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ARTICLE INFO ABSTRACT
Keywords: Monitoring the status of endangered species is essential to guide conservation and management
Camera-traps measures, especially for populations facing isolation and small numbers. The Balkan lynx (Lynx

Spatial capture-recapture
Lynx lynx balcanicus
Critically endangered

lynx balcanicus), the most endangered subspecies of the Eurasian lynx, survives in the south-
western Balkans with fewer than 50 mature individuals. Obtaining accurate population estimates
Conservation is challenging for such a rare, wide ranging and elusive species. We used camera-trapping and
Density estimation Spatial Capture-Recapture (SCR) modelling to provide the first reliable density estimates of the
Non-invasive methods Balkan lynx in its core area, Mavrovo National Park and surroundings, over a decade-long
monitoring period. Across five sessions, we recorded 176 detections over 9439 realised camera
trap nights, identifying up to 10 individuals per session. Despite a low number of recaptures, our
multisession analyses reveal a decline in density (SE) over the past decade, from 2.3 ( & 0.7) lynx
per 100 km? of suitable habitat in 2013 to 1.2 ( + 0.4) in 2023. We compared densities estimated
independently for each session or as a trend, with and without excluding unsuitable habitat.
These findings provide the first robust density estimates for the critically endangered Balkan lynx
and confirm concerns about the state of the population. Our results underscore the value of long-
term, systematic monitoring to detect changes in population density. While density estimates are
comparable to other lynx populations in Europe, the observed decline, combined with the genetic
state of the population, highlights the urgent need for enhanced conservation efforts.

1. Introduction

Understanding demographic parameters, such as population size, density and their trend over time is essential for the effective
conservation and management of many species, especially threatened ones (Williams et al., 2002; Udevitz and Gould, 2014, Flezar
et al., 2023). However, estimating demographic parameters of large carnivores, such as population size, density, trends, survival and
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turnover, is particularly challenging due to their vast home ranges, low densities, and nocturnal, secretive behavior, which contribute
to low detection rates (Obbard et al., 2010).

Advancements in digital camera traps have profoundly revolutionised field biology, providing a non-invasive method to monitor
wildlife in any spatiotemporal condition (Rovero and Zimmermann, 2016; Weingarth et al., 2015). The integration of Spatially Explicit
Capture-Recapture (SCR) models with camera trapping has become a standard approach for assessing demographic parameters in
many wild felids with distinctive coat patterns (e.g. Greenspan et al., 2020). SCR models evolved from traditional Capture-Recapture
(CR) models and, by accounting for animal movement and location relative to the trap array, eliminate the need to calculate the
effective sampling area (Efford and Fewster, 2013; Sollmann, 2018; Marrotte et al., 2022, Palmero et al., 2023a). Multisession ex-
tensions of SCR have also been developed to analyze multi-year or multi-season data under a consistent framework (e.g., Gardner et al.,
2010; Royle et al., 2014; Efford, 2025a). These approaches allow explicit modeling of changes in density or demographic parameters
over time for assessing population trends.

In the present study we focus on the Balkan lynx (Lynx lynx balcanicus), a distinct subspecies of the Eurasian lynx. Once widespread
throughout the peninsula, the Balkan lynx is now restricted to the mountainous regions along the border of North Macedonia, Albania
and Kosovo (Kaczensky et al., 2024). It is also sporadically found in southern Montenegro (von Arx et al., 2004, Melovski et al., 2018).
The last expert-base estimate indicates that no more than 50 mature individuals are left in the wild, rendering it the most critically
endangered subspecies of Eurasian lynx in the world (Melovski et al., 2015). In addition to its small population size, the Balkan lynx
faces threats from habitat loss, poaching, genetic isolation and high recent inbreeding, which limit its range and compromises genetic
diversity (Gonev, 2025; Melovski et al., 2021). Conserving this rare and endangered subspecies demands scientifically robust data to
effectively plan and implement conservation and management measures across all range countries (Bonn Lynx Expert Group, 2021).
Until 2006, there had been no field studies conducted on this critically endangered subspecies, resulting in a scarcity of data primarily
reliant on expert judgement and estimates (Breitenmoser-Wiirsten, Breitenmoser, 2001). Since then, assessments of the Balkan lynx’s
status were carried out on the population level and through the implementation of the Balkan Lynx Recovery Programme, providing a
more comprehensive understanding of its conservation needs (Melovski et al., 2021).
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Fig. 1. Study area in North Macedonia (orange polygon, 1012 km2 of suitable habitat). The borders of Mavrovo NP (blue polygon) are shown along
with the camera trap locations (red crosses) used during the 2023 session. The 2023 mask (buffer strip = 11.6 km) is shown, with habitat areas
deemed suitable for lynx depicted in green and excluded areas in black. Excluded habitats include lakes, areas above 1800 m altitude and populated
places with more than 5000 inhabitants. Country borders are displayed for spatial reference. Maps and buffer strips for the other sessions are
provided in Supplementary Material, Fig. S1.
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In this context, we applied the photographic capture-recapture method for the first time in the Mavrovo National Park. This
approach had already been successfully used to study Eurasian lynx in various regions of Central and Western Europe (e.g., Pesenti and
Zimmermann, 2013; Weingarth et al., 2015; Kubala et al., 2019; Dul’a et al., 2021; Flezar et al., 2023). Our initial pilot study from
2008 demonstrated the feasibility of this method for monitoring the elusive Balkan lynx, providing the first reliable population es-
timates and insights into individual movement patterns (Melovski et al., 2008). Given the species’ critically endangered status and the
need to track population trends over time, we repeated the camera-trapping surveys five times between 2013 and 2023. This long-term
monitoring allowed us to assess population stability, refine our statistical methodology and sampling design, and inform future
conservation strategies.

