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Abstract

The Eurasian lynx is a large carnivore widely distributed across Eurasia. However, our
understanding of population status is heterogeneous across their range, with some
populations isolated that are at risk of reduced genetic variation and a complete lack
of information about others. In many European countries, Eurasian lynx are monitored
through demographic studies crucial for their conservation and management. Even
so, there are only rough and fragmented population assessments from Ukraine and
Belarus, despite strict protection in both countries and their importance for lynx con-
nectivity across Europe. We monitored lynx from October 2020 to March 2021 and
used camera trapping in combination with spatial capture-recapture (SCR) methods in
a Bayesian framework to provide the first SCR density estimation of three lynx popu-
lations across Ukraine and Belarus, including the Ukrainian Chornobyl Exclusion Zone,
southern Belarus and the Ukrainian Carpathians. Our density estimates varied within
our study areas ranging from 0.45 to 1.54 individuals/100 km?. This work provides a
substantial scientific component to the overall understanding of lynx conservation
for a region where only broad information is available and opens the doors for further
large-scale monitoring and trend assessments. The crucial information we provide can
greatly enhance the range-wide assessments of the status of this protected species.
We also discuss the implications for Eurasian lynx conservation, despite the geopoliti-
cal realities impacting species monitoring in the region. Our work serves as a baseline,
not only for future conservation interventions but also to evaluate the effects of dis-

turbance and threats to these protected populations.
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AHoTauisPuck eBpasiiicbKa (Lynx lynx) — BeqiMKa Xu>ka TBapuHa, LLMPOKO MOLLUMpPEHa
B €gpasii. [lpoTe Halwle po3yMiHHA cTaTycy nonynsauii €pisHOPIAHUM LWoAOo iX
MOLLIMPEHHSA - AesKi nonynsuii i30/boBaHi Ta CTpakAalTb BiJg TFEHETUYHOro
apendy, anpo geski — HemMae koaHoi iHdopMaLii. Y 6araTbox €EBpONenCcbKUX KpaiHax
MOHITOPUHT PUCi EBPA3IMCbKOI  3[IMCHIOETLCS 3a JonoMorot  gemMorpadivyHmx
O0CAiopKeHb, SIKi MaloTb BUPIiLLAibHe 3HAYeHHs 414 i 36epe)keHHa Ta ynpaBaiHHS.
HesBaxkatoum Ha Ue, iCHYIOTb JMWe MpubAn3HI Ta ¢parMeHTOBaHi OLLiHKK
nonynauin B YkpaiHi Ta binopyci, HeaBa)katoum Ha CTPOrui 3axmcT B 060x KpaiHax Ta
X BaXK/IMBICTb OJ15 3B’A3KY pUCi Nno Bcin EBponi. Mu criocTepiranmn 3a pUCCHo 3 YXOBTHS
2020 poky no 6epeseHb 2021 poKy Ta BUKOPUCTOBYBa/IM GOTOMACTKU Y MOEAHAHHI
3 MeTogamMu «spatial capture-recapture» (SCR; npocTOpoBOro 3axomneHHs-
nepexoneHHs) 3a baecoBuM nigxoaoMm, o6 HagaTK nepLly OLiHKY LwiabHocTi SCR
TpbOX Nonynsuin puci B YKpaiHi Ta binopyci, BKJIHOYHO 3 yKpaiHcbKoto YopHo6Ub
CbKOI 30HOW  Bia4y>keHHs, [iBaeHHoto binopycto  Ta  YkpaiHCcbkuMum Kapnatamu.
Halui oLiHKK LWiNbHOCTI BapitoBa/INCA B MeXaxX AOCAiAyKyBaHUX TepuTopin Big, 0,45
no 1,54 oco6uH/100kM2. Lis poboTa 3a6e3nevye cyTTEBUIA HAYKOBUIA KOMMOHEHT
AN8 3araJlbHOro PO3yMiHHSA 36€epeykeHHs puci B perioHi, e A0CTynHa ulie
3arasbHa iHGopMaLis, i BigKpMBaE ABepi A1 NO[A/bLIOro LUMPOKOMACLLITAOHOro
MOHITOPUHIY Ta OLLIHKM TeHAeHLUin. BaxkinmBa iHpopMallis, SKy MU HaJaEMO, MOXKe
3HAYHO MOKPALLMTU OLLIHKY CTaTyCy LLbOro OXOPOHIOBAHOMO BUAY B MacLLTabax Moro
noLIMpeHHs. Mn TakoX 06roBOpPHOEMO HaCAIAKM A1 36epeXKeHHs pUCi EBPA3siMCHKOI,
He3Baykal4M Ha reonosliTUYHI peanii, WO BMN/MBalOTb Ha MOHITOPUHI BUAIB Y
perioHi. Hawa pob6oTa€ OCHOBOI He TiZIbKM A8 MaNBYTHIX NPUPOLOOXOPOHHMX

BTPY4YaHb, ajsie 1 AN OLiHKM HacNiaKiB MopyLUEHb Ta 3arpo3 A5 UMX NOoNyAsLLIN, aKi

OXOPOHAKTbLCA.

