, we wanted to know how many 
of the translocated individuals were still present by the end 

of the project, and how many additional individuals were 
added to the population (offspring or immigration). More-
over, we used our data within a spatially explicit capture-
recapture framework (Borchers and Efford 2008; Royle et 
al. 2013) to estimate population density of the Palatinate 
lynx population in the year following the last releases.

Methods

Study area

The Palatinate Forest is located in south-west Germany in the 
German federal state of Rhineland-Palatinate (49.29359 N, 
7.85149 E). It is one of Germany’s largest connected forest 
areas with a size of approximately 1,800 km². The Palati-
nate Forest can roughly be divided into two parts: Whereas 
the northern part is dominated by elongated mountain ridges 
divided by narrow valleys, the southern part, known as Was-
gau, is characterized by soft conical hills and broad, open 
valleys. This latter type of landscape continues southwards 
across the French border into the Vosges du Nord. Further 
south, the Vosges du Nord are connected with the Vosges 
Moyenne and Vosges Hautes (central and high Vosges). 
Together with the Vosges, the Palatinate Forest forms an 
area of suitable lynx habitat of approximately 8,000 km². In 
the north and west, the Palatinate Forest merges into a land-
scape characterized by a mixture of small forest patches and 
agricultural lands. By contrast, the eastern border is formed 
by a sharp transition into agricultural lands dominated by 
vineyards. The highest elevation in the Palatinate Forest is 
673 m.

The area of the Palatinate Forest is almost completely 
covered by forest. Only about 20% of the area consist of 
settlements or are used for agriculture. The forest consists 
mainly of broad leaf or mixed forest dominated by Euro-
pean beech (Fagus sylvatica) and Baltic pine (Pinus sylves-
tris). Even though the forest is used for timber production 
and a variety of recreational activities (e.g., hunting, hiking, 
mountain biking, climbing) it supports a diverse commu-
nity of medium-sized and large mammals, such as roe deer 
(Capreolus capreolus), red deer (Cervus elaphus), wild boar 
(Sus scrofa), European badger (Meles meles), and red fox 
(Vulpes vulpes). Moreover, the Palatinate Forest is one of 
the most important distribution areas of the European wild-
cat (Felis silvestris) in Germany (Steyer et al. 2016).

With an annual mean precipitation of 700–800 mm and 
an annual average temperature from 10 to 11.5  °C (Rhe-
inland-Pfalz Kompetenzzentrum für Klimawandelfolgen 
2023), the Palatinate Forest is characterized by moderately 
cool summers and mild and humid winters.
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Camera trapping

The study area for the camera trapping surveys was located 
in the centre of the Palatinate Forest and comprised an area 
of 1,000 km² (Fig. 1). We divided this area into grid cells 
of 2.5 × 2.5  km length and located a camera trapping site 
in every second cell of this grid (similar to Pesenti and 
Zimmermann 2013; Weingarth et al. 2015; Palmero et al. 
2021). We planned to set up 80 camera trapping sites in each 
year of the study, resulting in eight sites per 100  km². In 
some cases, however, we had to deviate from this schedule, 

usually because the forest area in the designated grid cell 
was too small.

The camera trapping sites were located on forest paths 
or forest roads (dirt or gavel roads used for forest manage-
ment), as this approach has been proven highly success-
ful in previous camera-trapping surveys of lynx in similar 
environments (e.g., Weingarth et al. 2015; Port et al. 2021; 
Palmero et al. 2021). We installed two camera traps per 
station, one at each side of the road or path, to obtain pic-
tures of both flanks of a passing animal. Camera traps were 
secured inside metal boxes, locked with a padlock or cable 
lock, and attached to a tree or a pole approximately 50 cm 

Fig. 1  Map of the study area (red) and the state space used for SCR analyses (orange) plotted against the forest areas of the Palatinate Forest and 
the Vosges
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lynx, they were asked to rate the photo as “uncertain”. An 
image was given an identification code (ID, indicating a yet 
unknown lynx), or was classified as an already known indi-
vidual, if both observers agreed on their assessment of the 
image. Otherwise, the image was discarded from analysis.

