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Abstract

Selecting appropriate candidates for genetic rescue mostly relies on previous genetic research and monitoring, while eco-
logical and behavioural traits of the remnant and source populations are rarely considered for such conservation measures.
Because of their slow recovery, Eurasian lynx Lynx lynx populations in Central and Western Europe have been a repeated
target of genetic reinforcements and reintroductions in the past 50 years. Once inhabiting much of south-eastern Europe,
the Balkan lynx L. I. balcanicus is now critically endangered and confined to a small population. Long-term isolation has
caused loss of genetic diversity and has possibly led to inbreeding depression. Immediate actions need to consider genetic
reinforcement to increase the genetic diversity and secure population viability. Here, we compared the Balkan lynx with
two neighbouring populations: Dinaric population originating from the Carpathian subspecies (L.l. carpathicus) and Ana-
tolian population of Caucasian subspecies (L./l. dinniki) to determine is better suited source from an ecological standpoint.
Main findings suggest that the L.I. carpathicus is ecologically more similar to the L.I. balcanicus and therefore likely better
suited for the environment of south-western Balkans on the basis of prey preference (roe deer being the main prey), local
prey availability (lower lagomorph and higher ungulate availability) and habitat use (predominant use of the mixed and
broadleaved forests). We discuss the contrasting results of genetic and ecological analyses from both the evolutionary and
conservation perspective and provide potential solutions that would take into account both aspects to pave the road towards
potential genetic rescue of the Balkan lynx.
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Introduction

Populations in need of reinforcement (genetic rescue) are
usually affected by intrinsic factors that threaten their very
existence (Whiteley et al. 2014). Selecting appropriate can-
didates for such a management measure can have implica-
tions for adaptation to local environmental condition and
ecosystem function, but also on the way individuals interact
with other species. It is thus important to match the ecologi-
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cal needs (local adaptation for instance) of the remnant and
source populations in order for this process to be success-
ful and to ensure the viability and health of the ecosystem
(Frankham et al. 2011).

Eurasian lynx (Lynx lynx) reintroductions and reinforce-
ments have been an integral part of wildlife management
and conservation in the last 50 years in Europe (e.g., Vandel
et al. 2006; Krofel et al. 2021). In light of the recent history
of the Balkan lynx (Lynx lynx balcanicus Bure§ 1941) and
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the constant shift of its status (Miri¢ 1981; Breitenmoser-
Wiirsten & Breitenmoser 2001; Melovski et al. 2015), it
is becoming increasingly urgent to focus on immediate
actions that can save this population from extinction. In the
past 100 years, the Balkan lynx has suffered harsh perse-
cution that brought down the population to a mere 15-20
individuals in the 1930s (Miri¢ 1981). Species legal and
site protection from the 1950s until the 1990s ensured an
increase in the population, which faced extinction once
again due to the political turmoil in the range countries and
the missing on-the-ground protection for the lynx and its
prey (Melovski et al. 2013). From 2006 onwards, the Bal-
kan Lynx Recovery Programme solidified the conservation
actions (Breitenmoser et al. 2008), but the programme has
no warranty against stochastic events or potential inbreeding
depression that can wipe out small populations. The ten-year
(2008-2018) camera-trapping in the most promising Balkan
lynx area in western North Macedonia evidenced stabiliza-
tion and even slight increase of the population (Melovski
et al. 2009; Stojanov 2020), but the 2021 camera-trapping in
the same area yielded an all-time low with only five differ-
ent individuals detected (Goneyv et al. 2021). Further cause
for concern is the fact that only one of the four collared
females gave birth in two consecutive years (2020-2021),
which may be the reason why only one new individual was
identified during the latest camera-trapping session (Gonev
et al. 2021).

The evolutionary history of the Balkan lynx lineage
stretches for more than 50 kya years (Mengiilliioglu et al.
2021a; Bazzicalupo et al. 2022) and, during this time, its
population has always been relatively small compared to
other populations in Asia, or Europe (Bazzicalupo et al.
2022). Given the long-term process of inbreeding, it is likely
that reproductive success is already affected by inbreeding
depression. Similar issues affected the reintroduced Dinaric
lynx population, but negative trends were reversed with the
start of the translocation of Eurasian lynx from the Carpathi-
ans to Slovenia and Croatia (Krofel et al. 2021). The intense
genetic drift in the bottlenecked Balkan lynx contributes
to further genetic erosion, whereas observed low genetic
diversity and extremely small effective population size call
for immediate genetic rescue actions (Bazzicalupo et al.
2022). Provided that the closest neighbours of the Balkan
lynx population are Carpathian L. . carpathicus (which were
also reintroduced to the Dinaric Mountains) and Caucasian
lynx L. L dinniki, it is logical to seek potential alternatives
for genetic rescue from these two subspecies (Mengiilliioglu
et al. 2021a). However, lynx populations may have been
adapting to local conditions, including potentially devel-
oping different behaviour in terms of habitat use or prey
selection. Therefore, in addition to information on genetic
relatedness, comparison of behavioural ecology between
the Balkan lynx and the neighbouring populations could
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provide important insights that should be considered when
making decisions about the most suitable source population
for reinforcement.