In this paper, we present the first SCR estimates of the abundance, density, and trend for the Balkan lynx in Mavrovo NP and its
surrounding areas in North Macedonia, a core area for this species (Melovski et al., 2021). For this purpose, we considered five sys-
tematic camera-trapping sessions conducted over a 10-year period (2013-2023). Specifically, we aim to determine the density and
number of Balkan lynx in this core area and to examine how this population has changed over time, identifying any potential trends.

2. Material and methods
2.1. Study area

The study area encompasses Mavrovo NP (lat. 41.7030, lon. 20.6635), the largest NP in North Macedonia, covering a total of
737 km?, and its adjacent areas (Fig. 1). Located in the western part of the country, within the Scardo-Pindic mountain range, the area
includes parts of the Shara, Korab, Deshat and Bistra mountains. Elevations range from 600 m in river valleys to 2764 m at Mount
Korab’s peak. The region is characterised by diverse forest types, including beech, oak, fir, and mixed forests, along with subalpine and
alpine pastures. The human population density is estimated at 3.5-10 individuals per km?, making it one of the least populated regions
in the country with high emigration rates (State statistical office of the Republic of Macedonia, 2022).

Approximately 45 % of the Mavrovo NP area is forested. Of this, over 70 % consists of broadleaved forests, predominantly Eu-
ropean beech (Fagus sylvatica) and various oak species (Quercus spp.). Mixed forests make up more than 18 % of the area, primarily
beech-fir combinations. Shrublands cover nearly 10 %, and coniferous trees, including Macedonian fir (Abies borisii-regis) and Euro-
pean spruce (Picea abies), account for around 1 % (Ivanov et al., 2018). Besides the Eurasian lynx, three other large carnivore species
occur in the area: brown bear (Ursus arctos), grey wolf (Canis lupus) and golden jackal (Canis aureus). Ungulates are represented by the
roe deer (Capreolus capreolus), chamois (Rupicapra rupicapra) and wild boar (Sus scrofa) (Melovski et al., 2022). The prevalent climate
in the area is mountainous with subtle Mediterranean influences along Radika River (Filipovski et al., 1996).

Being a protected area for over 75 years, Mavrovo NP is considered the core area of the lynx with most findings coming from the
park and a stable prey population (Melovski et al., 2018). While traditional livestock grazing and forestry remain the dominant human
activities, expanding tourism and infrastructure development increasingly fragment the available habitat for wildlife.

2.2. Sampling design

Camera traps were deployed during the winter and spring of 2013, 2015, 2018, 2021 and 2023. The study area was overlaid with a
grid of 2.5 x 2.5 km cells, adjusted from other Eurasian lynx studies aiming at estimating densities with capture-recapture and aligned
with the international 10x10km UTM/WGS84 grid (zone 34 N) (Zimmermann et al., 2013). Grid cells with more than two-third of their
area above 1800 m were discarded (Melovski et al., 2020). These cells were removed for biological and logistic reasons, as lynx rarely

Table 1
Main characteristics and results of the camera trap sessions conducted in 2013, 2015, 2018, 2021 and 2023 in the Mavrovo NP and its surrounding
areas. Each session includes 12 trapping occasions (five consecutive nights each), totaling 60 trapping nights per session.