The sex of all translocated individuals was known. In 
some cases, other individuals could by sexed based on cam-
era trap images if genitals were clearly visible, or if females 
were photographed together with their kittens. However, the 
sex of some individuals captured during this study could not 
be determined. Voucher photographs of all individuals are 
provided in the online supplementary material (as recom-
mended by Choo et al. 2020).

Estimating abundance

The major aim of this study was to get a comprehensive 
overview of the number of individuals present in the 
Palatinate Forest at the end of the reintroduction project. A 
1,000 km² study area located in the centre of the approxi-
mately 1,800  km² Palatinate Forest should ensure that all 
individuals present had a very good chance to be camera 
trapped over the course of the study. Moreover, the time of 
data collection in winter and spring was chosen in a way 
to maximize detection success (Port et al. 2021) and to be 
able to possibly also capture peripheral individuals (particu-
larly males) during mating season excursions. The number 
of individuals reported in the results section is, therefore, 
first and foremost a description of the minimum number of 
individuals present in the study area.

To get an impression of how successful our survey was in 
detecting all individuals present in the study area, and how 
many individuals we might have missed, we performed an 
abundance estimation using conventional (i.e., non-spatial) 
capture-recapture models (Otis et al. 1978; Chao 2001). 
This estimation was carried out only for the second study 
period in winter 2020/21. The reason is that, at the end of 
the first study period in spring 2020, three individuals were 
still translocated to the Palatinate Forest. In other words, 
translocations were still ongoing, and any newly translo-
cated individual would have to be excluded from analysis. 
The resulting abundance estimation, therefore, would have 
been incomplete and inaccurate. During the second study 
period in winter 2020/21, we restricted the period of data 
analysis to the last 84 days of the survey period between 
25 January and 18 April 2021. This was done to increase 
the likelihood of meeting the assumption of population clo-
sure underlying closed capture-recapture models (see e.g., 
Pesenti and Zimmermann 2013; Weingarth et al. 2015).

Next, we divided the continuous period of data collection 
between 25 January and 18 April into twelve discrete cap-
ture occasions of seven days each. Based on these capture 

above ground. Camera traps were checked every 4–6 weeks 
to replace batteries and SD cards.

We used white-flash cameras of the models Cuddeback 
Attack and C1 (Cuddeback, Green Bay, USA). Delay time 
between successive photographs was set to the shortest time 
frame possible (approximately 1–30 s, depending on camera 
type and time of the day).

In the first year of the study, cameras were set up in 
November 2019, such that all cameras were active from 01 
December 2019. Cameras were taken down from 19 April 
2020 such that cameras operated between 01 December 
and 18 April over an overall period of 139 days. However, 
owing to delayed permissions to set up cameras in some 
forest properties, 18 trapping sites could not be realised in 
the study period 2019/20, reducing the number of operat-
ing trapping sites to 62. As a result, the overall trapping 
effort during the study period 2019/20 was 8,618 trapping 
days (camera trapping sites x number of days cameras were 
installed).

In the second year of the study, cameras were set up 
between mid-November and mid-December 2020, and 
taken down from 19 April 2021. All 80 sites could be real-
ized. 30 sites (37.5%) were sites already used during the 
first survey, the remaining 50 sites were newly selected for 
the second survey. Cameras operated for a total period of 
124 days between 16 December 2020 and 18 April 2021. 
The overall trapping effort was 9,920 trapping days.

Identification and sexing of lynx

As many other striped or spotted felids, Eurasian lynx can 
be identified based on their unique fur pattern (Pesenti and 
Zimmermann 2013; Port et al. 2021; Palmero et al. 2021). 
All camera trap images of lynx were thus compared to 
images of already known individuals. Known individuals 
could either be translocated individuals or known offspring 
of translocated individuals. For all translocated individuals 
images of both body flanks were available. These images 
were taken when the animals were anesthetized for the equip-
ment of the GPS/ GSM collar. Images of known offspring 
were usually available as camera trap images obtained dur-
ing opportunistic camera trapping sessions, usually at lynx 
kills. Images of known offspring were often available from 
only one body flank, but usually, the second body flank of 
these individuals could be complemented when they were 
camera-trapped by both cameras at our sites. The individual 
identification was carried out by two observers indepen-
dently, following a protocol used by Port et al. (2021): Each 
observer was asked independently to rate the lynx shown 
on the image as either an already known individual (trans-
located individual or known offspring) or as a yet unknown 
individual. If observers were unsure about the identity of the 
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probability with increasing distance from the activity centre 
(Borchers and Efford 2008).