The foraging ecology of the Eurasian lynx has been well
studied in the past, with studies from the European part
(e.g., Okarma et al. 1997; Jobin et al. 2000; Krofel et al.
2014; Mattisson et al. 2013; Melovski et al. 2020) and, to a
lesser extent, from the Asian part (Sedalischev et al. 2014;
Weidong 2010). As a strictly carnivorous mammal, the
Eurasian lynx diet consists of more than 30 species (Odden
et al. 2006), although only few compose its principal prey
(Krofel et al. 2011; Jobin et al. 2000; Melovski et al. 2020).
This specialization comes with different prey availability
that mostly depends on the region (Soyumert et al. 2019).
The Eurasian lynx is one of the most widely distributed
felid species, which can be found as far west as the Jura
Mountains between Switzerland and France, and as far east
as the Kamchatka region in Russia (von Arx et al. 2004).
Living in a variety of habitats, ecosystems, climatic zones
and demographic conditions, the different meta-populations
of Eurasian lynx adopted a wide variety of foraging habits.
The change is mostly evident in the Anatolia and Caucasus,
where lynx differ considerably in body size and foraging
behaviour from the European populations (Mengiilliioglu
et al. 2018). This variety of foraging habits may be a prod-
uct of their evolutionary history, especially conditions in
the glacial refugia during the last glacial maximum (LGM)
(Mengiilliioglu et al. 2021a). For example, forest refugia in
the central and northern parts of the Palearctic hosted sev-
eral prey species, including ungulates, while more south-
ern regions were less affected by the last ice age (Hemmer
1993). The primary prey of the Eurasian lynx ranges from
ungulates, such as roe deer (Capreolus capreolus), chamois
(Rupicapra rupicapra), red deer (Cervus elaphus), reindeer
(Rangifer tarandus), ibex (Capra aegerus) and wild sheep
(Oivs orientalis) (Okarma et al. 1997; Jobin et al. 2000;
Matyushkin and Vaisfeld 2003; Mattisson et al. 2013; Belotti
et al. 2015, Vogt et al. 2019), to lagomorphs (brown hare
Lepus europaeus, mountain hare Lepus timidus) and larger
birds (Zhelukhin 1986; Matyushkin and Vaisfeld 2003;
Sedalischev et al. 2014; Mengiilliioglu et al. 2018). In some
areas, also larger rodents (Krofel et al. 2011) and meso-
predators (fox, marten) can represent an important second-
ary source of food (Odden et al. 2006; Ivanov et al. 2018).
Furthermore, lynx diet can shift seasonally as the abundance
or vulnerability of the main prey species changes, where
some become more vulnerable during feeding or ruminat-
ing (Molinari-Jobin et al. 2007). Possible reasons for the
dietary shift could vary and range from environmental to
biogeographic to evolutionary (Mengiilliioglu et al. 2018).
Additionally, the abundance of different species, including
alternative prey, can play a key role in prey selection (Krofel
et al. 2011). Jedrzejewski et al. (1993), for example, argue
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that dense tree cover is consequential to the lagomorph per-
centage in lynx diet, being a prerequisite for high roe deer
and low brown hare density. Accordingly, the proportion of
brown hare in lynx diet is higher in exploited forests than
in the pristine Biatowieza forest in Poland. Diet-shift from
one preferred, primary species to another is also seen in
other members of the cat family, and more specifically in the
Lynx genus. In southern Florida, for instance, bobcats (Lynx
rufus) most often prey on rodents and lagomorphs (Labisky
and Boulay 1998), although white-tailed deer (Odocoileus
virginanus) is typically preferred in the northern areas of the
United States (Svoboda et al. 2013).