2013 2015 2018 2021 2023
Period of trap activity March - May March - May February - April March - May February -
April
Camera trap array (km?) 393 334 374 374 435
Number of sites 32 30 30 30 41
Realised camera trap nights 1813/1920 1779/1800 1794/1800 1747/1800 2306/2460
(94.4 %) (98.8 %) (99.6) (97.0 %) (93.7 %)
Dataset left right left right left right left right left right
Number of detections 30 29 15 16 19 28 9 6 17 15
Number of detected individuals 10 9 7 7 8 9 3 4 7 6
Number of detections/individual: mean, median 3,25 3.2,3 21,2 23,2 2.4,1.5 3.1,2 3,2 1.5,1.5 24,1 25,1
(min, max) a1,7) 1,9 @@,5 1,49 @a,5 1,9 @a,6) 1,2 1,9 @8
Number of recaptures 20 20 8 9 11 19 6 2 10 9
Number of recaptures/individual: mean, median 2,15 2.2,2 11,1 13,1 1.4,0.5 21,1 2,1 0.5, 0.5 1.4,0 1.5,0
(min, max) (0, 6) 0,8 (0,49 0,3 (0,4 0,8 (0,5 (0,1) 0,8 (0,7
Number of spatial recaptures 9 8 5 6 7 9 3 2 7 7
Number of spatial recaptures/individual: mean, median 0.9, 0.5 09,1 0.7,0 09,1 0.9, 0.5 1,1 1,1 0.5, 0.5 1,0 1.2,0
(min, max) 0, 3) 0,2 3,11 (0,2 (0,3 0,3 (0,20 (©1 0,5 (0,6)
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use habitat above timberline (Breitenmoseriirsten et al., 2001) and accessibility for maintenance must be guaranteed. An optimal
camera-trap site was chosen in every second grid cell. When it was not possible to find a suitable site in the chosen cell, an ideal spot
was selected in an adjacent cell. This camera-trap density and distribution ensured that the area sampled included no gaps that could
contain an entire animal’s home range (around 150 km? for females, unpublished data derived from six radio-collared Balkan lynx
females), which is an important requirement of conventional capture-recapture models but not mandatory in spatially explicit models.
Camera trap locations were selected either based on previous signs of lynx presence and local knowledge or by selecting optimal sites
covering all preselected grid cells. Cameras were strategically placed along predictable paths, forest roads, game paths and hiking
trails, to maximise the detection probability of lynx (Blanc et al., 2013; Zimmermann and Foresti, 2016).

In 2013, camera traps were deployed at 32 sites, with subsequent surveys conducted at 30 sites in 2015, 2018, and 2021, and 41
sites in 2023. Each survey lasted 60 days, from late February to early May, with minimal variation in site selection and survey period
across sessions (Table 1). For each session, a minimum convex polygon was generated to inform about the extent of the trap
deployment (Table 1). The study period was selected to coincide with the lynx mating season, maximizing the likelihood of increased
movements, while also avoiding the hunting season of ungulates (01 Oct. - 31 January), to minimize potential disturbances. Two
camera traps (with no bait) were deployed at each site to maximise identification chances by photographing both flanks of lynx. We
employed the following digital camera-trap models: Capture 3.0 Megapixel Scouting Camera, Ambush, C123, and X-Change Color
(Cuddeback®, De Pere, WI, USA), each equipped with passive infrared trigger mechanisms with a % second trigger speed and a xenon
white flash. The camera traps were positioned 0.6 m above ground, perpendicular to the track and set to take one to two consecutive
images per trigger event, with no delay between successive triggers (approximately 10-30 seconds was needed to recharge the xenon
white flash). Camera traps were checked weekly to control functionality, change memory cards and batteries when needed, and
remove possible obstructions (e.g., snow or overgrown vegetation).

2.3. Individual identification

Following the recommendations in Choo et al. (2020), each lynx photograph was carefully reviewed by at least two distinct
members of the project team, who visually identified individual animals by analysing their unique fur patterns, focusing particularly
on the positions of spots or rosettes across the lynx’s body (Zimmermann and Foresti, 2016). If no agreement is found between the
investigators after more than one trial, it is considered that the individual cannot be identified. This usually happens when the image is
of bad quality (e.g. blurred or under/overexposed), not well framed or skewed. Each individual in each session was compared to the
known individuals in our database and assigned a known ID or a new ID if it was not previously identified. All captures that could not
be confidently confirmed through visual inspection, due to poor picture quality, were excluded from the analyses.

2.4. Data analysis

We used SCR multisession analyses to estimate lynx densities and the number of independent lynx present in the Mavrovo NP, using
the R package ‘secr’ (version 5.2.0, Efford, 2025b). In ‘secr’, multisession analyses can be conducted to combine data from different
time periods or study areas, treating them as separate but related ‘sessions’. This approach can improve the robustness of density
estimates by pooling data across sessions, particularly when individual captures are sparse or when assessing population dynamics
over time (Efford et al., 2009). Given the systematic camera trap sessions conducted over multiple years (2013-2023) in Mavrovo NP
and the low number of individuals detected, this long-term approach was essential for examining temporal trends and overcoming the
limitations of single-session analyses with few capture-recapture events.