We ran four different models: First, we ran a null model 
(M0) in which g0 and σ are assumed to be constant across 
individuals. Next, we ran three finite mixture models 
(Pledger 2000; Borchers and Efford 2008). These models 
assume that the sampled population consists of two (or 
more) latent classes of individuals differing in their detec-
tion parameters (g0 and σ). secr then allocates individuals to 
these latent classes, such that classes with relatively homo-
geneous detection parameters are created. Finite mixture 
models are particularly useful in cases where individuals 
of the sampled population are expected to differ in detec-
tion parameters (for example males and females), but not 
all sampled individuals can be assigned reliably to these 
classes. This is the case in our study, because we were not 
able to determine the sex of all sampled individuals.

The three finite mixture models calculated in our study 
were: model Mg in which g0 was assumed to differ between 
two latent classes of individuals, model Mσ, in which σ was 
assumed to differ between two latent classes of individu-
als, and model Mgσ, in which both g0 and σ were assumed 
to differ between two latent classes of individual. We used 
Akaike’s Information Criterion corrected for small sample 
sizes (AICc) for model selection, and used all models with 
AICc < 5 for model averaging.

In addition to the capture histories, SCR also requires 
information of the state space, which is the area, in which 
the potential activity centres of the individuals detected 
may be located. To determine the state space, we created 
a habitat mask with a spacing of 1000 m between potential 
activity centres, and buffer zones of varying sizes around 
the network of camera stations. Following a procedure pro-
posed by Zimmermann and Foresti (2016), we then sought 
the smallest buffer zone for which the density estimate of 
the null model did no longer change. This was the case with 
a buffer of 15 km, resulting in a state space of 4450 km². 
In the next step, we excluded habitat from this area that we 
deemed unsuitable for lynx. To this end, we excluded all area 
east of the sharp transition zone between the Palatinate For-
est and the agricultural lands of the Rhine valley (see study 
area). The state space contained large parts of the Vosges du 
Nord as well as of the fragmented transition zone north and 
west of the Palatinate Forest, where potential home range 
centres could be located in forest, greenland and meadow 
habitat (habitat layers retrieved from OpenStreetMap). The 
resulting state space had a size of 2357 km² (Fig. 1).

occasions, we then created capture histories for all lynx 
individuals detected during the period of analysis, noting 
whether or not the lynx was detected in a given occasion.

Non-spatial capture-recapture analyses were carried out 
in R (R Core Team 2021) using the package Rcapture (Rivest 
and Baillargeon 2015). Rcapture calculates various models: 
The simplest model (the null model M0) assumes that the 
capture probability is the same for all individuals and cap-
ture occasions. More complex models assume, for example, 
that the capture probability differs across occasions (Mt) or 
between individuals (Mh). We used Akaike’s Information 
Criterion corrected for small sample sizes (AICc) to assess 
the fit of the various models to our data and to select the 
most appropriate model.

Estimating population density

In addition to the analyses described above, we used our 
data to provide a first estimation of population density for 
the newly established population nucleus in the Palatinate 
Forest. We are aware that the time of the survey might not 
be ideal for density estimations, as possible influxes of indi-
viduals during the mating season might bias density esti-
mates. We will come back to this point in the discussion, 
and stress that density estimation was only a secondary goal 
of this study.

For reasons stated in the previous section, density esti-
mations were also restricted to the second study period in 
winter 2020/21. As in the analyses above, the period of data 
analysis was restricted to 84 days between 25 January and 
18 April, and the survey period was divided into twelve cap-
ture occasions of seven days each.

