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Abstract
Large carnivores have made a successful comeback across human-dominated landscapes in Central Europe. The Eurasian 
lynx, for instance, has been actively reintroduced in different regions. Genetic diversity is quickly eroding in these isolated, 
small populations, questioning the long-term success of lynx reintroductions. To track population development and genetic 
diversity in a reintroduced lynx population, we used microsatellite analysis and mtDNA haplotyping based on 379 samples 
collected during the initial 15 year period of lynx reintroduction in the Harz mountains National Park, Germany. The Harz 
lynx population shows higher genetic diversity relative to other lynx reintroductions, due to initial cross-breeding of divergent 
captive source lineages and a comparably high founder size. While the population shows significant population growth and 
spread into adjacent regions, genetic diversity is continiously declining. Expected heterozygosity values dropped from 0.63 
after reintroduction (2006/2007) to 0.55 within a 10 year period. Despite this, the Harz lynx population is currently a viable 
component to an envisioned lynx metapopulation spanning across Central Europe. The ongoing genetic erosion in the Harz 
population along with a lack of geneflow from adjacent populations indicates that such connectivity is urgently needed to 
ensure long-term population persistence.
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Introduction

Large carnivores, such as wolves and lynx, are currently 
expanding their ranges across Central and Western Europe 
(Chapron et al. 2014). This process of de-extinction is gen-
erally considered beneficial to restore biodiversity as native 
top-level predators have overall-positive effects on ecosys-
tem function and health (Ripple et al. 2014; Schmitz et al. 
2010). In contrast to wolves, Eurasian lynx (Lynx lynx) have 
been actively reintroduced in Central Europe in the frame 
of several reintroduction projects. Between 1971 and 2018, 
16 reintroductions of lynx have been attempted across Cen-
tral Europe (Linnell et al. 2009). These reintroductions were 
widely unsuccessful; establishment occurred in only five 
areas, while the long-term fate remains unknown for multi-
ple reintroductions due to lack of sufficient information post 
release (Linnell et al. 2009).

The low success rates in lynx reintroductions stems 
from extremely small founder sizes, which leads to 
inbreeding and low genetic diversity. In fact, all genetically 
investigated reintroduced populations show inbreeding 
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and loss of genetic diversity (Breitenmoser-Würsten and 
Obexer-Ruff 2003; Bull et al. 2016). Additionally, most 
reintroduction attempts used individuals from one source 
population. Another major driver of this low success rate 
is reintroduced populations remain isolated from other 
Eurasian lynx populations (Kramer-Schadt et al. 2004, 
2005). This isolation is a major threat to the long-term 
viability of reintroduced lynx populations (Molinari-
Jobin et al. 2010). While there is considerable data on 
the genetic structure of autochtonous lynx populations in 
Europe including phylogeographic assessments (Gugolz 
et al. 2008; Ratkiewicz et al. 2012; Sindičić et al. 2013a; 
Rodríguez-Varela et al. 2016), Europe-wide population 
characterization (Rueness et al. 2014; Ratkiewicz et al. 
2014; Schmidt et al. 2011), fine-scale population struc-
ture (Sindičić et al. 2013a; Bagrade et al. 2016; Schmidt 
et al. 2016; Holmala et al. 2018) and non-invasive genetic 
monitoring (Davoli et al. 2013; Krojerová-Prokešová et al. 
2018; Hollerbach et al. 2018), such genetic assessment of 
reintroduced lynx populations is sparse (Bull et al. 2016).

One reason for the absence of scientific data regarding 
reintroduction projects is obtaining samples for standardized 
genetic population monitoring is notoriously difficult for this 
species (Schmidt and Kowalczyk 2006; de Barba et al. 2010; 
La Haye et al. 2017). Hair sampling was successfully car-
ried out by Schmidt et al. (2016) however, this approach 
did not prove successful in regions with less information on 
individual movements and marking sites. This is somewhat 
unfortunate, as genetic factors play an important role in the 
long term-viability and reintroduction success in small iso-
lated populations. Thus, measuring and evaluating genetic 
diversity over time is vital to develop optimized strategies 
for long-term population management (Boitani et al. 2015).