The analyses necessitated the compilation of input files encompassing camera traps deployment details (operational nights of
cameras), spatial coordinates of trap locations and detailed capture histories, which track individual animals’ detection events across
sites and sessions. Following Zimmermann et al. (2013), two juvenile captures were replaced by their mother’s ID in the capture
history to account only for the “independent lynx” (i.e. residents plus dispersers, or adults plus sub-adults). Due to insufficient data on
the sex of the individuals captured, we were unable to incorporate sex as a covariable in the SCR models. As usually done in most
European studies, capture events were organised into 12 occasions, each spanning five consecutive nights starting from midday, within
the 60 nights study period (Table 1), facilitating comparisons of results between studies. In our case we restricted the number of
detections of an individual at a particular camera trap site during a sampling occasion to only one detection. Since not all individuals
could be identified from both flanks, we conducted separate analyses, one with all left flank photographs and another with all right
flank photographs (Kalle et al., 2011; Srivathsa et al., 2015).

A mask (or state space) was also necessary in the models to delineate the geographical bounds for lynx activity centres within the
model. We calculated a buffer zone around the trap array using the suggest.buffer() function from the ‘secr’ package, to ensure that no
individual animal outside of the area delimited by the corresponding mask has any probability of being detected by the camera traps in
the array during the survey. This practice is commonly recommended in spatial capture-recapture studies (e.g., Efford et al., 2004;
Royle et al., 2014). To ensure consistency in our analyses, the buffer was calculated on the entire dataset for a given year, allowing us to
use the same mask for both left and right flank analyses. By calculating the buffer on the full dataset for each session, we ensure that
both flanks are analysed under identical conditions, which is crucial for more comparable results. Analyses were conducted using both
a simple mask and a habitat mask (Fig. 1). The habitat mask was applied to refine the model by excluding areas deemed unsuitable for
lynx, including lakes, elevations above 1800 m, and urban areas with populations exceeding 5000 inhabitants.

The models were fitted using half-normal function, which considers that the encounter probability is highest when the camera trap
site is placed exactly at the animal’s activity centre and declines as the distance between camera trap site and activity centre increases
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based on the kernel of a bivariate normal probability distribution function. Likelihood inference methods were employed to estimate
the model parameters. The models were fitted with three primary parameters: density (D), detection probability (g0) and movement
parameter (c). We modelled density with two automatic predictors provided specifically for multi-session analyses: D~Session (trend)
and D~session (independent). The lowercase ‘session’ fits a distinct value of the parameter for each session without assuming any
relationship between sessions. The initial uppercase ‘Session’ fits a trend across sessions using the session number as a continuous
predictor. The trend model allows the parameter to vary across sessions while following a common underlying trend across the sessions
(random effect) capturing general changes across sessions (Efford, 2025a). Our primary interest lies in the trend model (D~Session)
for understanding population dynamics over the study period, however, we also conducted the independent analyses (D~session) to
compare the outcomes of a trend-based and session-specific approach.

We tested various predefined covariables for the detection function parameters to assess how the detection probability g0 is
influenced by time effects (¢t for time factor or T for time trend), behavioural responses (b for learned response, k for site-specific
learned response, bk for individual-by site learned responses), transient responses (BK for individual-by site transient responses, K
for site-specific transient response; Efford, 2022). Sigma was kept constant, assuming consistent movement behaviour across sessions.

For each flank and density parameter (‘Session’ or ‘session’) models’ selection was conducted using the Akaike Information Cri-
terion (AICc) to account for small sample sizes. Models with a AAICc of less than 2 were averaged to provide more robust density
estimates. All analyses were conducted in the R programming language (version 5.2.0, R Core Team 2025). The coefficient of variation
(CV) for each density estimate was calculated to assess the precision of the results (Palmero et al., 2023a).

To estimate the number of lynx per session within a defined study area (orange polygon in Fig. 1), we multiplied the resulting SCR
density estimates (trend model, D~Session, suitable habitat mask) by the total area of suitable habitat in that polygon. This study area
was defined as a subset of the masks used in the SCR analyses, taking into account important barriers and ensuring that it remained

Left flank detections Right flank detections
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Fig. 2. Estimated lynx densities across sessions for different spatial capture-recapture models. The left panels represent results from the left flank
detections, and the right panels from the right flank detections. In the first row, analyses were conducted with a density estimate where the density
parameter was modelled as a trend across sessions (D~Session). Second row analyses were conducted with density estimates where the density
parameter was estimated independently for each session (D~session). Red symbols indicate a standard mask whereas blue symbols indicate a
habitat mask. Error bars represent standard errors (SE) for the density estimates.
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within the spatial boundaries where density estimates were derived. The portion of the study area extending into Albania was excluded
due to the presence of barriers (treeless mountain ridges above 2000 m of altitude). Although occasional movements across these
barriers have been observed, such as a radio-collared lynx crossing into Albania and returning, it is unlikely that a lynx would establish
a home range spanning both sides of the barriers. The study area was further refined by excluding unsuitable habitats during its
delineation and when calculating the number of lynx within suitable habitat. This approach ensured that the abundance estimates
reflect the number of lynx residing in suitable habitat within the core area.