This study investigates prey availability, prey selection
and habitat preference of three Eurasian lynx populations/
subspecies: the Balkan population and two neighbour-
ing populations, the Dinaric (belonging to the Carpathian
subspecies) and the Anatolian (belonging to the Caucasian
subspecies), to explore prospects for genetic rescue of the
Balkan lynx. We hypothesize that prey preference changes
from the continental forests in Central Europe to the Medi-
terranean forests, and scrub in Anatolia, is due to environ-
mental factors (climate, habitat), prey availability and the
evolutionary history of the Eurasian lynx. The Balkan popu-
lation is ecologically intermediate between the Dinaric and
Anatolian population, and therefore, we expect a transitional
pattern of prey shift. We also discuss the taxonomic implica-
tions of potential admixture of the Balkan lynx with either
Carpathian or Caucasian conspecifics in regard to further
conservation efforts and the ecosystem role of the Balkan
lynx population.

Methods
Study area
Dinaric study area

The Dinaric study area is located in the Northern Dinaric
Mountain Range in Slovenia (Fig. 1) in mixed temperate
forests dominated by fir and beech (Omphalodo-Fagetum
s. lat.). The altitudes range from 200 m to 1796 m. The
climate is a mix of influences from the Alps, the Mediter-
ranean Sea and the Pannonian Basin with annual tempera-
ture averaging 5-8 °C, ranging from average maximum
of 32 °C to a minimum of — 20 °C, and average annual
precipitation of 1400-3500 mm. In the Dinaric Mountains,
lynx were completely exterminated by the beginning of the
20th century, but so far, it remains unclear to which sub-
species the extinct lynx population in this region belonged
to, given its geographical position relative to other current
or extinct native populations. These include the Carpathian
subspecies, the Balkan subspecies, the extinct Alpine form

identified genetically from museum specimens (Gugolz
et al. 2008), or it could represent a mix of several of
them, given that species distribution range is historically
believed to have been continuous in this part of Europe
(Kratochvil 1968). The current Dinaric lynx population
was formed after a successful reintroduction initiated
in 1973 when six Carpathian lynx from Slovakia were
released in Slovenia (Cop 1990). While the population
afterwards expanded to several neighbouring countries,
it has so far remained isolated. The Dinaric lynx popula-
tion is currently one of the most endangered lynx popula-
tions in Europe, threatened primarily by the high levels
of inbreeding (Sindic¢i¢ et al. 2013). To counteract this,
additional Carpathian lynx are currently being translocated
to Slovenia and Croatia, as part of the on-going reinforce-
ment project (Krofel et al. 2021). The Slovenian part of the
population currently consists of at least 20 adult individu-
als (Krofel et al. 2021). Prey species inhabiting the area
include wild ungulates, such as roe deer, red deer and the
Alpine chamois (R. r. rupicapra), as well as smaller mam-
mals, such as brown hare and edible dormouse (Glis glis).
Main competitors for the lynx in the area include brown
bear (Ursus arctos), grey wolf (Canis lupus), and golden
jackal (Canis aureus), among which the most important
interaction is kleptoparasitism by scavenging bears (Krofel
2012; Krofel et al. 2012).

Balkan study area

The isolated population of the Balkan lynx is distributed
in the south-western Balkan Peninsula, mainly in the
western part of North Macedonia and the northern and
eastern parts of Albania, western Kosovo, with possibil-
ity of occurrence in Montenegro and northern Greece
(Fig. 1). The core reproductive area of the population is
Mavrovo National Park (730 km?) in N. Macedonia. The
current study focuses on this core reproductive area and
its surrounding mountains. Around 45% of the park area
is forested, of which over 70% are broadleaved forests
(predominantly European beech, Fagus sylvatica and sev-
eral oak species (Quercus spp.), mixed forests comprise
more than 18% (mainly beech—fir mixed forests), nearly
10% are shrublands and around 1% are coniferous trees
(Macedonian fir, Abies borisii-regis and European spruce,
Picea abies) (Ivanov et al. 2018). The area has a mountain
continental climate with Mediterranean influences (Filipo-
vski et al. 1996). Prey species inhabiting the area include
wild ungulates, such as roe deer and the Balkan chamois
(R. rupicapra balcanica), and lagomorphs such as brown
hare. Competition includes the large carnivores present in
the area, such as grey wolf, golden jackal and brown bear.
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Fig. 1 The distribution of the Dinaric, Balkan and Caucasian lynx is shown in the upper part of the figure. Below, the three study areas display-
ing the 100% MCP of the radio-tracked lynx (red =females, blue =males) and scats collected for the prey preference analysis (dots)