Here we present a multiple-year genetic assessment of a 
reintroduced lynx population in the Harz Mountains (HM) 
in Central Germany. Official reintroduction of the Eurasian 
lynx in the HM started in 2000. The long term success of 
this reintroduction was initially regarded with skepticism 
(von Arx et al. 2009; Kramer-Schadt et al. 2005). In contrast 
to former reintroductions, where mostly wild caught lynx 
from Carpathian origin were used, lynx released in the HM 
originated from zoos and wildlife parks.

In this study we aim to describe the (i) population spread, 
(ii) genetic structure and diversity through time, (iii) pedi-
gree of the wild population since reintroduction and (iv) 
effect of founder size on genetic diversity. We discuss these 
issues in respect of the captive origin of this population in 
contrast to other reintroduced lynx populations with found-
ers of wild-caught origin. Understanding the success of 
lynx reintroductions originating from captivity has impor-
tant implications for the design of future reintroductions, 
ultimately with the goal of creating a viable connected lynx 
metapopulation throughout Europe.

Study area

The study region consists of the Harz lynx population 
(HLP) range comprising parts of four federal states; Lower 
Saxony (NI), Saxony-Anhalt (ST), Thuringia (TH) and 
Hesse (HE). Additionally single dispersing individuals 
have been sampled in North Rhine-Westphalia (NW) and 
Bavaria (BY) (Fig. 1). The core of the current distribution 
is the HM where the reintroductions occurred. The HM is 
a low-mountain region in central Germany ranging up to 
1141 m. Approximately ten percent of the 2200 km2 area is 
protected under the status of a National Park (IUCN, cate-
gory II). Lynx were absent in the region for more than 200 
years until reintroduction occurred (Anders pers. com). 
Between 2000 and 2006, 24 lynx originating from German 
and Swedish zoos and wildlife parks were released within 
the National Park (9 males, 15 females) (Table S1 and 
Fig. 2). Additionally, at least ten lynx escaped from wild-
life parks or were illegally released. Four of those animals 
were recaptured due to their habituation to humans. The 
first evidence of reproduction in the wild was reported in 
2002 (Anders and Sacher 2005).

Methods

Monitoring activities

The HLP is monitored through the collection of proven and 
unproven lynx indications and camera traps. The intensity 
of monitoring has increased over time due to the greater 
availability of resources for such activities (Anders 2013; 
Anders and Sacher 2005; Anders and Middelhoff 2016a, 
b). Staff of the Harz National Park were responsible for the 
monitoring in NI and ST. Governmental agencies moni-
tor the lynx in TH, HE, NW, and BY. Lynx reproduction 
occurred in HE between 2010 and 2015; NW and BY show 
evidence of single individuals of Harz origin (Anders pers. 
com). All lynx observations are classified using the Status 
and Conservation of the Alpine Lynx Population (SCALP) 
framework (Molinari-Jobin 2003) as adopted by the Ger-
man monitoring authorities in 2009 (Kaczensky et  al. 
2009; Reinhardt et al. 2015). We considered three SCALP 
classes of records: C1 records (confirmed data e.g. geo-
referenced pictures, dead lynx and genetic detections) to 
assess lynx distribution over time. C2 (confirmed data, e.g. 
prey remains confirmed by experts) and C3 (unconfirmed 
data, e.g. sightings) were recorded but not considered in 
the dataset as the rate of false positives can lead to biased 
conclusions (Molinari-Jobin et al. 2012).
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Telemetry was implemented in the HM in 2008. Sev-
enteen lynx were equipped with collars until 2016. Sys-
tematic camera trapping was tested in 2012 and routinely 
implemented in 2014 (Anders and Middelhoff 2016a, b, 
Port unpubl.). To estimate lynx spatial spread, we used 10 
km × 10 km grid cells (EEA reference Grid) and overlaid 
all cells with C1 evidence from 2000 to 2016. Evidence of 
known migratory individuals was excluded from the map.