3. Results

Due to technical issues and camera theft, the number of potential camera trap nights across various years was reduced. As a result,
the realized camera trap nights ranged from 93.7 % to 99.6 % of the total potential nights over the five surveys (Table 1). In total, 176
lynx detections were recorded over 9439 realized camera trap nights.

The number of left and right flank detections for each camera-trapping session is provided in Table 1, with the highest number of
left flank detections recorded in 2013 (30 detections, 10 individuals) and the lowest in 2021 (9 detections, 3 individuals). For the right
flank dataset, 2018 had the highest number of detections (28 detections, 9 individuals), while 2021 had the lowest (6 detections, 4
individuals) (see Table 1 for details per session).

Multisession analyses of the left flank detections with the standard mask, both with the density parameter estimated independently
for each session (D~session) and as a trend across sessions (D~Session), identified the behavioural responses model bk and k as best
fitting models, both with a AAICc of less than 2 (Table S1 supplementary material). Consequently, model averaging of these two
models was performed to obtain more robust density estimates. However, when excluding unsuitable habitat from the mask, the site-
specific transient response K was the best fitting model. Under the trend model (D~Session), the estimated density (SE) ranged from
2.28 ( + 0.68) independent lynx in 2013-1.16 ( & 0.41) independent lynx per 100 km? of suitable habitat in 2023. Under the inde-
pendent model (D~session), density estimates ranged from 2.47 ( + 0.86) independent lynx in 2013-1.53 ( £ 0.63) independent lynx
per 100 km? of suitable habitat in 2023 (see Fig. 2 and Table S2 for full details by session and model).

For the right flank detections, the K model was consistently the best fitting model for both predictors ‘Session’ and ‘session’, with or
without unsuitable habitat excluded from the mask (AICc comparison in the table S1 of the supplementary material). The highest
estimate occurred in 2013, with densities (SE) ranging between 2.38 ( + 0.69) (trend model) and 2.39 ( + 0.85) (independent model)
independent lynx per 100 km? of suitable habitat, decreasing to values between 1.28 ( & 0.44) (trend model) and 1.41 ( + 0.62)
(independent model) independent lynx per 100 km? of suitable habitat in 2023 (see Fig. 2 and Table S2 for full details by session and
model).

In both the ‘Session’ (trend) and ‘session’ (independent) models, with a mask excluding unsuitable habitat, the detection proba-
bility (g0) remained stable across sessions, with values of 0.05 ( £ 0.01) for the left flank dataset and 0.06 ( £ 0.01) for the right flank
dataset. The movement parameter (sigma), kept constant in the models, was estimated at 3.96 km ( £ 0.35) for the left flank dataset
and 3.41 km ( £ 0.26) for the right flank dataset for the ‘Session’ (trend) model excluding unsuitable habitat.

For the ‘Session’ (trend) model excluding unsuitable habitat, CV ranged from 20.9 % to 35.3 % for the left flank dataset and from
19.7 % to 34.3 % for the right flank dataset, with detailed values for density, CV, g0, and sigma by analysis type and session provided in
Table S2).

For the ‘Session’ (trend) model excluding unsuitable habitat, the number of lynx (SE) within the study area ranged from 23.12
( + 6.86) independent lynx in 2013 to 11.7 ( & 4.13) independent lynx in 2023 for the left flank, and from 24.14 ( &+ 6.99) independent
lynx to 12.99 ( £ 4.45) independent lynx in 2023 for the right flank (see Table 2 for detailed model-based estimates).

4. Discussion

Using camera traps and SCR models, we conducted the first rigorous population estimation of the Balkan lynx in its core habitat,
including Mavrovo NP and adjacent surrounding areas. Our multi-session analysis, spanning a decade, provided crucial insights into
population trends and density estimates, allowing us to determine the number of lynx in the core reproductive area and its trend.

Table 2
Estimated number of Balkan lynx (with standard error) in the study area across different sessions and detection models. Population estimates are
shown for sessions modelled as a trend or independently and excluding unsuitable habitat.