Anatolian study area

The study area in Anatolia covers around 400 km? in the
Nallihan Mountains (NM, Fig. 1) and represents a small
part of the distribution range of the subspecies belonging
to the forest—steppe ecosystem (Mengiilliioglu et al. 2018).
The elevation varies between 500 m and 1550 m, and the
study area is located in the transition zone between the
dry western Black Sea (xeric), central Anatolian (Iran-
Turan) and Mediterranean floristic zones (Aksoy 2009).
Vegetation composition and structure depends on altitude
and historical human use. The lower areas (500—-1000 m)
are covered by Turkish pine (Pinus brutia). Above this
belt, temperate coniferous forest reaches up to 1500 m
and is composed of black pine (Pinus nigra), junipers
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(Juniperus excelsa and J. oxycedrus) with an understory
of oak-dominated scrub (Quercus pubescens, Pyrus elae-
agnifolia, Crataegus spp.—Aksoy 2009). The study area
does not hold any form of protection status, and is part of
the state forests management system. The human popula-
tion in and around NM is low (12 villages, Ntotal = 1780;
Turkstat 2017) and more than half of the registered popu-
lation (mostly young people) resides in Nallihan district
centre or close by big cities, such as Ankara, Eskisehir
and Bolu (Mengiilliioglu, pers. comm. 2014-2016, with
village heads). Potential lynx prey in the area is roe deer
and brown hare, while other large carnivores, including
brown bear, grey wolf and golden jackal (Mengiilliioglu
2010, Mengiilliioglu et al. 2019).
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Prey preference and sample collection

Lynx scats in the Dinaric Mts. were collected during snow-
tracking and at telemetry locations of radio-collared lynx in
the period from 2016 to 2021 (Fig. 1). If more than one scat
was found during the same snow-tracking session, only one
(the first) was used for analysis to avoid pseudo-replication.

Lynx scats in the Balkan study area were collected either
by chance, line transects, or near the feeding sites of the
radio-collared lynx (Ivanov et al. 2018; Melovski et al. 2020)
(Fig. 1). The scats were collected in the period from 2010
to 2020 and in 2017 the search was aided by trained dogs.

Scats in Anatolia were collected with a scat detection
dog, by walking on dirt roads, game trails or ridgeline, and
on predefined transects below the tree line (Fig. 1). The sam-
pling took place between 2013 and 2015 (see more details
in Mengiilliioglu et al. 2018), as well as 2015 to 2017.
Scats samples originated from at least 14 lynx individuals
(Mengiilliioglu et al. 2019).

The scat analysis included macroscopic (general form,
size, colour, rigidness, shape of the apex) and microscopic
(structure and pattern of cuticular scales, shape of the cross
section, shape and size of the medullar space) characteristics
of hairs. Microstructure of the cuticle was inspected using
cuticular imprints made on celluloid plates with the use of
acetone (Wachter et al. 2012). Species determination was
performed according to Teerink (1991) and with the help of
our own reference material. Due to the difficulties of separat-
ing between the roe and red deer hair in the Dinaric Moun-
tains, we limited our classification to the family level (Cer-
vidae) and inferred species use based on the ratio between
the roe and red deer among prey remains found at lynx kill
sites (for details, see Krofel et al. 2011).

We calculated Frequency of Occurrence (FO%) as per-
centage of scats containing different food types relative to
the total number of analysed samples; and Relative Fre-
quency of Occurrence (RFO%)—the frequency of occur-
rence in relation to the total occurrence of the food type
(Ivanov et al. 2018). Since our study is focused on the rela-
tive proportion of ungulate versus lagomorph prey, we dis-
tinguished between ungulates and the brown hare, while
pooling the remaining prey items into one category. These
items featured small carnivores, such as foxes, martens,
domestic animals, rodents, shrews and birds. We used Pear-
son's chi-squared to compare lynx diet according to three
prey categories (ungulates, hares and other) among the three
study areas.

Prey availability
With prey species where individuals cannot be distin-

guished in camera-trap photographs, density estimation in
forest habitats is difficult and generally gives biased

results, as the actual population numbers are underesti-
mated (Jobin et al. 2000). We therefore used the Random
Encounter Model (REM; Rowcliffe et al. 2008) to estimate
the density D of lagomorphs, mid-sized and large herbi-
vore prey as D = % X Vr(;r+0)’ where y is the number of
independent photographic events, ¢ is camera-trap days
(ctd), Vis average speed of animal movement, and r and 6
are the camera-trap detection distance (in kilometre) and
angle (in radian). Animal movement speeds were taken
from the published literature with GPS fix frequencies of
15 min for red deer (Pépin et al. 2004) and wild boar (Spitz
and Janeau 1990), 2 h for chamois (Krofel et al. 2013a, b),
and 1 h for brown hare (Schai-Braun et al. 2012). Speed
for roe deer was calculated by Marcon et al. (2019) using
the model of day range by Carbone et al. (2005). Camera-
trap detection distance and angles were obtained from
Meek et al. (2012). While we estimated absolute values for
each prey species, we were primarily interested in the rela-
tive differences in prey availability among species, to com-
pare it with proportion of prey use in lynx diet among the
tree study areas.

