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Abstract
Estimating abundance of wild animal populations is crucial for their management and con-
servation. While spatial capture-recapture models are becoming increasingly common to 
assess the densities of elusive species, recent studies have indicated potential bias that can 
be introduced by unaccounted spatial variation of detectability. We used camera-trapping 
data collected in collaboration with local hunters from a transnational population survey of 
the Eurasian lynx (Lynx lynx) in Slovenia and Croatia, to provide the first density estimate 
for the threatened Eurasian lynx population in the Northern Dinaric Mountains. Population 
density was 0.83 (95% CI: 0.60–1.16) lynx/100  km2, which is comparable to other reintro-
duced Eurasian lynx populations in Europe. Furthermore, we showed that baseline detec-
tion rate was influenced by the type of site used, as well as by sex of the individual and 
local behavioural response. Scent-marking sites had on average a 1.6- and 2.5-times higher 
baseline detection rate compared to roads and other locations, respectively. Scent-marking 
behaviour is common for several mammals, and selecting sites that attracts the targeted 
species is used to increase detection rates, especially for rare and cryptic species. But we 
show that the use of different location types for camera trapping can bias density estimates 
if not homogenously distributed across the surveyed area. This highlights the importance 
of incorporating not only individual characteristics (e.g., sex), but also information on the 
type of site used in camera trapping surveys into estimates of population densities.
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Introduction

Estimating abundance and density of wild animal populations is crucial for their man-
agement and conservation (Goldsmith 1991). Whether it is a hunted game species or a 
protected species of conservation concern, suitable monitoring programs need to be 
implemented to evaluate the impact of management measures (Banasiak et al. 2021). For 
populations of rare and protected species, it is vital to continuously assess the basic pop-
ulation parameters to detect any changes in density or distribution, which enables deci-
sion-makers to take appropriate conservation interventions and ensure that species status 
improves or remains favourable. However, population estimates for elusive species can be 
difficult to obtain and therefore even baseline data is often lacking (Obbard et al. 2010).

Camera-trapping surveys are a widespread method for estimating population size and 
distribution, especially when individuals can be identified by e.g., distinct pelage patterns, 
creating detection records of individual animals at each camera site (Rovero and Zimmer-
mann 2016). Spatial capture-recapture (SCR) is an analytical framework incorporating the 
spatial and temporal aspects of individual detections, in combination with species ecology, 
to estimate density of the targeted species. SCR models consist of two parts: i) the density 
model, describing how individuals are distributed in space, and ii) the spatial model of 
detection, describing how baseline detection rate of an individual decreasing with distance 
between home range centre and the camera site, i.e., the spatial scale parameter (Efford 
et al. 2004; Royle et al. 2014). The number of studies reporting population-level estimates 
of SCR-derived densities have increased substantially over the last years (Tourani 2022), 
providing population size estimates for rare and cryptic species, such as the snow leopard 
(Panthera uncia) (Oberosler et al. 2021), tiger (Panthera tigris) (Harihar et al. 2020), jag-
uar (Panthera onca) (Harmsen et al. 2020), leopard (Panthera pardus) (Allen et al. 2020), 
or Eurasian lynx (Lynx lynx) (Palmero et al. 2021).

Ecological studies often aim at assessing the variation of density of a target species 
within their study area, by incorporating covariates describing the variation in e.g. habitat, 
human impact or even interspecific interactions (Barrueto et  al. 2020; Allen et  al. 2020; 
Iosif et  al. 2022). However, the need to account for spatial variation in detectability has 
recently been highlighted, as it reduces the bias of SCR parameter estimates (Barrueto 
et al. 2020; Fleming et al. 2021; Hofmeester et al. 2021; Oberosler et al. 2021), specifically 
for abundance estimates (Moqanaki et  al. 2021). Population estimates are optimized by 
maximizing the number of detected individuals and the number of their spatial recaptures 
(Sollmann et al. 2012). Thus, camera-traps are often placed at locations with the highest 
presumed detection rate. Studies report cameras being placed at forest paths or roads which 
are commonly used for animal movement (Sollmann et al. 2011; Pesenti and Zimmermann 
2013; Di Bitetti et al. 2014), or at locations that attract the target species, such as baited 
stations (Du Preez et al. 2014) or scent-marking sites (Brassine and Parker 2015). Marking 
sites represent important intraspecific communication hubs, but there can be considerable 
individual variation in the frequency of visits to such sites, often related to sex or/and life 
stage of an individual (Vogt et al. 2014; Allen et al. 2014; Melzheimer et al. 2020). Thus, 
placing camera-traps at marking sites can be an effective way to increase the number of 
individuals detected, however, using sites which attract the target species in combination 
with sites that do not can induce bias in abundance estimates (Di Bitetti et al. 2014; Du 
Preez et al. 2014).