1 | INTRODUCTION

Large carnivores are keystone species with far-reaching ecological ef-
fects on ecosystems (Wolf & Ripple, 2018) and have an important cul-
tural and intrinsic value (Carlson et al., 2020). Despite legal protection
in many countries, large carnivores are currently globally threatened
by several anthropogenic influences such as habitat fragmentation, di-
rect persecution and geopolitical unrest (Arlettaz et al., 2021; Heurich
et al., 2018). Therefore, the status of all populations across the species’
range should be carefully assessed to establish conservation manage-
ment plans. This information on large carnivores is crucially important,
because in Europe's human-dominated landscapes, large carnivores
intersect human economic and social interests frequently, and detailed
scientific evaluations allow evidence-informed management and con-
servation interventions. The International Union for Conservation of
Nature (IUCN) Red List of Threatened Species collects information
indicating the global conservation status of large carnivores, which is
determined through multiple risk categories. This is primarily done by
assessing species range and abundances - the basic parameters for
any population assessment (Breitenmoser-Wiirsten et al., 2007). For

the Eurasian lynx (Lynx lynx, hereafter “lynx”) in Europe, there are sys-
tematic approaches to status assessment and population monitoring
(Weingarth et al., 2015; Zimmermann et al., 2013); however, these are
not conducted evenly across the species range, leaving knowledge
gaps for these indices.

Lynx are medium-sized felids and are considered a key large
carnivore in Europe. They are widely distributed across Eurasia
(Breitenmoser & Breitenmoser-Wiirsten, 2008; von Arx et al., 2021).
In the European Union (EU), lynx are strictly protected under the
Habitats Directive (Council Directive 92/43/EEC; EC, 1992), which
aims to preserve important European biodiversity through connected
conservation areas. As the Habitats Directive imposes obligations on
monitoring designated species (Evans, 2012), such as lynx and wolves
(Canis lupus), the status of large carnivore populations needs to be
carefully monitored over time. EU countries share lynx populations
across borders with Ukraine and Belarus, where lynx are protected
under the Bern Convention (Council of Europe, 1979), ratified by
Ukraine in 1999 and Belarus in 2013. Belarus denounced the treaty
in August 2023. In Ukraine, lynx are also listed in the Red Data Book
since 1994 and in Belarus since 1981. Although lynx are assigned to the
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IUCN risk category “Least Concern,” the status of populations is not
homogeneous across their range (von Arx et al., 2021). Current popu-
lation trends are decreasing in some cases, but the overall population
trend is stagnant (von Arx et al., 2021). Smaller populations that remain
isolated are at risk of reduced genetic variation caused by genetic drift,
such as those reintroduced to central Europe (Mueller et al., 2022).
Connectivity is therefore vital for lynx conservation in Europe (Bonn
Lynx Expert Group, 2021; Premier et al., 2021).

In Central Europe, lynx have been systematically surveyed for
the last decade to estimate abundance and density (Bonn Lynx
Expert Group, 2021; Gimenez et al., 2019; Kubala et al., 2019), which
form the basis of lynx conservation assessments and interventions,
and further parameters such as apparent survival (Dula et al., 2021,
Palmero et al., 2021). However, several countries in Central and
Eastern Europe, for example Ukraine and Belarus, do not fall under
EU reporting obligations. Distribution and densities from these re-
gions are ambiguous or fall below the standards of reporting set
by the assessments conducted elsewhere (i.e. using shared, sys-
tematic monitoring methods), which can lead to conflicts (Kubala
et al., 2021). This is highlighted in Cherepanyn et al. (2023), who
point out the particular lack of common methodological approaches
to lynx monitoring and the necessity to expand such in Ukraine.
These countries are important for connectivity since lynx's dispersal
ability allows animals in Ukraine and Belarus to readily move across
borders, connecting populations in Central and Eastern Europe, for
example Romania to Slovakia via the Ukrainian Carpathians linking
the source with reintroduced population in Central/Western Europe.
A harmonised monitoring across countries, despite differencesin re-
porting obligations, is therefore inevitable and desirable for the con-
servation and management of lynx (Cherepanyn et al., 2023; Heurich
et al., 2021), and recommendations have already been internation-
ally defined (Boitani et al., 2015; Bonn Lynx Expert Group, 2021;
Papp et al., 2020).

In Ukraine and Belarus, despite some protection, lynx were
thought to be relatively rare due to poaching pressure and habitat
degradation (Shkvyria & Shevchenko, 2009). However, recent gen-
eral assessments of large carnivore numbers in Ukraine since 2009
indicated a stable number of lynx in the Carpathians and slightly
positive trend in Polesia (Cherepanyn et al., 2023). Increases in
areas around the Chornobyl Exclusion Zone in Ukraine and Belarus
(Deryabina, 2008; Zhyla, 2002), situated in Polesia, have also been
reported before 2009. Positive trends were noted in lynx popula-
tions over the last few decades in northern Belarus, where intensive
monitoring is conducted (Sidorovich, 2022). Lynx in Belarus are most
commonly yet imprecisely censused by local hunting communities,
but efforts are not equally nor continuously undertaken in time and
space, nor have they met scientific standards (Sidorovich, 2022).
Similarly in Ukraine, lynx numbers are estimated alongside other
game species by the State Forestry Agency from hunting units within
their administrative areas (Cherepanyn et al., 2023). Similar efforts
are made in protected areas. In Skolivski Beskydy National Park, an
example from the Ukrainian Carpathians, lynx tracks are recorded
across all park sectors, but without accounting for survey effort or
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using systematic recording schemes. In both Ukraine and Belarus,
double counting over the borders of protected areas and forestry
agencies is common (Zhyla, 2012). Without stronger statistical ap-
proaches, inferences about lynx numbers over wider areas are likely
imprecise, which may lead to misunderstandings and conflicts with
other land users, such as hunters (Kubala et al., 2021).