Population density estimation was carried out using 
maximum likelihood-based spatial capture-recapture mod-
els implemented in the R package secr (Efford 2023). In 
addition to the information of the capture histories of the 
non-spatial analyses, capture histories of spatial analyses 
require the information at which trapping sites an individual 
was detected during each occasion. Each line of the capture 
histories thus contained the lynxID, the sampling occasion 
and the trapping site of the detection event. Entries were 
restricted to only one event per individual per sampling 
occasion per trapping site as required by the detector type 
‘proximity’ (Zimmermann and Foresti 2016). In spatial 
capture-recapture (SCR) models detection is modelled as 
a decreasing function of distance between an individual’s 
activity centre (where detection probability is assumed to 
be highest) and the trapping station. Specifically, we used 
a half-normal detection function with intercept g0 and scale 
parameter σ, where g0 gives the detection probability of an 
individual at its activity centre, and σ the decline in capture 
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34 of 80 sites (42.5% of sites). The number of lynx detec-
tions at these 34 sites ranged between one and 12 detections 
(mean ± SD = 3.44 ± 3.04). The distribution of successful 
sites was similar as in the first study period (Fig.  2), yet 
a few detections also occurred in the northern parts of the 
Palatinate Forest.

During the first study period, a total number of 264 
images of lynx were taken. These 264 photos were distrib-
uted across 114 independent detections of lynx. In relation 
to a realized sampling effort of 6,539 effective trap days, 
the detection rate was 1.74 detections per 100 effective trap 
days. During the second study period, 215 images were 
taken in 116 independent detection events. In relation to 
a realized sampling effort of 9,824 effective trap days, the 
detection rate in the second study period declined to 1.18 
detections per 100 effective trap days.

Individual identification of lynx

Individual identification of lynx was possible for 106 of the 
114 detections recorded during the first study period (93%). 

Results

Survey effort and detection success

Owing to technical issues a substantial amount of data was 
lost during the first study period (2019/20). As a result, 
the amount of data available for analyses reduced to 6,539 
effective trap days, which is only 76% of the potential trap 
days (see Methods). During the second study period, four 
cameras were stolen at two sites, but otherwise, at least one 
camera at each site was active at all other 78 sites. The num-
ber of effective trap days in 2020/21 (= number of survey 
days x number of sites, at which at least one camera was 
active) was 9,824 (99% of potential trap days).

During the first study period, at least one lynx was 
detected at 33 of the 62 sites (53.2%). The number of lynx 
detections at the 33 successful sites ranged between one 
and 14 detections (mean ± SD = 3.71 ± 3.48). Successful 
sites were mainly located in the central, western and south-
western parts of the Palatinate Forest (Fig. 2). During the 
second study period, the number of successful sites was 

Fig. 2  Lynx detection frequencies during the first study period 
(2019/20, left panel) and during the second study period (2020/21, 
right panel). Dots depict camera trapping sites at which lynx were 

detected (with the size of the dot indicating detection frequency), 
crosses depict camera trapping sites at which no lynx was detected
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One translocated male (Juri) died of disease during 
the course of the survey. Two translocated females were 
detected with offspring, one female (Mala) with three kit-
tens, the other female (Gaupa) with two kittens. Another 
adult female (Rosa) was regularly detected during our 
survey. However, in none of the nine detection was she 
detected with offspring. Despite successful reproduction in 
2018, we assume, therefore, that this female did not repro-
duce in 2019.

In summary, 15 independent lynx individuals were 
detected in the study area at the end of the first survey: 14 
adult individuals – one fatality + two offspring born in spring 
2019. Five of these individuals were females, six were 
males, and in four cases the sex could not be determined.

In the second study period, a total number of 11 indepen-
dent lynx were detected (Table 1). One of these individuals 
was an offspring of a translocated female (Gaupa) born in 
spring 2020. One other lynx was an unknown individual, 
yet likely this individuals was also a juvenile, presumably 
an offspring not detected in the opportunistic monitoring. 
Hence, in the second study period, we detected nine adult 
individuals in the study area.

Seven individuals detected until the end of the first study 
period could not be detected again during the second study 
period, including three adult males (Brano, Wrano, Palu) 
that were detected regularly during the first survey. Another 
individual, the female Rosa, was also not re-detected during 
the second study period, as she shifted her home range to 

Eight detections had to be discarded from further analy-
ses, either because one observer or both observers rated 
the image as “uncertain”. Uncertain images were usually 
either blurry, or contained only few body parts insufficient 
for individual identification. For data collected during the 
second study period, individual identification was possible 
for 112 of 116 detections (96.6%). Four detections had to 
be discarded from analyses because both observers rated 
the images as “uncertain”. Agreement between observers 
was very high, and it is worth mentioning that, in no case, 
observers assigned images to different individuals. In other 
words, when observers disagreed, one observer attempted 
an identification whereas the other observer rated the image 
as “uncertain” (leading to the exclusion of the image).