Genetic sample collection

Between 2001 and 2016, 379 genetic samples were oppor-
tunistically collected alongside standard monitoring in the 
study area (Table S2). In total, 41 tissue, 66 blood, 118 hair, 
45 scat, and 109 saliva samples were collected. Tissue and 
scat samples were transferred to 96% ethanol. Hair samples 
were stored wrapped in filter papers with silica gel. Saliva 
traces were sampled with cotton swabs from carcasses and 
stored dry at room temperature (Harms et al. 2015).

DNA extraction

DNA from blood and tissue was isolated using the QIA-
GEN Blood and Tissue Kit following the manufacturer’s 
protocols. Tissue extracts were diluted to 10 ng/µl. Isola-
tion of DNA from hair, saliva, and scat was carried out in 
a separate laboratory for noninvasive samples using the 
QIAGEN Investigator Kit and the QIAamp DNA Stool Kit, 

respectively. Hair and saliva were eluted twice with 40 μl 
each; elution volume of scat samples was 120 μl.

Mitochondrial DNA analysis

Two sequence fragments targeting the control region of 
mitochondrial DNA were used for species identification 
and haplotyping. Primers L16782 and H16922 (Gugolz 
et al. 2008) or primers Lynxfwd4 and Lynxrev5 (Buhrm-
ester 2014) amplified a 180 bp fragment or a 248 bp frag-
ment, respectively. The latter primer is lynx specific and 
designed for samples of low DNA concentration. Ampli-
fication was carried out by real-time PCR with a reaction 
volume of 10 μl. GENEIOUS 8.1 (Biomatters Limited) was 
used for sequence alignment and sequences were assigned 
to haplotypes described by Hellborg et al. 2002) and Gugolz 
et al. 2008)

Microsatellite genotyping

A microsatellite marker set of 19 loci and 2 sex mark-
ers were used (Table S3). The markers were derived from 
sets originally developed for domestic cat, Felis catus 
(Menotti-Raymond et  al. 1999, 2005), Canadian lynx, 
Lynx canadensis (Carmichael et al. 2000) and Sumatran 
tiger, Panthera tigris sumatrae (Williamson et al. 2002). 
Each sample was run with a minimum of three replicates 
in 5 μl or 10 μl reaction volume using the Multiplex PCR 

Fig. 1   a Lynx distribution according to Chapron et  al. (2014) with 
additional data from the HLP added according to the monitoring year 
2010/2011. Dark blue indicates permanent occurrence and light blue 
indicates sporadic occurrence. b The occurance of C1 evidence of 

lynx within the study area between 2000 and 2016. The color repre-
sents the year of first appearance. The number indicates the number 
of years the species was detected. c Map of the 295 genetically con-
firmed lynx samples



580	 Conservation Genetics (2020) 21:577–587

1 3

Mastermix (QIAGEN), with a negative control. Frag-
ment analysis was performed on a 3730xl DNA Ana-
lyzer (Applied Biosystems). Consensus genotypes were 
derived using a custom R script based on the algorithms 
used in GIMLET 3.3 (Valière 2002) with a maximum of 
three mismatching loci accepted to assign a sample to the 

same individual. The customized script also takes gender, 
haplotype, sampling date and location into account. Sam-
ples between 2000 and 2015 were first run with 14 loci 
(Table S3) and later on the 19 loci set; in these cases we 
used results from both sets to create consensus genotypes 
of 19 loci. Therefore, estimation of sample quality and 
genotyping errors was carried out on both the 14 loci and 
19 loci set.

Amplification success, allelic dropout (ADO), and false 
allele (FA) calculations were carried out based on the total 
replicates for each individual and the corresponding con-
sensus genotype. Samples with < 25% amplification across 
all replicates were excluded.