Camera traps are important tools for wildlife monitoring, es-
pecially for lynx due to their unique coat patterns, which allow the
identification of individuals (Weingarth et al., 2012). In the Ukrainian
Chornobyl Exclusion Zone, a recent study (Gashchak et al., 2022)
used camera traps and non-spatial capture-recapture methods to
estimate a lynx population size of 53-68 individuals, with a relatively
high density of 2.2-2.7 individuals/100km?2. However, non-spa-
tial methods are shown to overestimate the density of animals
(Sollmann et al., 2011). Spatial capture-recapture (SCR) methods,
explicitly incorporating fine-scale spatial information associated
with individual detections into population models, are a more popu-
lar (Tourani, 2022) approach to provide unbiased, more precise den-
sities (Royle et al., 2014; Sollmann et al., 2011). To ensure statistical
robustness, a proper field sampling design should be set with care
regarding the spatial requirements of the target species (Sollmann
et al., 2012) as opposed to random sampling often done with cam-
era traps. The strength of this methodology is why it is utilised as
a key component of lynx monitoring across Europe, for example
Slovakia (Kubala et al., 2019), Germany and Czech Republic (Palmero
et al., 2021) and Switzerland (Pesenti & Zimmermann, 2013).

We report here the first SCR density estimates of lynx from
camera trapping in the Skolivski Beskydy National Park (SBNP) in
the Ukrainian Carpathians, the Ukrainian Chornobyl Exclusion Zone
(UCEZ), and three connected protected areas and a state forest in
Belarusian Pripyat-Polesia (BPP): Almany Mires Nature Reserve,
Stary Zhaden Reserve, Topilla Bog and Bukchansky Forest. These are
also the first lynx density estimations to the best of our knowledge
from systematic work in the Ukrainian Carpathians from SBNP and
the first for southern Belarus, from BPP. Since non-spatial density
estimates from camera traps are available for the UCEZ (Gashchak
et al., 2022), our density estimates from SCR methods are a useful
comparison. We expected our SCR densities to be lower than pre-
sented by the more recent, non-spatial models. While the ecosystem
types in BPP and the UCEZ differ from the mountainous SBNP, all
areas have varying human disturbances. Accordingly, we expected
to find varying densities across our study areas, with higher densities
in UCEZ (strict human accessibility criteria) than SBNP or BPP (regu-

lar forestry, tourism, proximity to villages and roads).

2 | MATERIALS AND METHODS
2.1 | Studyareas
We surveyed Eurasian lynx in two hotspots of European biodiversity:

the Carpathian Mountains (western Ukraine) and Polesia (northern
Ukraine and southern Belarus). They comprise distinct ecosystems:
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predominantly mixed-mountain forests in the Carpathians and low-
land forests, swamps, and mires in Polesia. Both boast large and im-
portant protected areas for wildlife. In the Ukrainian Carpathians,
we surveyed lynx in Skolivski Beskydy National Park. In Polesia, we
surveyed the Ukrainian Chornobyl Exclusion Zone and the protected
area network of Belarusian Pripyat-Polesia (Figure 1).

SBNP is located in the northeastern part of the Ukrainian
Carpathian Mountains (49.1°N, 23.4E) in Lviv Oblast and is char-
acterised by highly productive native fir (Abies alba) and beech
(Fagus sylvatica) forests. The entire area comprises 353 km? with
a protected core zone of 52km?. The absolute heights range from
600 to 1200m.a.s.l., and the predominant landscape comprises of
steeply sloping erosional wooded midlands shaped by denudation.

The average height of the snow cover is about 40cm during winter.

Skolivski Beskydy
National Park
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The flora and fauna of the park are remarkably rich. Regarding mam-
mals, European bison (Bison bonasus), red deer (Cervus elaphus), roe
deer (Capreolus capreolus), wild boar (Sus scrofa), wolf (Canis lupus),
brown bear (Ursus arctos) and European wildcat (Felis silvestris) are
found here. The park is also a popular tourist destination, and the
surrounding villages are associated with forestry, low-intensity ag-
riculture and recreation. Population density in Skolivski district is
approximately 32 inhabitants/km?.