Year of the 2013 2015 2018 2021 2023

study

Dataset (flank left right left right left right left right left right

side)

Session 23.12 24.14 19.5 20.68 16.45 17.71 13.87 15.17 11.7 12.99
(6.86) (6.99) (4.37) (4.43) (3.44) (3.48) (3.61) (3.77) (4.13) (4.45)

session 25.03 24.17 17.33 18.53 19.27 23.27 7.19 10.29 15.51 14.31
(8.67) (8.6) (7.11) (7.48) (7.42) (8.29) (4.63) (5.59) (6.37) (6.27)
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4.1. SCR model outcomes and interpretation

Over the 10-year period, our results showed a general gradual decline across both flank datasets, whether we modelled density as a
trend (D~Session) or treated each independently (D~session).

As both flanks of all detected individuals were not always known, the left and right flank photographs were separated in two
datasets to mitigate the bias of incomplete identification on detection probability. The left and right flank analyses yielded similar
results and trends, with slightly higher detection rates in certain years (e.g., 2013 and 2018) and somewhat higher density estimates for
the right flank dataset compared to the left flank. When we refined the mask by excluding unsuitable habitats the site-specific transient
response model (K) was consistently selected as the best-fitting model. A site-specific transient response indicates that the detection
probability at a given site changes after the first lynx detection at that site within the same survey session. Unlike a learned response,
this effect does not permanently alter behaviour or detection probability beyond that initial encounter - it simply adjusts the prob-
ability associated with subsequent detections at that site during the same session. Ecologically, as our parameter estimates suggest an
increased detection probability following the first detection event, it may indicate that once a lynx has been detected at a site, the
probability of detecting another lynx (or the same lynx again) at that site within the same session is higher. This might reflect consistent
use of certain habitat features or travel routes (such as forest roads) that bring lynx back to these camera trap locations. It may also
relate to revisiting marking sites, which are often situated along forest roads or natural landmarks. Additionally, the increased
movement associated with the mating season may have contributed to higher site revisitation rates during this period. Although our
camera traps were placed based on lynx snow tracking and opportunistic camera trapping detections rather than targeting specific
marking sites, scent-marking behaviour likely influenced detection patterns, as both males and females mark, with males revisiting
marking sites and using forest roads more frequently (Vogt et al., 2014, Krofel et al., 2017). The timing of our surveys, selected to avoid
the hunting season and ensure access to remote areas, overlaps with the lynx mating season. This likely contributed to higher detection
probabilities but may also have allowed for occasional temporary movements beyond individuals’ typical home ranges. One
radio-collared lynx was observed crossing the treeless mountain ridges above 2000 m of altitude into Albania and returning, illus-
trating that such excursions can occur. However, our telemetry data suggest they are rare. In spatial capture-recapture models, this
type of behaviour is absorbed into the estimation of the spatial scale parameter o, which reflects how detection probability declines
with distance from an individual’s activity centre. Occasional long-distance detections may result in a slightly larger o, but they do not
bias density estimates, which are derived from the number of activity centres located within the defined mask (Royle et al., 2014).
Although occasional extraterritorial movements during the mating season may not be fully captured in o, the relatively low ¢ values
observed in our study indicate that, on average, the individuals detected had limited movement around their activity centres. It is
important to acknowledge that some transient or wide-ranging individuals may still have gone undetected or were detected only a few
times.

Movement parameters (c) from our study appear to fall within the lower range of those observed in other Eurasian lynx studies. For
example, Zimmermann and Foresti (2016) reported higher ¢ values of 5.12 km for males and 3.32 km for females, while Kubala et al.
(2019) found values between 5.47 km and 6.42 km in the Slovak Carpathians. Dula et al. (2021) recorded a broader range, from
3.17 km to 9.83 km, depending on site and season. These results could stem from differences in lynx population density and also
potentially in different conditions between study areas (e.g. barriers, topography or prey availability).

The distinction between ‘Session’ (trend) and ‘session’ (independent) in the models reflects different assumptions about density
changes across time. In the ‘Session’ (trend) models, density was treated as a trend across time, allowing for gradual changes in
population densities from one session to the next. In contrast, the ‘session’ (independent) models treated each camera trapping session
independently, allowing for greater fluctuations in density estimates between sessions. This approach revealed more variability in the
results, with densities rising in 2018 and falling sharply in 2021. Such fluctuations are not uncommon in lynx populations and have
been documented in other regions, including Switzerland (e.g., Zimmermann et al., 2015, 2016) and the Bohemian-Bavarian Popu-
lation (e.g., Heurich et al., 2018). These studies report notable interannual variations in lynx densities, often linked to prey availability,
human-induced mortality, or dispersal dynamics. In our study, the lower number of effective camera trap nights and detection rates in
2021 may be attributed to factors that remain unclear at this stage. Nonetheless, both modelling approaches consistently indicate an
overall decreasing trend in density over the 10-year period.