Population assignment

Population ancestry of sampled individuals was analyzed 
using discriminant analysis of principal components 
(DAPC) implemented in the adegenet package (Jombart 
2008) using R and STRU​CTU​RE (Pritchard et al. 2000). 
We included 27 individuals from zoos, 10 sampled found-
ers and 105 genotypes originating from the HLP. DAPC 
assumed seven clusters and retained the first six PCA axes, 
estimated by the optim.a.score and find.clusters function, 
which predicts the optimal number of principal compo-
nents and clusters, respectively.

STRU​CTU​RE was executed using the admixture model 
with correlated allele frequencies. K ranged from one to 
eight using a burn-in of 500,000 runs, following 500,000 
MCMC runs. STRU​CTU​RE runs were repeated 10 times 
for each K and CLUMPP 1.1.2 (Jakobsson and Rosenberg 
2007) was used to match runs. The most likely number of 
clusters was investigated using the method described by 
Evanno et al. (2005) and implemented in STRU​CTU​RE 
HARVESTER (Earl and vonHoldt 2012).

Genetic diversity through time and generations

Standard measures of genetic diversity including number of 
alleles (Na), observed (Ho) and unbiased expected heterozy-
gosity (He) were calculated with GENALEX 6.5 (default 
settings) (Peakall and Smouse 2006) using the same groups 
defined for population assignment methods. In addition, each 
monitoring year (May 1st–April 30th) was considered as a 
distinct group in order to assess the development of the lynx 
population over time. Genetic diversity was also estimated 
for all sampled offspring born each monitoring year. Private 
alleles in all groups were evaluated using GENALEX 6.5 
(Peakall and Smouse 2006).

Fig. 2   Temporal spread of lynx observations over 16 monitor-
ing years (May–April). The top panel refers to the spatial spread of 
the newly founded lynx population. C1 observations refers to the 
SCALP criteria of confirmed sighting in NI, ST, HE, TH, NW and 
BY. The study area was divided into 10 × 10 km squares and number 
of squares occupied in each monitoring each calculated. The middle 
panel shows the number of genetic samples collected during the study 
period, showing the relationship between number of samples col-
lected and number of confirmed unique indviduals. The bottom panel 
shows the type and duration of monitoring activity, with the numbers 
reporting the released individuals between 2000 and 2006
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Parentage analysis and analysis of pedigree

Parentage estimation was conducted with COLONY 2.0 
(Jones and Wang 2010; Wang 2004) allowing inbreeding 
with long run length, full-likelihood method with high pre-
cision, update of allele frequency and complexity prior. We 
used polygamy as the mating system to not exclude rare 
instances of polyandrous litters (Lucena-Perez et al. 2018). 
We included the prior error rates for each locus and allelic 
frequencies. Parent–offspring associations were tested in 
a stepwise approach for each monitoring year to account 
for known changes to the population, including confirmed 
births, deaths, and recapture events. As no total population 
estimates were given from year to year, probability of parent 
to be sampled based on initial population size and ratio of 
known individuals to the whole population was set to 0.2 for 
mothers and fathers.

For each monitoring year, we determined the set of can-
didate parents based on known adults (> 3 years). For six 
individuals, age was not determined from traditional moni-
toring and were included as candidate parents since the first 
year these individuals were sampled. Information on known 
sibling relationships (e.g. juveniles photographed together), 
parent-offspring relationships (e.g. mother photographed 
with offspring) and exclusion of parent relationships (e.g. 
mismatched haplotypes or death) was included a priori.

No threshold was set for assigning a parent–offspring 
relationship as the output was compared with monitoring 
data to refine the relationships defined by COLONY 2.0. 
Parent pairs were compared for compatible territories and 
known sitings of parental individuals. When no candidate 
parents were assigned to offspring in a target year, we sam-
pled the parental genotypes inferred by COLONY 2.0. 
These unsampled individuals were considered in the fol-
lowing years. The derived pedigree was used to calculate 
inbreeding, kinship and estimate the number of generations 
with the R package pedigree and kinship2. The pedigree of 
reproducing individuals was visualized using the pedigree 
tool provided by Progeny Genetics (https​://www.proge​nygen​
etics​.com/onlin​e-pedig​ree/).