The UCEZ study area (2600km?) is situated in Kyiv Oblast
(51.4N, 30.1E) around the site of the most severe nuclear accident
in history at the Chornobyl Nuclear Power Plant, in 1986 (Beresford
et al., 2020; Kashparov et al., 2018). High levels of radioactive con-
tamination led to the evacuation and relocation of the population

over a large area. The topography is flat, lowland floodplain with

Belarusian
Pripyat-Polesia

Ukrainian Chornobyl
Exclusion Zone
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FIGURE 1 Map of the three study areas in which the lynx camera-trapping monitoring was conducted. Protected areas where camera
traps were placed are highlighted in yellow. Each black dot represents a paired camera-trapping site.
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old Scots pine (Pinus sylvestris) plantations, more natural deciduous
forests and open areas of grassland following agricultural abandon-
ment. The Pripyat River flows through the study area from north to
south. The snow cover in winter is low with multiple annual melts.
Apart from Eurasian lynx, the UCEZ counts red deer, roe deer,
Przewalski's horse (Equus przewalskii), moose (Alces alces), European
bison, wild boar, wolf and occasionally brown bear among the large
mammals present. For almost 40years since the nuclear accident in
1986, the UCEZ was effectively uninhabited except for guards, sci-
entists, service staff and a handful of civilians concentrated in the
town of Chornobyl (approximately 1000 inhabitants). The Chornobyl
Radiation and Ecological Biosphere Reserve was established across
87% of the UCEZ, tasked with the preservation of biodiversity that
has recovered after the accident.

BPP is located in the eastern part of Brest and the western part of
Gomel, in southern Belarus along the Ukrainian border (51.7N, 27.4E).
Small towns and villages border the western and northern parts of the
study area, and the average population density of the surrounding dis-
tricts is 12 inhabitants/km?. The largest protected area where moni-
toring took place was Almany Mires Nature Reserve. It is connected
on the northeast to the protected area Stary Zhaden Reserve and on
the southeast to Topilla Bog. On the east of Almany is the State Forest
Bukchansky. Two further protected areas where monitoring did not
occur are L'va Floodplain in the northwest and Pripyatsky National
Park to the northeast. The entire landscape covers approximately
3500km?. BPP comprises vast swamps and mires, with both planted
coniferous and natural deciduous forests constituting Europe's largest
complex of forests and swamps. In the study area, roe deer, moose,
wild boar and wolf coincide with lynx. Forestry, illegal hunting and
fishing, and fires are possible threats, and mushroom and berry pick-

ing are common seasonal pressures on the area.

2.2 | Camera trapping

For reporting methods and results concerning the lynx monitoring,
we followed the protocol from Palmero et al. (2023). The overall
study period lasted from the end of October 2020 until March 2021.
We used a 2.5x2.5km grid for all study areas as previously used in
the Carpathians by Kubala et al. (2019), applying a systematic design
where one out of two cells was sampled (Zimmermann et al., 2013).
We set camera traps in forests where landscape and terrain features
increased the detection probability of lynx, particularly on forest
roads, hiking trails, game paths and mountain ridges, or in loca-
tions based on previous signs of lynx presence (Blanc et al., 2013).
Camera traps were stolen from three and two sites in SBNP and BPP,
respectively, and at one site camera traps were destroyed in BPP.
At each camera-trapping site, we set two Xenon white flash cam-
era traps (Cuddeback C-series or G-series) on opposite sides of the
predicted lynx path to obtain high-quality pictures of both flanks of
animals. The camera traps were never placed exactly opposite each
other to avoid mutual blinding from the flashes. Observers inde-
pendently identified individual lynx in photographs based on their
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unique coat patterns. For SBNP, AFS identified the individuals, for
BPP, AFS, Katharina Kasper and DS identified the individuals, and for
UCEZ, the individuals were identified by SK and Maria Tryfonova.
MG subsequently cross-checked all pictures. If disparities arose,
the individuals were discussed, but the final decision was taken
by the most experienced observer (MG) (Choo et al., 2020; Young
et al,, 2019). Individuals were categorised into independent, juvenile
and unknown when the individual was not identifiable (Weingarth
et al., 2012). Juveniles, individuals <1-year-old, were considered as
their mothers (Zimmermann et al., 2013), when this information was
available, to increase the total number of recaptures. Independent
individuals (>1-year-old) included subadult and adult lynx. Events
with unidentifiable individuals were not considered further, but the
numbers were reported. For some individuals in SBNP, only one-
flank pictures were available in this case. In particular, we collected
three captures of three individuals for the left flank and five cap-
tures of three individuals for the right flank with one of them recap-
tured twice. These individuals were discarded to avoid overcounting,
as one individual might be counted as two when the flanks are not
matched. We collected sample sizes and the number of recaptures
with the proportion of spatial ones. This helped us interpret the
results as their precision generally increases with more recaptures
(Palmero et al., 2023) and particularly with spread-out spatial recap-
tures, as they inform the model about animal movement (Sollmann
et al., 2012). These were calculated as the total number of different
sites at which individuals were only recaptured. Additionally, we in-
vestigated the skewness of recaptures, that is if they are homogene-
ously distributed across individuals, as this positively influences the
precision of results (Palmero et al., 2023; Sollmann et al., 2012).