We used the following six types of camera traps (Cud-
deback X-Change™ Color Model 1279 with white or IR
flash, Cuddeback X-Change™ Color Model 1213 with
black IR and white flash, Cuddeback Ambush with white
flash, Cuddeback Attack and StealthCam STC-G42NG
with black IR). Traps were installed on forest trails, dirt
roads, game trails, mountain trails and along mountain
ridges or cliffs.

The design for camera-trapping lynx in the Dinaric
study area used 100 3 x 3 km? grid cell for a total sam-
pling area of 900 km?. For each camera-trap, we noted
the location details (GPS coordinates, the name and the
district of the hunting ground) (Flezar et al. 2019).

The camera-trapping for the Balkan population was
conducted in Mavrovo National Park, N. Macedonia, on
three consecutive sessions in 2013, 2015 and 2018, each
starting from March until May and lasting for 60 days
(Fig. 1). In each session, a total of 60 camera traps were
installed in 30 different sites (each site had two opposing
cameras and every year the same sites were selected). The
sampling design of the cameras accommodated the moni-
toring of the Balkan lynx and covered a referenced area
of around 450 km? using 2.5 x 2.5 km grid cells, with one
out of the two cells sampled (Stojanov 2020).

Camera-trapping data for the study site in Anatolia were
gathered from a 684 effective trapping nights survey in
the spring of 2014 (Fig. 1). In this survey, 12 camera-
trapping stations were installed covering a minimum
convex polygon (MCP) of 148 km?. While the monitor-
ing area in this region was smaller compared to the other
two, lynx population here occurred at a very high density
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(Mengiilliioglu et al. 2021b), thus camera-trapping survey
nevertheless included several individuals (i.e. at least part
of the home ranges of 7 female and 4 male lynx individu-
als; Mengiilliioglu et al. 2019). We set a minimum interval
of 30 min to assign two pictures of the same species as
independent captures.

As study area sizes and camera-trapping efforts were
variable depending on the study area, we calculated relative
trapping effort by dividing the camera-trapping day by study
area size (ctd/km?).

Habitat preference

To assess the habitat preference where the three populations
are found, we analysed the relation of a habitat’s use to its
overall availability in the respective home range of the indi-
viduals (Fig. 1). We used CORINE Land cover vector data
(v. 2018, ESRI geodatabase format, available at https://land.
copernicus.eu/pan-european/corine-land-cover/clc2018?
tab=download) for representation of the habitats that were
available within the 100% MCP of the lynx (third order of
selection, Johnson 1980). We arrived at seven different cate-
gories that belong to two general Corine groups: agricultural
areas and forests and semi natural areas. Few relocations

Table 1 Number of collared lynx in each study area, capture methods
and collar performance

Dinaric Mts Balkans Anatolia

Number of GPS-collared 4(3913)  10(42/683) 53223
lynx

Lynx caught in the period 2006-2010 2010-2020 2015-2017

Capture method Box-traps  Box-traps  Box-traps

Foot-snares

Average tracking time 206 326 173

Number of GPS fixes 5202 11,492 2918
obtained

GPS fix success rate 56.70% 88.40% 96.90%

found in the categories artificial surfaces or water bodies
were excluded from calculations due to the unrepresentative
sample or GPS inaccuracy (Table S1 and S2). We calculated
the Resource Selection Index (RSI) by dividing the relo-
cations found in a certain habitat by the expected number
of relocations in the same habitat (calculated with the area
representation of this habitat within the total MCP of each
lynx). Results were then normalized in a range from O to 100
for all study areas.

In total, 19 Eurasian lynx were captured and fitted with
GPS/GSM collars in the period from 2006 to 2020 (Table 1).

Euclidian distance analysis

Aiming to determine the optimal population for genetic res-
cue of the Balkan lynx, we performed a multivariate ecologi-
cal distance analysis among the three populations. We did
the cluster analysis (nearest neighbour method, Euclidian
distance) in Statgraphics Centurion 16 (StatPoint Tech-
nologies, USA 2009) using the frequency of occurrence
of prey species (Table 2) and Resource Selection Index
(Table S1&S2) as input data.