In view of the low number of detections in 2021, the array size and number of sites has been increased in 2023 to try to increase the
number of detections and individuals (Palmero et al., 2023a). While detections almost doubled compared to 2021, the resulting density
remained below pre-2021. Under the trend (D~Session) model excluding unsuitable habitat, the CV in 2023 was the highest observed
(~35 % for both datasets), that may be attributed to the pooling of data across sessions, which exacerbates the influence of declining
detection numbers over time, particularly in recent years. While the independent (D~session) model showed improved precision
compared to 2021, with lower CVs in 2023, its CVs were still higher than pre-2021 levels. This suggests that even if the increased
number of sites allowed more detections, it only partially mitigated uncertainty as it could not fully compensate for the low recapture
rates and fewer individuals compared to earlier years.

4.2. Limitations

Our study highlights the importance of choosing SCR models to capture the spatial and temporal dynamics of elusive species like
the Balkan lynx. However, several limitations must be acknowledged.

While technical challenges, such as camera theft and malfunctions, can theoretically impact the number of effective camera trap
nights, potentially influencing detection rates and contributing to data gaps, these issues were minimal in our study and shouldn’t have
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an impact. It is also worth noting that in most of our survey years, we did not meet the commonly suggested threshold of at least 10
individuals and 20 spatial recaptures for SCR analyses (Palmero et al., 2023a). Although this inevitably increases model uncertainty,
our decision to use multisession models (pooling data across five sessions over a decade) helped compensate for smaller sample sizes in
certain sessions, still allowing for meaningful density trend assessments (Karanth and Nichols, 2017; Royle et al., 2014; Efford, 2025a).
The low number of detections, recaptures, and individuals in our analyses likely impacted the precision of the population density
estimates. Palmero et al. (2023a) emphasise that small sample sizes can increase variability in SCR models, potentially leading to
biases or imprecise estimates.

In our study, the CV for the density estimates of the trend (D~Session) model excluding unsuitable habitat ranged from 20.9 % to
35.3 % for the left flank dataset and from 19.7 % to 34.3 % for the right flank dataset. According to Dormann (2017), a CV < 20 %
indicates high precision, while CVs between 20 % and 30 % indicate moderate precision with acceptable results. Most of our estimates
fell within the moderate precision range, though the higher CVs (>30 %) observed in the later years reflect increasing uncertainty as
detections became sparser.

To mitigate these issues and improve the precision of density estimates, in future deterministic sessions we will try to make the
following adjustments: increase the density of camera trap sites, utilize marking sites for camera-trap placement (Flezar et al., 2023;
Krofel et al., 2025), extend the study durations beyond 60 days, expand the study area, as done for the 2023 session, to, hopefully,
capture more individuals and obtain a higher number of (spatial) recaptures (Palmero et al., 2023a). In addition, conducting
opportunistic camera trapping along trails and at marking sites before the start of the deterministic session could increase the
probability of obtaining photographs from both flanks of individual lynx. This would improve individual identification and potentially
allow future analyses to be performed on a single dataset, without needing to separate left and right flank images. If marking sites are
used more systematically for camera placement, it will also be important to include site type as a covariate for detection probability in
the SCR models, as it may influence detection rates (Flezar et al., 2025). Despite these limitations, the observed decline in lynx
densities is still supported by the data, though there is some uncertainty in the exact magnitude of change. Lastly, the absence of
sex-based information in our models represents another limitation. Sex differences may influence lynx movement and detection
probability, as males and females often exhibit distinct movement patterns and territorial behaviours (Palmero et al., 2021; Vogt et al.,
2014). For instance, males generally have larger home ranges and higher movement rates, which can lead to differential detectability
and impact density estimates (Gerber et al., 2012; Mohamed et al., 2019; Vogt et al., 2014). Not accounting for such sex-based het-
erogeneity may result in biases and underestimated density estimations (Mohamed et al., 2019). Efford and Mowat (2014) highlighted
that unmodeled heterogeneity, such as sex-specific detection and movement parameters, can reduce the precision of density estimates
in SCR models, and may affect the accuracy when compensatory effects are insufficient (e.g., if one sex dominating detections due to
differing movement or detection probabilities).

4.3. Conservation and management implications

Despite being highly threatened, lynx densities in the core area of the Balkan lynx fall within the range observed in other European
populations, highlighting that this top predator typically exists at low densities across its range.