2.3 | Statistical analysis

We used a Bayesian SCR framework for density estimation, as
Bayesian methods are shown to outperform the maximum likelihood
estimator (MLE), especially when the sample size of individuals is low
(Palmero et al., 2023; Royle et al., 2009), for example in SBNP. Sex was
not available for most individuals from our study sites, as it was rarely
visible from the photographs we collected. We could have fitted a
model M,, but it would struggle to produce detection parameters for
some individuals due to the reduced sample sizes resulting in overfit-
ting and bias in the results. Therefore, we fitted a model M, assuming
a constant detection probability across individuals (Otis et al., 1978).
Closed population density estimates were calculated using Markov
Chain Monte Carlo (MCMC) algorithms in the R package “nimble” (de
Valpine et al., 2017). We used data augmentation and set M for the
theoretical population size to 100 for SBNP and BPP and 300 for the
UCEZ, since the number of individuals detected was larger, ensur-
ing convergence could be reached. This was checked through the
Gelman-Rubin diagnostic statistics in the R package “coda” (Plummer
et al., 2005) with 95% upper Cl<1.1 indicating convergence was
reached. Convergence was also inspected visually. For all models, we
run three chains by 10,000 iterations with a burn-in of 2000.
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The SCR methods rely on two detection parameters: the detec-
tion probability g, and the detection function scale o. The probabil-
ity of detecting an individual is maximum at its theoretical activity
centre, that is home range centre, and declines with distance from
it. The activity centres of animals, including observed individuals and
the theoretical population size N, are then distributed in the state
space S, which is calculated as a square buffer around camera-trap-
ping sites of measure two to three times the detection function scale
(Royle et al., 2014). When information on the home range size is avail-
able, this can be used to estimate sigma thus the buffer width. As this
was not the case, we used the function “suggest.buffer” from the R
package “secr” (Efford, 2022). This resulted in a recommended buffer
width of 13, 16 and 20km for SBNP, UCEZ and BPP, respectively.

To reduce temporal autocorrelation, we defined one occasion as
1day and restricted the number of detections to at most one per
site per occasion, following a Bernoulli distribution. Since we knew
we would deal with reduced sample sizes, we tried to maximise the
number of occasions for the analysis to maximise sample size and
recaptures (Harmsen et al., 2020). Yet, we took care when overlap-
ping the breeding season, as this can cause bias in the detection pa-
rameters (Dupont et al., 2019). Lynx start breeding in late February,
with a peak in March (Goritz et al., 2006; Weingarth et al., 2015).
Accordingly, we used data from November and December to
February and excluded March as the peak of mating season (Table 1).
Although it would have been safer to exclude February (when poten-
tial non-resident lynx may arrive), we decided to include it because
extending the survey length is a suitable compromise between im-
proving the accuracy and precision of the results and violating de-
mographic closure (Harmsen et al., 2020).

Bayesian density estimates are reported with point estimates
and highest posterior density (HPD) intervals. We also calculated the
precision of density estimates using the coefficient of variation (CV),
which was obtained as the ratio between the posterior standard de-
viation and the posterior mean of realised densities. A CV of 0.20 is
associated with high precision (Efford & Boulanger, 2019).

As a last step, we used the posterior distribution of activity cen-
tres of realised individuals (Table 1) to calculate the density for the
minimum convex polygon (MCP). Specifically, we divided the number
of all realised activity centres from all iterations by the total number of
iterations (30,000); hence, we divided this number by the area of the
MCP and obtained its specific lynx density. We then created a raster
with the activity centres in the study area. This allowed us to visualise

animal distribution in space and make inferences about habitat use.

3 | RESULTS
3.1 | Camera trapping

BPP had the highest number of occasions and recaptures, although
these were not equally distributed across individuals (14) and had
the smallest proportion of spatial recaptures (13 out of 65). The
UCEZ had the largest sample size of individuals (22), the highest

TABLE 1 The results of lynx camera-trapping monitoring for the three study areas include spatial and temporal information on the sampling design and the total number of individuals and

(spatial) recaptures with details on their skewness.

Sampling design

Total number of
individuals and

Number of

Size of the study area
(minimum convex
polygon) in km?

Number of individuals

(recaptures)

Number of one-

Effective

camera-trapping

sites

Survey period recaptures (spatial)

day occasions

trapping nights

Study area

3(5;1(4);1(3)

5;22(10)

Dec-Feb

90

2730

35(3)*

390

Skolivski Beskydy National Park

(SBNP)

1(8):1(7);1(3); 6(1); 13(0)

22; 24 (19)

Nov-Feb

6353 112

65 (0)*

791

Ukrainian Chornobyl Exclusion

Zone (UCEZ)

1(18);1(12);2(9);1(8); 1

14; 65 (13)

Nov-Feb

120

5750

50 (2)*

811

Belarusian Pripyat-Polesia (BPP)

(5); 1(2);2(1); 5(0)

Note: Asterisk (*) denotes sites with stolen or broken camera traps.
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FIGURE 2 Results of the SCR analysis with density estimates, detection function scale and detection probability for the three study

areas. Bars refer to the Bayesian HPD intervals.

proportion of spatial recaptures (19 out of 24) and the highest num-
ber of camera-trapping sites. SBNP had the lowest sample size of
individuals (5) but a moderate proportion of spatial recaptures (10
out of 22). The skewness of recaptures was generally poor (Table 1;
Appendix S1). We had 10, 0 and 7 unidentified lynx events in SBNP,
UCEZ and BPP, respectively (e.g. overexposed images, coat patterns

not visible).