Results
Prey preference

Across the three study areas, we collected a total of 315
scats (Fig. 1; Table 2) in which we detected 350 prey items
(Table 2). The preference for brown hare showed a clear
north—south gradient, ranging from almost no significance
for the lynx in Dinaric Mts., to an almost complete depend-
ence for lynx in Anatolia. The same is true but in reverse
order for the ungulates, especially cervids, which is avoided
by the lynx in Anatolia, while the lynx in the Dinaric range
are preferentially selecting these species (Table 2). The Bal-
kan lynx, with relative frequency of occurrence for ungulates

Table 2 Frequency of occurrence (FO%) and relative frequency of occurrence (RFO%) of the of the species found in the lynx scats

Species Dinaric Mts Balkan Anatolia

#Scats/items FO% RFO% #Scats/items FO% RFO% #Scats/items FO% RFO%
Roe deer 30 75.0 714 36 69.2 59.0 0 0.0 0.0
Red deer 4 10.0 9.5 0 0.0 0.0 2 0.9 0.8
Chamois 1 2.5 2.4 7.7 6.6 0 0.0 0.0
Wild boar 0 0.0 0.0 6 11.5 9.8 4 1.8 1.6
Total ungulates 35 87.5 83.5 46 88.4 75.4 6 2.7 2.4
Brown hare 1 2.5 2.4 13.5 11.5 198 88.8 80.1
Other 6 15.0 14.3 15.4 13.1 43 19.3 17.4
Total scats/FO/RFO 40 105.0 100 52 117.3 100 223 110.8 100
Total items 42 61 247
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(roe deer, chamois and wild boar) of 76% as opposed to
12% for brown hare, shows a transitional pattern between the
two, but is much closer to the Dinaric population (X2 =29,
P =0.24,df = 2, npjpaic = 42, N = 61) than Anatolian
population (X2 =190, df =2, p < 0.00001, 75000100 = 2475
Table 2).

Prey availability

The highest relative trapping effort was 7.9 ctd/km? for
Dinaric Mt., while the values were somewhat lower and
very similar for the Balkan and Anatolian study areas at
4.5 and 4.6 ctd/km?, respectively. The prey availability was
calculated with the help of the Random Encounter Model
(Table 3). These results are consistent with prey prefer-
ences (Table 2) since there is a strong correlation between

Table3 Prey availability in the three study areas according to the
Random Encounter Model

Species Dinaric Mts Balkan Anatolia

Roe deer 224+0.24 3.35+0.92 n.a

Red deer 4.48+0.32 n.a 2.27+0.16
Chamois 2.23+0.23 3.08+1.01 n.a

Wild boar 6.11+0.09 4.60+0.38 1.34+11.55
Brown hare 0.25+0.04 14.04+6.99 88.27+18.77

The numbers are given as individuals per square kilometre (ind/km?)
and with standard deviation

40

Relative habitat use index

n

Dinaric Mts.

B Coniferous forest
Natural grasslands

Broad-leaved forest
m Sparsely vegetated areas

Balkan

B Mixed forest
m Agricultural areas

the availability of the prey and the preferred prey in each
of the three populations.

Habitat preference

The Resource Selection Index (RSI) shows the importance
of certain habitat based on the lynx GPS relocations and
its overall availability in each home-range of the lynx.
The index shows that forests make up more than 60% of
habitats used by lynx in Slovenia, 48% by lynx found in
N. Macedonia and only 34% in Turkey (Fig. 2, Table S1
and S2). Lynx in N. Macedonia and Turkey selected tran-
sitional woodland-shrub and sparsely vegetated areas.
Agricultural areas and natural grasslands are somewhat
evenly represented in all three countries, whereas sparsely
vegetated areas are preferred in Anatolia (Fig. 2). In total,
83% of the RSI is shared among the three forested habitats
and transitional woodland-shrub in Slovenia, 80% in N.
Macedonia and 64% in Anatolia.

Euclidian distance analysis

Based on prey and habitat preference, the Balkan popula-
tion clearly clusters with the Dinaric population (Fig. 3).

=

Anatolia

Transitional woodland-shrub

Fig.2 The habitat preference of the lynx in the three studied area calculated with the Resource Selection Index
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Fig.3 Dendrogram of Euclidian distance analysis, Nearest neighbour method of the three populations based on prey preference (leff) and habitat

preference (right)

Discussion

In this study, we assessed which of the two genetically and
geographically closest lynx subspecies to the critically
endangered Balkan lynx (Mengiilliioglu et al. 2021a; Baz-
zicalupo et al. 2022) is more suitable for population rescue
from the ecological standpoint. We analysed prey preference,
prey availability and habitat preference to infer whether the
Carpathian or the Caucasian subspecies better suits the
environment in south-western Balkans. Our main findings
suggest that the Balkan population is ecologically closer to
the Dinaric population, i.e. the Carpathian subspecies. As a
result, we recommend that any future reinforcements to the
Balkan lynx population should consider individuals from the
Carpathian subspecies.