Number and identity of lynx

In the first study period, a total number of 16 independent 
lynx were detected (Table  1). However, two individuals 
(Pip and Twik) were juvenile lynx first detected without 
their mother towards the end of the study period (Table 1). 
The number of adult or subadult lynx (> 1 year) was thus 14 
individuals. Nine of these 14 individuals were translocated 
individuals (two of them were translocated in spring 2020, 
shortly before the end of the survey), and five were known 
offspring of translocated females born in 2017 and 2018. In 
other words, no individual was detected that was not already 
known to the project through opportunistic monitoring.

Table 1  List of all lynx detected in the Palatinate Forest in the years 2019/2020 and 2020/2021
Name or ID Sex Detections

2019/20
Detections
2020/21

Origin Fate

Alfi m 15 22 Transocated 2018 (Slovakia) In study area (spring 2021)
Brano m 11 0 Translocated 2019 (Slovakia) Dispersed (Vosges)2

Fifo ? 1 3 Offspring of Rosa (bon 2018) In study area until spring 2021, then dispersed (Vosges)2

Filou m 15 23 Offspring of Kaja1 (born 2017) In study area (spring 2021)
Fran ? 1 4 Offspring of Rosa (born 2018) In study area until spring 2021, then dispersed (Vosges)2

Gaupa w 2 2 Translocated 2019 (Switzerland) In study area (spring 2021)
Isis w 2 10 Transocated 2020 (Switzerland) In study area (spring 2021)
Juri m 14 0 Translocated 2018 (Switzerland) Died of disease, Feb. 2020
Libre m 0 17 Translocated 2019 (Switzerland) In study area (spring 2021)
Mala w 5 2 Translocated 2019 (Switzerland) In study area (spring 2021)
Palu m 5 0 Offspring of Kaja1 (born 2017) Unknown
Pip ? 5 0 Offspring of Mala (born 2019) Unknown
Rosa w 9 0 Translocated 2017 (Switzerland) Dispersed to west of study area
Rumo m 4 26 Offspring of Rosa (born 2018) In study area (spring 2021)
Tarda w 1 0 Translocated 2020 (Switzerland) Dispersed to north of Palatinate Forest3

Twik ? 1 0 Offspring of Mala (born 2019) Unknown
Wrano m 15 0 Translocated 2018 (Slovakia) Unknown

? 0 2 Offspring of Gaupa (born 2020) In study area (spring 2021)
Unknown ? 0 1 Unknown, presum. juv. born 2020 In study area (spring 2021)
Summe 106 112
1 Kaja was one of the first individuals released in the Palatinate Forest. She was translocated from Slovakia in spring 2016. She was not detected 
during the present study. 2 Morelle et al. 2021. 3 Revealed by GPS data (Stiftung Natur und Umwelt Rheinland-Pfalz, unpublished data)
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allowing for different capture probabilities between indi-
viduals. This model had a coefficient of variation (CV) of 
0.02, indicating very high precession. These results make us 
confident that there was likely no lynx present in the study 
area that was not detected by our cameras.

Estimation of population density

For reasons described above, density estimations using SCR 
models were performed using capture histories of only the 
nine adult individuals detected in the second study period. 
Density estimates ranged between 0.52 and 0.55 individuals 
per 100 km², dependent on the model (Table 3). The most 
appropriate model (according to AICc) was model M0, yet 
density estimations did not differ greatly between models 
(Table 3). All finite mixture models had AICc values sub-
stantially below model M0. In other words, the higher num-
ber of parameters used by these models did not provide a 
substantially better fit of the models. Population density of 
the most appropriate model (M0) was 0.52 individuals per 
100 km². Owing to the higher complexity of SCR models 
(compared to conventional CR models), standard errors 
and 95% confidence intervals were larger in all models 
(Table 3). The CV of the most appropriate model was 0.34, 
indicating at best moderate precision.

Discussion

We used systematic camera trapping surveys to describe and 
estimate the number of lynx present in the last two years 
of a lynx reintroduction project in the Palatinate Forest in 
south-west Germany. To our knowledge, our study is the 
first to provide a systematic estimation of lynx abundance 
directly after the termination of a reintroduction project. 

just outside the study area at the western edge of the Palati-
nate Forest.