3.2 | Statistical analysis

All Gelman-Rubin diagnostic statistics for the three models had
a 95% upper Cl<1.1 for all parameters indicating convergence
(Appendix S2). This was also inspected visually (Appendix S3).

Densities varied across study areas. The highest values were ob-
served in the UCEZ, with 1.54 individuals/100 km? (HPD intervals
0.89-2.35), and the lowest in BPP with 0.45 individuals/100km?
(0.33-0.78), respectively (Figure 2). In SBNP, the densities recorded
were 0.46 individuals/100km? (0.23-1.15; Figure 2). UCEZ and BPP
density estimates had moderate precision (CV =0.23 for both areas),
while the CV was higher for SBNP (0.38). The detection probabil-
ity was generally low, particularly in the UCEZ, while the detection
function scale was largest in BPP (Figure 2).

Densities for the MCPs were 0.81, 0.96 and 0.31 for SBNP, the
UCEZ and BPP, respectively. The distribution of activity centre clus-
ters was patchy in all study areas, especially in BPP with a central

wide band of no density, and these were always located at the edges
of MCP boundaries, except for one cluster in the UCEZ (Figure 3).

4 | DISCUSSION

We used camera trapping and SCR models in a Bayesian framework
to provide the first SCR density estimates for three lynx populations
in Ukraine (Polesia and the Carpathians) and Belarus (Polesia). By
providing the first spatially explicit densities for lynx in Ukraine and
Belarus, our work carries important conservation messages for the
species in these countries and the rest of Europe. Firstly and most
importantly, we followed the recommendations of multiple inter-
national groups on the monitoring of lynx for conservation (Boitani
et al., 2015; Bonn Lynx Expert Group, 2021; Kubala et al., 2021)
on the implementation of systematic monitoring methods in two
European countries where this was not accomplished before. This
gives us the most valuable and comparable lynx density estimates
for Ukraine and Belarus to date. Although concrete distribution and
connectivity maps are still missing, building on work by Cherepanyn
et al. (2023), we add another piece of optimistic evidence concern-
ing the reportedly negative lynx status in the Ukrainian Carpathians
noted by the (Bonn Lynx Expert Group, 2021).

Our closed population density estimates ranging from 0.45 to
1.54 individuals/100km? are similar to those from other Central
European lynx populations estimated using comparable methods.
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FIGURE 3 Raster map of the posterior distribution of activity centres for the realised individuals within the MCP of the camera-trapping
array for each study area. Raster pixels have an area of 1km?, and lynx density is expressed in individuals/km?. The highlighted area

represents the protected portion of each study area.

Lynx density ranged from 0.24 to 0.91 individuals/100km? in the
French Jura Mountains (Gimenez et al., 2019). In two areas of the
Swiss Alps, lynx density was 1.38 and 1.47 individuals/100km?
(Pesenti & Zimmermann, 2013). In the Bohemian Forest Ecosystem,
lynx density was estimated using open population models ranging
from 0.69 to 1.33 individuals/100km? (Palmero et al., 2021). Lynx
densities from the Carpathians Mountains in other countries were
also comparable: 0.26-1.85 individuals/100km? of suitable habitat

in the Western Carpathians (Dula et al., 2021), 0.58 and 0.81 in-
dividuals/100km? in two areas of the Slovak Carpathians (Kubala
et al., 2019) and 1.60-1.70 individuals/100km? in the Romanian
Carpathians (losif et al., 2022). The only densities higher than
these were observed in Turkey: 4.20 individuals/200km? (Avgan
et al., 2014), where surveyed lynx, however, belong to a differ-
ent subspecies (Caucasian lynx; Lynx lynx dinniki) mainly feed-
ing on lagomorphs and thus having smaller home ranges. All the
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abovementioned studies were instead conducted on the Carpathian
lynx (Lynx lynx carpathicus). Our results indicate the first indica-
tion that the densities of lynx in our study sites are comparable to
other regions in Central and Eastern Europe. This is also consider-
ing nearly all the aforementioned studies are multi-season surveys
with well-established sampling designs. Our single-season surveys
are also a limitation, however. Lynx population fluctuations in both
Carpathian (Dula et al., 2021) and European lynx populations over-
all (Gimenez et al., 2019; Palmero et al., 2021) are well established.
However, the threats to lynx in our study sites are not well defined.
Our expectation is that lynx in the UCEZ are the least threatened
due to its size and inaccessibility, while both SBNP and BPP are
more at risk of illegal killings, fragmented connectivity and quality,
and lower prey availabilities, and this is reflected in the lower densi-
ties we report. Legal or illegal hunting of lynx prey species, such as
roe deer, could lower the prey availability for large carnivores, and
these areas had relatively lower numbers of camera trap observa-
tions of prey species than UCEZ. Also, Kubala et al. (2021)) point out
that illegal killing may result in significant mortality in the Slovakian
lynx population, despite being as yet untested, as was shown in
Czechia (Cerveny et al., 2019) in Poland (Kowalczyk et al., 2015). We
have little reason to expect Ukraine or Belarus would be different
in this regard.