Founder size

Five out of 24 released animals died early or were removed 
from the population shortly after reintroduction (Anders, 
pers. communication), leaving 19 potential founders. For 10 
of them (eight females and two males) genetic samples were 
available (Table S1). To estimate the number of founder 
individuals in the HLP, results from the parentage analysis, 
occurrence of private alleles and mitochondrial haplotypes 
were considered. We also ran ML-Relate to determine the 
degree of relatedness between sampled founders.

Results

Sample collection and species determination

Blood and tissue samples showed very high amplification 
and low ADO (0.08, 0.02) and FA (0.02, 0.02). Of the non-
invasive samples, hairs showed the highest rate of assigment 
to lynx (83%), followed by scats (73%) and saliva traces 
from prey remains (53%). Hair samples showed the lowest 
ADO among the noninvasively collected samples (0.16), fol-
lowed by scat samples (0.19). Lowest amplification (0.78) 
and highest ADO (0.29) were found in saliva traces. FA rates 
were lowest for saliva (0.03) with the highest rate (0.10) 
found in scat samples (Table S2). Genotypes for all individu-
als can be found in Table S6.

Haplotype frequencies

The group of 10 sampled founders showed five haplotypes: 
L1, L2, L4, L6, L7 (Table S1). Three of those haplotypes 
were identified in 96 successfully analysed wild individuals 
(n = 105), with L1 found in 3, L4 in 84, and L6 in 9 individu-
als (Table S6).

Population assignment

Bayesian assignment implemented in STRU​CTU​RE sepa-
rated Harz individuals from sampled founders, captive lynx, 
and the BBA population. STRU​CTU​RE HARVESTER indi-
cated K = 2 as the likely number of clusters. Lynx individu-
als from zoos and sampled founders formed one cluster, and 
the individuals from the BBA population formed another 

Fig. 3   STRU​CTU​RE plots where each bar represents one  individ-
ual. Most likely clusters K = 2 as indicated by STRU​CTU​RE HAR-
VESTER. Lynx from the Harz (W) were assigned to a distinct cluster 
separated from zoo (Z), founder (F), and individuals from Baden-
Wurtenberg, Bohemian-Bavarian and Rhineland Pfalz reintroductions 
(BW/BB/RLP)

https://www.progenygenetics.com/online-pedigree/
https://www.progenygenetics.com/online-pedigree/
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distinct cluster. With a K = 4, the HLP formed two clusters 
(Fig. 3). These population subdivisions were largely con-
firmed by DAPC analysis (Fig. S1).

Genetic diversity through time

Between 2 and 14 alleles were found among the genotyped 
loci, a mean of 7.47 alleles per locus across all samples. 
When corrected for sample size, the HLP (3.32) showed 
lower average allele numbers than zoo (4.82) and founder 
(4.46) individuals. In contrast, observed and expected het-
erozygosity are comparable in zoo, founders, and the HLP, 
while considerably lower in BBA population (Table S4). 
Both the effective number of alleles and expected heterozy-
gosity show a continuous decline over time (Fig. 4a, b). For 
observed heterozygosity, values initially rose and then show 
a similar decline. This pattern becomes stronger when con-
sidering generation sequence (only juveniles considered; 
Fig. 4a).

Parentage and cohorts

Analysis of relatedness using COLONY as well as addi-
tional data from field monitoring allowed to reconstruct a 
partial pedigree of the HLP, with the fifth generation of lynx 
confirmed in 2015/2016 (Fig. 5). COLONY estimated 16 
sampled females and 9 sampled males as having reproduced 
in the HLP and the average assignment probability of par-
ent pairs was 0.88 ± 0.22. Additional unsampled individuals 
were identified by COLONY as having contributed to the 
pedigree. We also considered known offspring and territories 
based on available field monitoring data to refine COLONY 
results. This resulted in a total of 43 individuals forming 
the final pedigree (Fig. 5) Twenty-two lynx were identified 
as influential breeding individuals, of which 5 have died or 
been taken out of the wild. Analysis of the partial pedigree 
revealed an average inbreeding rate of 0.01 ± 0.03 and mean 
kinship of 0.03 ± 0.02. Cases of two identified inbreeding 
events occurred in the first generations.