One translocated male (Libre) was not detected during 
the first survey, but was detected regularly in the southern 
parts of the study area in the second survey. This male had 
a transboundary home range mostly restricted to the Vosges 
du Nord in 2019/20 but extended northwards in 2020/21.

In summary, 11 independent lynx individuals were 
detected in the study area at the end of the second survey 
period. Four of these individuals (36.4%) were lynx trans-
located to the Palatinate Forest. Three individuals were 
females, four individuals were males. The sex of the remain-
ing four individuals could not be determined. None of the 
three females was detected with offspring. However, two 
females were detected only twice, leaving a high chance 
that potential offspring might have been missed.

Abundance estimation

To get an impression of how successful our survey was to 
detect all lynx in the study area and how many lynx we 
might have missed, we performed an abundance estimation 
using conventional (non-spatial) capture-recapture tech-
niques. This estimation was carried out for the second study 
period only (see Methods). Moreover, we excluded the two 
(supposedly) juvenile individuals from the analyses, as they 
likely reached independence during the survey, and includ-
ing them would have violated the assumption of a demo-
graphically closed population. Our analyses thus included 
nine adult individuals.

Virtually all models estimated an abundance of exactly 
nine individuals (Table  2). Standard errors of all models 
were low and the 95% confidence intervals narrow (with 
an upper 95% CI between 9.5 and 9.7 individuals). Accord-
ing to AICc, the most suitable model was Mh, the model 

Table 2  Abundance estimates for the second study period (2020/21). Abbreviations: SE = standard error of the abundance estimate; 95% CI = 95% 
confidence interval; AICc = Akaike’s Information Criterion (corrected for small sample sizes); AICw= Akaike weight (Wagenmakers and Farell 
2004), p = average detection probability
Model Est. Abundance SE 95% CI AICc AICw p
M0 9 0.1 9–9.6 108.7 0.28 0.4
Mt 9 0.1 9–9.5 115.26 0.01 0.39
Mh 9 0.2 9–9.7 110.66 0.38 0.4
Mth 9 0.2 9–9.7 117.26 0.06 0.35
Mb 9.2 0.5 N.A. 110.4 0.27 0.44

Table 3  Population density estimates for the second study period (2020/21). Abbreviations: SE = standard error of the abundance estimate; 95% 
CI = 95% confidence interval; AICc = Akaike’s Information Criterion (corrected for small sample sizes); AICw= Akaike weight (Wagenmakers and 
Farell 2004), p = average detection probability
Model Density SE 95% CI AICc AICw g0 σ [m]
M0 0.52 0.18 0.27–1.01 330.86 1 0.1 5044
Mσ 0.55 0.19 0.28–1.06 340.98 0 0.11 3369 5675
Mg 0.54 0.19 0.27–1.04 348.74 0 0.06 0.12 5675
Mgσ 0.53 0.18 0.27–1.03 363.11 0 0.08 0.18 3178 6377
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In fact, one of these males (Brano) was later detected in the 
Vosges (Morelle et al. 2021).

In light of the above discussion, the decline in lynx abun-
dance over the course of this study, even to levels signifi-
cantly lower than the number of translocated lynx, is not 
as alarming as it might seem at first glance. It might reflect 
the status of a still young population that can expand over a 
potentially large area.