Using SCR models, lynx population densities have been assessed across several regions in Europe. Studies that included the whole
habitat, without excluding unsuitable areas, reported densities ranging from 0.24 to 0.91 individuals per 100 km? in the French Jura
Mountains (Gimenez et al., 2019), and from 0.69 to 1.33 individuals per 100 km? in the Bohemian Forest Ecosystem (Palmero et al.,
2021). Palmero et al. (2023b) estimated 0.45 and 1.46 individuals per 100 km? in the Ukrainian-Belorussian border of Polesia and
Chernobyl region, respectively and 0.46 individuals/100 km? in the Ukrainian Carpathians. Studies that kept only suitable habitat in
their analyses also reported comparable results, with lynx densities in the Carpathian Mountains ranging from 0.26 to 1.85 individuals
per 100 km? of suitable habitat in the Western Carpathians (Dula et al., 2021), 0.58 and 0.81 individuals per 100 km? of suitable
habitat in two areas of the Slovak Carpathians (Kubala et al., 2019) and 1.60-1.70 individuals per 100 km? of suitable habitat in the
Romanian Carpathians (losif et al., 2022). The geographically closest population to the Balkan lynx and perhaps the most relevant in
terms of future merging into a metapopulation is the Dinaric lynx population. Recent reinforcements in the Dinaric Mountains have
raised densities from 0.83 to about 1.31 lynx/100 km? in Slovenia and 1.27 lynx/100 km? across the entire transboundary region
(Flezar et al., 2025; Krofel et al., 2024). This growth (over 100 % in Slovenia) underscores the potential benefits of genetic and de-
mographic reinforcement, which may serve as a valuable model for the Balkan lynx. Zimmermann and Foresti (2016) provided density
estimates for the Swiss Alps, considering both the entire habitat and suitable habitat only, with estimates of 1.11 individuals per
100 km? when considering the whole habitat and 1.38 individuals per 100 km? when considering suitable habitat only. Exceptional
density estimates were reported in Turkey, where Mengiilliioglu et al. (2021) estimated an impressive density of 4.9 lynx per 100 km?
of suitable habitat in Anatolia and Avgan et al. (2014) estimated a density of 4.20 independent lynx per 100 km? of suitable habitat or
3.17 independent lynx per 100 km? when all habitats were considered in the Ciglikara Nature Reserve. It is important to highlight that
the Anatolian lynx population is quite different from most European lynx populations, including the Balkan lynx, as they do not rely
predominantly on medium-sized ungulates. Instead, they feed heavily on abundant smaller prey, chiefly hares (Mengiilliioglu et al.,\
2018, Melovski et al., 2022). Consequently, one should be cautious when comparing Anatolian lynx estimates to the Balkan or other
European populations, given their contrasting resource use and habitat structure.

Despite having comparable population densities with other European populations, the Balkan lynx population has experienced a
continuous decline, as observed through a decade-long camera-trap monitoring in its core area, Mavrovo NP as well as Munella Mt. in
Albania (Hoxha et al., 2021). The observed population decline in its prime habitat cannot be attributed to technical (i.e. loss of trap
nights) or improper sampling design but is likely driven by factors such as habitat disturbance, reduced prey availability, poaching, and
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genetic challenges associated with a small, inbred population. It is further fuelled by severe recent inbreeding and a very high
mutational load, which could lead to inbreeding depression and reduced fitness (Gonev, 2025). Urgent actions are needed through the
Balkan Lynx Recovery Programme (Melovski et al., 2021) to address not only conventional threats but also to enhance genetic diversity
and mitigate inbreeding effects. It is of utmost importance to keep monitoring the core of the population and surroundings using the
same rate (every two to three years) in order to follow the density, abundance and demography of the Balkan lynx. These findings will
inform the development of targeted conservation strategies and contribute to evaluations for the IUCN Red List of Threatened Species
and the Green Status of Species assessment, both essential steps for long-term recovery and conservation of the Balkan lynx. Long-term
monitoring is crucial to track the population’s status and demographic parameters, evaluate the effectiveness of recovery efforts, and
ensure the survival of this critically endangered species. Given the proof of population decline in its prime area and genetic impair-
ment, we recommend continuous monitoring and urgent reinforcement actions to halt further decline and enhance genetic diversity.
Alongside any future release or reinforcement measures, we advocate a robust monitoring strategy that includes both camera-trapping
and non-invasive genetics. Such a ‘dual approach’ has proven successful in other lynx populations, for example in the Dinaric region
(Krofel et al., 2024), by confirming new litters, identifying immigrant or reintroduced animals, and gauging genetic diversity.
Considering the high inbreeding levels (Gonev, 2025), genetic data collected in parallel with photographic detections would help track
whether reinforcement efforts are curbing inbreeding, fostering population growth and secure the long-term viability of the
population.
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