Founder size

Three reintroduced females (LL018, LL037, LL006) were 
confirmed to have offspring by camera traps during field 
monitoring and re-affirmed through COLONY. These 
confirmed females carried haplotypes L4 and L6. The 
seven remaining sampled founders were not assigned by 
COLONY to any sampled offspring. Two offspring of a 
putative fourth female (UF01 in the pedigree) were found 
to carry haplotype L1. At locus FCA026, eight alleles 

were detected which are not present in the three confirmed 
founder females. Founders were also analysed in ML-
Relate which found 2 sets of known siblings (Table S5). 
One set includes LL006, LL0036w, and LL0037w, which 
all orginate from Wildpark Neuhaus and share haplotype 
L4. LL0030m is a full sibling with LL0031w originating 
from Wildpark Edersee with haplotype L7. LL031w died 
in 2004, and the haplotype 7 has not been found in the 
HLP. LL006w and LL0037 are known to have reproduced 
and LL006w died in 2008.

Fig. 4   Genetic diversity in the reintroduced Harz lynx population 
over time (2000–2016). a observed heterozygosity (Ho) and expected 
heterozygosity (He) by year. b number of alleles (Na) and number of 
effective alleles (Ne) for each year. In both, dashed lines show values 
from juveniles confirmed or estimated to have been born within the 
monitoring year. Solid lines represent values from the entire popula-
tion. Note that the first unit on the x axis represents the time span of 
reintroduction over multiple years
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Discussion

The HLP has been monitored consecutively over the last 
15 years using both traditional field methods and genetic 
analyses to track population size, demographic expansion 
and genetic diversity over time, with the ultimate goal to 
draw conclusions concerning the current status and likely 
future development of this reintroduced population.

The reintroduction of lynx from captivity in the HM ini-
tially received considerable concern. For instance, it was 
questioned if animals from captivity could survive in the 
wild and form a new population (Wotschikowsky et  al. 
2001). There was also some degree of uncertainty regard-
ing the genetic origin of the released lynx, thus increasing 
the risk of inbred individuals (Laikre 1999), hybrids between 
subspecies (von Arx et al. 2009) or outbreeding depression 
(Huff et al. 2011) in the established population. In addi-
tion, there was apprehension about the successful dispersal 
across anthropogenic barriers to connect with other popula-
tions, which would maintain genetic diversity and ensure 
long-term viability (Kramer-Schadt et al. 2005). Our data 
show that despite the multiple concerns, lynx have spread 
over the past 15 years and form an expanding population 
with a decreasing level of genetic diversity. Given the 
number of failed reintroduction attempts across Europe, 

the reconstruction and scientific analysis of the population 
growth of the reintroduced HLP is of considerable impor-
tance to guide future reintroduction attempts and work 
towards a long-term viable lynx metapopulation spreading 
across Europe.

Population growth and expansion

Our results support that since the release between 2000 and 
2006, the HLP has experienced a substantial increase in 
population size and spatial spread across the HM and its 
surroundings, which has been found in other studies (Anders 
et al. 2012, 2016; Anders and Middelhoff 2016a, b). We 
have genetically identified 105 wildborn individuals from 
the HLP (Fig. 2), which have spread up to 280 km Euclidean 
distance from the area of reintroduction. As sampling was 
opportunistic and not evenly spread through space and time, 
this number likely only represents a fraction of all individu-
als between 2000 and 2016.