Nevertheless, an estimated population density of 0.52 
individuals per 100 km² can certainly be considered low and 
falls markedly below the levels of established reintroduced 
populations (Pesenti and Zimmermann 2013; Middelhoff 
and Anders 2018; Palmero et al. 2021). For example, using 
a similar computational approach as we did, Palmero et 
al. (2021) estimated lynx densities between 1.09 and 2.35 
individuals per 100 km² for the Bohemian-Bavarian popula-
tion in the years 2009–2018. In the Dinaric Mountains of 
Slovenia and Croatia densities are lower than in the Bohe-
mian-Bavarian Forest, but still higher than in the Palatinate 
Forest (0.83 individuals per 100 km², Fležar et al. 2023). In 
the autochthonous population of the western Carpathians, 
lynx densities range between 0.59 and 1.86 individuals per 
100 km² in three study sites in central areas of the western 
Carpathians (Kubala et al. 2017; Dulà et al. 2021). Interest-
ingly, however, in two sites in more peripheral areas of the 
western Carpathians, densities between only 0.26 and 1.08 
individuals per 100 km² were estimated (Kubala et al. 2017; 
Dulà et al. 2021). Likewise, in the French Jura Mountains, 
lynx densities are also comparatively low, ranging between 
0.24 and 0.91 individuals per 100 km² in three study areas 
between 2012 and 2015 (Gimenez et al. 2019). These 
results are in line with a commonly observed trend that in 
many animal populations, abundance is lower in peripheral 
regions than in central areas of the distribution range (Mar-
tinez-Meyer et al. 2013, Pironon et al. 2017; see also Dulà 
et al. 2021). This trend may also explain why population 
density is currently still low in the Palatinate Forest (and 
may remain low in the future).

We believe there are at least two lessons learnt from this 
study: The first lesson is of general nature and emphasizes 
the need for a careful post-release monitoring. The low 
number of individuals detected at the end of the reintroduc-
tion project in the Palatinate Forest makes clear that any 
reintroduction project is not terminated in the moment the 
last individuals are released into the wild. Any reintroduc-
tion project should rather be followed by a tight monitor-
ing program in which the status of the new population is 
assessed repeatedly, ideally over a period of several years 
post release.

The second lesson is more specific to the Vosges-Palat-
inate population: Given the potentially large distribution 
area, it is evident that a systematic population assessment 

The number of lynx present in the 1,000 km² study area in 
the centre of the approximately 1,800 km² Palatinate Forest 
declined from 15 independent individuals at the end of the 
first survey in spring 2020 to only 11 independent individu-
als at the end of the second survey in spring 2021. Given 
that 20 lynx had been translocated to the Palatinate Forest, 
and that several lynx reproduced successfully in their new 
environment, lynx abundance at the end of the project is 
surprisingly low. This finding, therefore, warrants a closer 
examination and explanation.

Even though the study area of 1,000 km² represents much 
of the total area of the Palatinate Forest (Fig. 1), there were at 
least two additional lynx (the females Rosa and Tarda) pres-
ent outside the study area in the periphery of the forest (Idel-
berger, pers. communication, Stiftung Natur und Umwelt 
Rheinland-Pfalz  2023). Their home ranges extended into 
the fragmented forest areas west and north of the Palatinate 
Forest. Even though these individuals were not detected in 
our study area, they were part of the Palatinate lynx popula-
tion, increasing the number of individuals at the end of the 
second survey to at least 13. In addition, we cannot exclude 
the possibility that there were even more individuals living 
in the fragmented forest areas outside the Palatinate Forest.

Moreover, there are vast areas of suitable lynx habitat 
south of the Palatinate Forest, where the Palatinate For-
est continues into the low mountain range of the Vosges 
(France). Together with the Palatinate Forest, the Vosges 
offer an area of connected lynx habitat of approximately 
8,000 km² (Fig. 1). The lynx translocated to the Palatinate 
Forest, therefore, had a very large area over which they 
could distribute themselves. In fact, opportunistic monitor-
ing data from the Vosges showed, that until spring 2021 at 
least four additional individuals were present in the Vosges 
that originated from the Palatinate Forest, three of them 
being lynx translocated to the Palatinate Forest, one being 
an offspring born in the Palatinate Forest in spring 2018 
(Morelle at al. 2021). These individuals are not lost from 
the Palatinate population, but form part of a transboundary 
Franco-German lynx population.

Because the Palatinate Forest represents the northern 
part of a large area of lynx habitat, it was to be expected 
that not all lynx would remain in the Palatinate Forest. The 
large home ranges of lynx (100–200 km² for females, 200–
300 km² for males in central Europe, Herfindal et al. 2005) 
and their territorial behaviour sets a natural upper limit 
on the number of individuals that can live in an area. For 
example, it is possible that the four males detected regularly 
during the second survey (Alfi, Filou, Libre, Rumo) divided 
much of the 1,000 km² study area among themselves with 
little space available for additional males. The disappear-
ance of three other males (Brano, Palu, Wrano) could thus 
be a result of a replacement through more dominant males. 
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