However, this recommendation is limited to the behav-
ioural ecology in current environmental conditions and
does not appear to correspond with the genetic relationship
among the subspecies. Mitochondrial DNA has been widely
used to assess the genetic relatedness among the populations
from a phylogenetic perspective (Moritz 1994). Recent stud-
ies have suggested that Balkan lynx is mitogenomically clos-
est to the lynx populations in Anatolia (see Clade B, Lineage
B2 in Mengiilliioglu et al. 2021a), but closest to Carpathian
lynx populations regarding autosomal genomes, likely due
to male-biased dispersal and introgression (Bazzicalupo
et al. 2022). Given the distinct haplotypes found in the
Balkan population (Gugolz et al. 2008; Lucena-Perez et al.
2020), it is important to consider the genetic uniqueness of

@ Springer

the mitogenomes in this population and the implications of
potential translocations from other populations, given that
the Balkan lynx is recognized as both an evolutionary sig-
nificant unit (Melovski et al. 2013) and its own subspecies
(Kitchener et al. 2017). Similarly, the Florida panther (Puma
concolor) experienced a variety of genetic maladies due to
depleted genetic diversity that were all overcome after the
reinforcement with female individuals from Texas (Johnson
et al. 2010). This conservation measure risked compromis-
ing the genetic uniqueness of the Florida panther, but ulti-
mately provided reproductive success, survival and fitness,
and doubled the genetic heterozygosity, while the level of
inbreeding declined (Johnson et al. 2010).

Our findings revealed that a variety of forests is preferred
by lynx in the European part of this study compared to the
coniferous forests and more open landscape selected by the
Caucasian lynx in Anatolia. It furthermore showed that the
importance of forested habitats decreases from north to
south. This can be attributed to two reasons: lynx in Cen-
tral Europe prefer more forested areas, and/or, the prey
preference of the lynx in Anatolia require the selection of
transitional woodland-shrub as a type of forested habitat
and sparsely vegetated areas that support a high density of
brown hares (Fig. 2). Compared to the Dinaric study area,
the structure of the forest and the available prey densities are
likely the main reasons for the slight prey shift in the Balkan
population. Empirical data suggest that two of the 12 radio-
tagged individuals (a male and a female) in the Balkan study
area mainly preyed on brown hares due to the higher share of
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the natural grasslands and the transitional woodland—shrub
found in their overlapping home ranges (MKD_m_07 Bis-
tri & MKD_f_10 Atidze in Table S2), while the other lynx
with home ranges in more forested habitats mainly relied on
ungulates (Tab S1 and S2; Melovski et al. 2020). Moreover,
brown hare density in Slovenia is by far the lowest compared
to the other two study sites. The Random Encounter Model
(REM) allows calculation of animal density from camera-
trapping rates by modelling the underlying detection pro-
cess without the need for individual recognition (Rowcliffe
et al. 2008). Although the camera-trap surveys in all three
study areas were primarily designed to photograph lynx,
such camera deployment has been shown to also provide
reliable information on other (non-target) mammals (Soofi
et al. 2017; Hofmeester et al. 2021). Therefore, we assume
that data can be used to provide information about relative
abundances among the three ungulate species and the brown
hare. However, the method can potentially bias the results
through the estimation of animal movement speed and the
activity level (proportion of the day spent active) and there-
fore the estimation of daily average distance covered by an
animal (Halotel 2020). Since all camera-trapping sessions
for our study were done with an initial design to estimate
Eurasian lynx densities, we feel comfortable comparing the
results among the three study areas. Our results for the roe
deer density in N. Macedonia are also close to the estimate
(3.35/km?) from a study designed to estimate roe deer den-
sity in the same region (Halotel 2020).

The Eurasian lynx has evolved in sympatry with larger
felids in Central Asia (e.g., Panthera uncia and P. pardus),
where it supposedly preyed on both lagomorphs and small
ungulates to avoid competition with the ancestral L. issiodo-
rensis while retaining a similar body size (Werdelin 1981;
Mengiilliioglu et al. 2021b). In contrast, the body sizes of
the Canada lynx (L. canadensis), the bobcat, and the Iberian
lynx (L. pardinus), all of which evolved to prey almost exclu-
sively on lagomorphs and other small prey, were considerably
reduced (to approximately 10-12 kg on average) during their
evolution (Werdelin 1981). Although less extreme than in
these species, reduction in size was observed in the Caucasian
subspecies of Eurasian lynx (average body weight of females
and males 13.1 and 16.6 kg, respectively; Mengiilliioglu et al.
2021b) and may suggest a similar evolutionary adaptation to
the local conditions since the LGM of open and dry habitats
with high biomass of lagomorphs, which also form its main
prey. Compared to the Caucasian subspecies, the Carpathian
and the Balkan lynx are similar in size: the average body
mass of Carpathian lynx is 18.0 kg for females and 22.4 kg
for males (Marti and Ryser-Degiorgis 2018); average body
mass of Balkan lynx is 16.3 kg for females and 22.1 kg for
males (Melovski et al. 2020; Melovski, unpublished data).
Therefore, average body size, habitat preference, prey selec-
tion and current prey availability all suggest closer ecological