Several factors have contributed to the steady increase in 
size and spatial spread of the HLP. First, there are presum-
ably low rates of illegal killing, with only a single detected 
case. Illegal killing is among the dominant factors pre-
venting the spatial growth of lynx populations in Europe 
(Müller et al. 2014; López et al. 2014; Heurich et al. 2018; 

Fig. 5   Pedigree of all reproducing individuals in the Harz lynx pop-
ulation since the first reintroduction until 2016 based on COLONY 
results with aid from field monitoring and haplotype comparison. 
Individual identification number is followed by mitochondrial hap-
lotype (in parentheses) and birth year below. When no birth year is 

known the first detection year (fd.) is provided. Orange represents ter-
ritorial breeding females identified through COLONY and confirmed 
with monitoring data and number of confirmed offspring is located 
within. Unknown male and female individuals identified by COL-
ONY are marked with a UM/UF
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Červený et al. 2002). In the Bohemian forest, for instance, 
an estimated 62 lynx have been illegally hunted outside of 
the national park borders post-reintroduction (Müller et al. 
2014). Second, there is a relatively consistent availability of 
roe deer (Capreolus capreolus) and other ungulate species 
in the HM region likely providing suitable conditions for the 
establishment and growth of a stable lynx population. Lynx 
are more sensitive to changes in habitats and prey abundance 
than other large carnivores, making both forest cover and 
availability of prey important factors in determining the like-
lihood of survival (Bagrade et al. 2016; Schmidt et al. 2011). 
This rapid demographic and spatial expansion confirms that 
reintroduction of captive born lynx is possible, which has 
important consequences for future reintroduction planning. 
As the current availability of wild caught lynx is highly 
restricted in Europe and poses a significant impediment for 
current reintroduction attempts (Krebühl, pers. comm.), we 
show here a potential alternative for the costly and laborious 
capture of animals in the wild.

Declining genetic diversity over time

While standard measures of genetic diversity for the HLP 
are higher than for other reintroduced populations (e.g., He 
of 0.50 compared to 0.43 in BBA), they do not match levels 
seen in autochthonous populations (Supplementary Material 
1). The HLP experienced a demographic bottleneck post-
reintroduction, as a low number of released individuals 
reproduced (Fig. 5). This demographic bottleneck has been 
well documented in other lynx reintroductions across Central 
Europe (Schmidt et al. 2011; Sindičić et al. 2013b; Abascal 
et al. 2016). STRU​CTU​RE and DAPC results show that the 
HLP now forms a cluster, which is separated from the found-
ers and sampled zoo individuals (Fig. 3 and Fig. S1). In 
addition to this central HLP cluster, some individuals group 
in the vicinity of other released individuals, which have not 
been identified as founders in this study. As we are unfor-
tunately missing genetic data on nine potential founders, it 
appears likely that we are not able to generate a complete 
picture of population establishment in this study. The genetic 
structure during the initial population founding phase, 
including those genetically distant individuals, might thus be 
explained by the genetic contribution of unsampled founder 
individuals. In 2008/2009 we saw observed heterozygosity 
(0.74), expected heterozygosity (0.61), and number of effec-
tive alleles (3.6) considerably elevated in the F1 generation 
(Fig. 4). Likely, this is a result of distant captive lineages 
mating in the wild. We currently see a decline across these 
measures of genetic diversity; after 7 years observed het-
erozygosity (0.56), expected heterozygosity (0.57), and 
number of effective alleles (2.92) all showed some degree of 
decline (Fig. 4). Interestingly, the overall number of alleles 
rose from 3.6 to 2009 to 4.5 in 2016. However, this can be 