Despite frequent pressures and threats, protected areas likely
play a significant part in the conservation of lynx in Ukraine and
Belarus. Only in BPP were a significant number of camera traps out-
side of protected areas, and as such, our results should be viewed
from a protected areas context. The interplay between protected
and unprotected areas for lynx in these regions is not fully under-
stood, but protected areas can host scientific monitoring, especially
if the necessary support and funding for monitoring programmes
are established (Cherepanyn et al., 2023). Protected area bound-
aries are not frontiers to the distributions of large carnivores in
Europe (Cimatti et al., 2021; Terraube et al., 2020) and are often
insufficient for effectively protecting large carnivores (Diserens
et al.,, 2017). However, they provide key refugia and important is-
lands of protection in fragmented, dangerous landscapes (Miiller
et al., 2014; Smith et al., 2022). Each protected area where we
conducted monitoring adjoins other areas with landscape protec-
tion, ensuring some degree of connectivity is possible. However,
the question of protected area effectiveness is still immediate, as
illegal killing similar to other areas of Europe could still be a factor
(Cerveny et al., 2019; Heurich et al., 2018).

Suitable habitat for lynx in Europe's fragmented landscapes
is constrained by human disturbance, which lynx avoid (Oeser
et al., 2023; Ripari et al., 2022). Reintroduced lynx populations in
Central Europe also exhibit genome-wide diversity loss, requiring
the immediate need to increase connectivity between popula-
tions (Mueller et al., 2022; Papp et al., 2020; Premier et al., 2021).
However, the extent to which Ukrainian and/or Belarusian lynx
populations suffer from the same pressures regarding connectiv-
ity and genetics is unknown, limiting our knowledge until further
research is replicated in these regions (Papp et al., 2020). Building
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on our study of lynx densities, the effective conservation of lynx in
Polesia and the Ukrainian Carpathians will require understanding
the distribution and habitat associations (e.g. occupancy, Van der
Weyde et al., 2022) as well as genetic health (Mueller et al., 2022).
This combination of recommendations, especially using genetics
and camera trapping, is already reflected in the recommendations
by Boitani et al. (2015), Bonn Lynx Expert Group (2021) and Papp
et al. (2020) and should guide successful conservation interven-
tions for the continued conservation of lynx in Ukraine, Belarus
and across Europe.

The precision of our density estimations increased with individ-
ual sample size and the number of recaptures, following the other
studies (Palmero et al., 2023; Sollmann et al., 2012). Our most pre-
cise density estimates were in the UCEZ, with the largest sample
size and the highest proportion of spatial recaptures. On the con-
trary, we observed low precision in the area (SBNP) with the small-
est sample size, but a reasonable number of (spatially distributed)
recaptures (~50%). This is in line with Palmero et al. (2023) showing
the sample size of individuals as the overall most important variable
influencing the precision of SCR density estimates. Here, sample size
was reduced because we excluded single flanks from the dataset,
potentially losing six individuals. Low precision for this study area
was expected as the number of camera traps was limited and the
national park boundaries are too small to encompass enough indi-
viduals, that is >10 that are recaptured at least twice for moderate
precision and >20 that are recaptured at least once for high precision
(Palmero et al., 2023). The number of occasions in SBNP was slightly
lower due to a shorter monitoring period starting in December be-
cause of logistical constraints reducing recaptures. We did not have
a priori information on area-specific home range sizes. However,
based on estimates from nearby areas, that is, 165 km? for males in
the Biatowieza Forest (Schmidt et al., 1997), the size of the MCP for
SBNP (353 km2) covered between two and three male home ranges.
For improving the sampling design in the future, we suggest enlarg-
ing the MCP through cooperation with other landowners and users
and redefining the spacing of camera traps based on relevant te-
lemetry data. To reduce the number of overexposed images, camera
trap locations should be tested and flash intensity reduced if possi-
ble. In BPP and the UCEZ, the size of the MCP was almost five times
larger than a male home range, ensuring larger sample sizes thus
more precise results would be obtained (Efford & Boulanger, 2019;
Tobler & Powell, 2013).

Apart from the limitations in SBNP, all areas were affected by
poor skewness of the recaptures, potentially decreasing the preci-
sion (Palmero et al., 2023; Sollmann et al., 2012). This was probably
due to low detection probabilities (<0.015 in all areas). In the UCEZ,
this parameter was particularly low because 13 out of 22 individuals
were only captured once. The sampling design we used ensured that
at least one camera-trapping site was set in all lynx home ranges,
but this was probably insufficient to provide enough (spatial) recap-
tures, with multiple sites within the smallest home range of the tar-
get species (Sollmann et al., 2012; Tobler & Powell, 2013). On the
other hand, using data from February potentially included resident
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males making excursions during the mating seasons in search of a
partner. These individuals generally decrease overall capture prob-
abilities because they have no established home ranges and inflate
density estimates (Larrucea et al., 2007). However, the benefits of
extending the survey length to increase sample size and recaptures
are shown to overcome the potential risk of violating demographic
closure caused by immigration, emigration, recruitment and mortal-
ity (Harmsen et al., 2020). This may explain the relatively high preci-
sion for density estimates in the UCEZ where our increased sample
size and recaptures overcame the low detection probability.