and morphological similarity of Balkan lynx towards the
Carpathian lynx, rather than the Caucasian subspecies, which
contrasts with the phylogenetic relationships, at least at the
mitogenomical level. The reason for the observed pattern
might be connected with the separation that occurred during
the LGM, causing the Balkan lynx to evolve during the last 20
kya years in isolation from the Caucasian lynx populations in
the landscape of south-eastern Europe, adapting to the local
habitats and prey availability, with likely gene flow through
immigrating male Carpathian lynx. If the conservation meas-
ures (including current reinforcement of the Dinaric popula-
tion; Krofel et al. 2021) will result in population recovery, we
can eventually expect natural dispersal and gene flow between
individuals from the Dinaric and Balkan populations on the
south-eastern and north-western ends of their distribution,
respectively. Another option is connection between the Bal-
kan and Carpathian population via Serbia. So far, no natural
dispersal among these populations has been recorded, but the
distances among the current edges of these populations are
within the reported dispersal ability of this species (Gajdarova
et al. 2021) and therefore we recommend further monitoring
for potential dispersers.

Moreover, an understudied Eurasian lynx population in
south-western Turkey, which might represent another rem-
nant population of the Balkan lynx subspecies (Comert
et al. 2018; Mengiilliioglu et al. 2021a), could be another
candidate source for population rescue and needs special
attention from both the ecological and genetic point of view.
Previous studies, however, showed that this lynx population
occur in montane coniferous forests and at very high densi-
ties with brown hare as its principal prey (Avgan et al. 2014;
Mengiilliioglu et al. 2018), suggesting it is ecologically more
similar to other Caucasian lynx populations in Anatolia. On
the other hand, the Caucasian lynx from the Greater Cauca-
sus might well be another candidate for reinforcement given
its genetic makeup and prey preference. Finally, our study
did not take into account the possibility for translocation
(exchange) of individuals between the two confirmed Balkan
lynx reproductive nuclei in Mavrovo NP in N. Macedonia,
and Munella Mt. in Albania (Melovski et al. 2018), which is
a prospect worth considering in the coming years, especially
if no natural gene flow exists between them.

The results presented in this paper give a roadmap for
future research, with robust and targeted methodology to
provide further insights into the ecological differences
among the subspecies.

Conclusion
Due to its extremely small (effective) population size, the

Balkan lynx is in immediate risk of extinction and will likely
need genetic reinforcement in the imminent future. Our
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study stresses the need that not only genetic relatedness, but
also ecological and behavioural characteristics of potential
source populations need to be studied and compared with the
targeted population to provide informed decision about the
most suitable donor population. While the genetically closest
populations are often assumed to be ecologically most simi-
lar, our study on three neighbouring populations belonging
to three different Eurasian lynx subspecies revealed that the
Balkan lynx, although more closely related to the Caucasian
subspecies at the level of the mitogenome, is considerably
more similar to the Carpathian lynx in its behavioural ecol-
ogy. This creates a dilemma in respect to the most suitable
source for genetic rescue of the Balkan lynx.

Based on available knowledge provided by this study and
previous results of genetic analyses, we suggest reinforce-
ment with the use of only (or predominantly) male Car-
pathian lynx, which would mimic the natural male-biased
gene flow, as was apparently repeated through sex-biased
dispersal from the Carpathian population in the past (Bazzi-
calupo et al. 2022). This would provide ecologically similar
individuals to the existing Balkan population and at the same
time enable it to retain the unique mitogenome of this popu-
lation. Although population rescue with the use of only male
lynx seems to be giving positive results in another popula-
tion threatened by inbreeding depression (Krofel et al. 2021),
the potential impact of altered sex structure of small remnant
populations caused by sex-biased translocation needs to be
carefully evaluated.

The future of the Balkan lynx may depend on the rein-
forcement actions from neighbouring population(s). How-
ever, we encourage that in-situ conservation activities
already in place through the Balkan Lynx Recovery Pro-
gramme continue as an integrative approach to recovery,
species-wide management and conservation.
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