attributed to a higher number of samples being collected 
due to more intensive genetic monitoring (Fig. 2). This 
downward trend suggests that genetic diversity will likely 
continue to decline in the future, likely resulting in similarly 
low values as currently observed in the other European lynx 
reintroduction areas, if no gene flow through some degree 
of population exchange happens. Notably, there is evidence 
of long distance dispersal of single males from the HM to a 
distance of up to 280 km, which documents the potential of 
lynx to disperse across fragmented anthropogenic landscapes 
in Central Europe. Such long distance dispersal has been 
documented previously in Central Europe (Zimmermann 
et al. 2005; Schmidt 1998). This evidence raises hope for 
the long-term conservation goal of connecting isolated lynx 
populations in Central Europe, ultimately leading to the for-
mation of a viable metapopulation (Breitenmoser-Würsten 
et al. 2007). However, the next years will likely show if the 
population is capable of spreading further into more frag-
mented areas while sustaining territorial and reproducing 
females. Therefore, there is a heightened importance for 
continued genetic population monitoring to screen genetic 
diversity, inbreeding and gene flow.

Founder size and pedigree  Pedigree reconstruction revealed 
a low founder size with reproductive success of the popula-
tion contingent upon a small number of territorial, prolific 
breeders. Kramer-Schadt et  al. (2005) argued that a mini-
mum of ten females is necessary to establish a sustainable 
population. Our haplotype and COLONY results indicate 
that the founder size of the HLP consisted of a minimum 
of seven individuals (four females and three males). We 
cannot rule out the possibility that some of the ten undocu-
mented escapes and illegal releases of lynx in the study area 
contributed to reproduction. While this is likely the highest 
number of founder individuals reached in a reintroduction 
(von Arx et al. 2009), seven founders are not sufficient to 
form a genetically sustainable population without consider-
able levels of inbreeding. This confirms that the release of 
a relatively high number of animals is vital to reach a mod-
erate number of genetically significant founders. Our pedi-
gree confirms two instances of inbreeding, which is likely 
an underestimate given the relatedness analysis finding one 
pair of full siblings within the founders  of the HLP. This 
inbreeding rate is therefore a highly conservative estimate.

Finally, the pedigree shows that only 25 of the 115 
genetically identified individuals, including founders, have 
certainly reproduced. These reproducing individuals tend 
to be well established territorial individuals from the 1st 
and 2nd generations (Fig. 5). It must be taken into consid-
eration that several reproducing individuals have not been 
genetically identified, as shown by unknown individuals 
in the pedigree, so the number of well-established ter-
ritorial individuals is likely underestimated. However, a 
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comparably low number of reproducing individuals has 
also been noticed in other lynx populations (Schmidt et al. 
2016; Krojerová-Prokešová et al. 2018; Holmala et al. 
2018).

Conclusions

Long term post-release monitoring over the past two dec-
ades has enabled a detailed reconstruction of the demo-
graphic history of the Eurasian lynx in the HM. Despite 
a low number of founders, the captive origin of released 
individuals, and highly divergent reproductive success 
within the population, we conclude that the population is 
currently growing despite the continuing loss of genetic 
diversity occuring in each subsequent generation. If the 
growth continues further, we believe that the HLP might 
become one of the cornerstones of the envisioned inter-
connected Central European metapopulation, which will 
ensure long-term establishment and survival of the lynx 
within the human-dominated Central European landscape. 
To ensure this natural exchange, it is vital to keep ille-
gal killing low and facilitate the permeability of potential 
migration corridors (Kramer-Schadt et al. 2005). Addi-
tionally, the translocation of individuals between differ-
ent reintroductions or from authochtonous populations to 
stabilize declining genetic diversity and mitigate genetic 
drift appears a necessary measure until a sufficient level of 
natural geneflow occurrs between the reintroduction areas.

We strongly urge for the continuation of an efficient 
genetic and demographic monitoring of the current HLP 
as well as adjacent reintroduced lynx populations. Detailed 
knowledge on the development of population status, inbreed-
ing and genetic diversity is crucial for the implementation of 
optimized conservation strategies. This is particularly true 
for a species divided into small, isolated subpopulations such 
as the lynx in Central Europe. Despite the genetic deple-
tion, the population growth of the species within a densely 
populated country such as Germany proves that, given an 
appropriate genetic long-term management, lynx may suc-
cessfully establish and persist in anthropogenic landscapes.
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