In the UCEZ, the highest activity centre densities in our mon-
itoring area were located in two patches, east of the Pripyat River
and another west of Chornobyl town at the crossroads of several
forested areas. In BPP, the lowest activity centre density fell over an
area of acute human disturbance, where a large forest road north-
to-south facilitates forestry and trucks, tractors, cars, motorcycles
and other human activities. BPP had the largest MCP size with many
camera-trapping sites, yet density was relatively low. Here, an ex-
tensive proportion of the area is composed of mires and marsh-
lands unsuitable for lynx when waterlogged. This may explain the
observed low density and the large detection function scale, as lynx
have to travel longer linear distances over dryer patches to access
resources. Densities from the state spaces were higher than the
MCPs in BPP (0.45 vs 0.31) and the UCEZ (1.54 vs 0.96) but lower
for SBNP (0.46 vs 0.80).

However, we could not calculate the uncertainty for the esti-
mates from the MCP and since these estimates always fell within
the HPD intervals of the original estimates, little can be discussed.
However, we offer a short explanation for the lower values in UCEZ
and BPP. Both BPP and the UCEZ are extensive landscapes con-
nected to other suitable and protected lynx areas across country
borders, without “hard borders” in the arrays. Therefore, the exact
placement of our arrays in the wider landscape may mean the MCPs
did not always enclose the most probable areas to detect lynx be-
cause the wetlands, rivers and landscape heterogeneity within the
array may push the activity centre clusters away from the centre of
arrays. To overcome these aspects in future surveys, we recommend
using habitat suitability maps (Oeser et al., 2023), simulating differ-
ent sampling designs (Ash et al., 2020) or employing pre-season sur-
veys to inform camera trap placements.

Lynx density in the UCEZ was recently estimated using non-spa-
tial capture-recapture models and mean maximum distance moved
(MMDM) (Gashchak et al., 2022). High abundance and density were
attributed to factors such as suitable habitat, absence of human ac-
tivities and an abundant prey base. However, the sampling designs
used in these projects were not tailored to lynx and were inconsis-
tent across the study areas. Additionally, some study areas were
particularly small (20-175km?). Density estimates from non-spatial
methods are often inflated because of underestimated MMDM, es-
pecially for small study areas (Sollmann et al., 2011; Whittington &
Sawaya, 2015; Zimmermann et al., 2013). Therefore, future demo-
graphic studies should prioritise SCR estimates to establish effective
monitoring plans.

When species have sex-specific detection probability and de-
tection function scale, such information should be included in the
model to avoid bias. Otherwise, density would decrease as a result of
a sample dominated by individuals with a higher detection probabil-
ity and detection function scale (Sollmann et al., 2011). However, sex
can only be determined if a female is detected with kittens or genital
parts are photographed (Weingarth et al., 2012). This information
is often missing for most individuals, especially in previously unsur-
veyed areas where they have not been camera-trapped over time.
We could not account for sex in the model resulting in potentially un-
derestimated densities. To solve this issue in the future, a long-term
monitoring plan should endeavour to track individuals over time (life
histories) and allow sex determination to improve estimates.

The need for harmonised, scientific monitoring of Eurasian lynx is
well established (Boitani et al., 2015; Bonn Lynx Expert Group, 2021),
and there are huge opportunities to enhance assessments of lynx
status where data gaps exist (Kubala et al., 2021). For example, gath-
ering data collected outside of research and in Ukrainian language,
as demonstrated in (Cherepanyn et al., 2023). Ukraine is also a can-
didate member for the EU, and a future ascension would presumably
invoke standardised reporting of lynx monitoring under the Habitats
Directive (EC, 1992). Unfortunately, current geopolitical realities re-
flect that international collaboration in the monitoring and manage-
ment of lynx between other European nations and Belarus is now
halted. Belarus also denounced the Bern Convention, under which
lynx are protected, in August 2023. Concurrently, in Ukraine, it has
been severely limited. In February 2022, soon after our study was
conducted, the Russian Federation commenced a full-scale inva-
sion of Ukrainian sovereign territory (including our study area in the
UCEZ) from both Russian and Belarusian borders. This directly risks
protected landscapes and wildlife populations, jeopardises the es-
tablishment of long-term monitoring of Eurasian lynx in both Polesia
and the Ukrainian Carpathians, and affects academic research
(Orizaola et al., 2022). While we do not assess the impacts of war on
wildlife in this study, it must be noted that the continuity of lynx re-
search and collaboration in the Polesia region, between Ukraine and
Belarus, has been stopped. Not only do our results provide the first
spatially explicit density estimates for important regions in Polesia,
they now provide the only baseline densities before the Russian in-
vasion of Ukraine, which may allow insights into how the war affects
this protected species.
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