Eurasian lynx is the largest felid in Europe, an elusive apex predator of European forest 
ecosystems characterized by territorial and solitary lifestyle. It is the most threatened of 
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all large carnivores in European temperate forests and it occurs in 11 distinct populations 
across the continent, including six that were reintroduced after extermination by human 
persecution in the beginning of the twentieth century (Chapron et al. 2014; Breitenmoser-
Würsten and Breitenmoser 2021). The Eurasian lynx population in the Dinaric Moun-
tains originates from a reintroduction project in Slovenia in 1973 (Čop 1990). However, 
the Dinaric lynx population started to decrease in the 2000s (Kos et al. 2012; Huber et al. 
2013), largely due to inbreeding depression (Sindičić et al. 2013), and is today among the 
most endangered Eurasian lynx populations (von Arx et al. 2021). But so far, we lacked 
reliable estimates of lynx abundance in this population. In 2018, a population reinforce-
ment program started with translocations of lynx from the Carpathian mountains to the 
Dinaric population (Fležar et al. 2021). Furthermore, a transnational population-level cam-
era-monitoring program was initiated, to assess the current and future status of the popula-
tion (Fležar et al. 2019a). The monitoring program is conducted in tight collaboration with 
local hunters and protected area rangers (Krofel et al. 2021), covering over 10.000  km2 area 
in Slovenia and Croatia (Fig.  1). Due to regional differences in available funding, man-
power, and knowledge of lynx space use in the area, the effort, density of camera-traps, as 
well as the sites used for camera-trapping location type vary within the area (i.e., marking 
sites, road/trails and other sites; Fig. 1, Table 1). Consequently, in order to obtain estimates 
of density and abundance from the camera-monitoring program, there is a need to evaluate 
the potential impact of the regional variation in the location types used for camera-trapping 
sites. 

In this study, we provide the first estimates of density and abundance for the threatened 
Dinaric lynx population in Slovenia and Croatia, which are essential for understanding cur-
rent population status. They also represent an important baseline information for future 
evaluations of the impact of ongoing population reinforcement. Furthermore, we assess 
the effect of camera-trap location type (i.e. placing cameras at marking sites, roads/trails 
or other locations) and sex on the spatial model of detection and evaluate their potential 
impact on the density estimation. The baseline detection rate was expected to be highest 
at marking sites, due to their attractiveness for the lynx, compared to non-marking loca-
tions (Vogt et al. 2014; Allen et al. 2017). The baseline detection rate and the spatial scale 
parameter were expected to be higher for males than females as males were expected to 
exhibit more frequent visits to camera-traps (Pesenti and Zimmermann 2013; Goldberg 
et  al. 2015), and to be exposed to more camera-trapping sites due to their larger home 
range size (Herfindal et al. 2005; Aronsson et al. 2016), respectively.

Methods

Study area

This study was conducted in the Northern Dinaric Mountains in Slovenia and Croatia 
(hereafter Dinaric Mountains). The Dinaric Mountains are covered by a continuum of 
mixed forests, mainly silver fir (Abies alba) and common beech (Fagus sylvatica), inter-
spersed with small patches of cultivated land and small settlements. The area is character-
ized by high micro and macro ruggedness due to its karstic origin, with common land-
scape features such as cliffs, dolines, caves and other prominent carstic rock formations 
(Čonč et al. 2022). The altitude is ranging from sea level to 1800 m, with some isolated 
mountain peaks reaching above the tree line. The climate is a mix of influences from the 
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Alps, the Adriatic sea, and the Pannonia basin, with average annual temperature of 7 °C 
(ranging between monthly averages of 18 °C in July and − 2 °C in January), and average 
annual precipitation of 1700 mm. Snow cover lasts from 50 days at lower altitudes and up 

Fig. 1  The location of our study area in Europe with distribution of Eurasian lynx (left) (Kaczensky et al. 
2021) and overview of the regions included in the study: Slovenia (S), Gorski Kotar, Croatia (G) and Vel-
ebit, Croatia (V). Solid and dashed black lines represent national and regional borders, respectively. The 
grey gradient shows the lynx habitat suitability (black – most suitable, white – non-suitable), according 
to Skrbinšek and Krofel (2008); blue is the Adriatic Sea. Distribution of camera trapping sites is showed 
according to their site types: marking sites (red), roads (blue) and other (grey). Sites which were excluded 
from the analysis are shown in yellow
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to several months at higher elevations. The vegetative growth period lasts from late April 
to late October. The Dinaric fauna is well preserved, fostering several species of ungulates, 
meso- and small carnivores, as well as large carnivores: grey wolf (Canis lupus), brown 
bear (Ursus arctos) and Eurasian lynx (Skrbinšek et al. 2018; Fležar et al. 2019b; Bartol 
et al. 2021). A variety of human activities take place in the area, the main ones being regu-
lated hunting, logging and recreation. Average human population density is between 28 (in 
Slovenian study area) and 8 (in Velebit) people/km2 with most settlements concentrated in 
the larger valleys.

We defined Slovenia, Gorski Kotar and Velebit as our three separate study regions, rep-
resenting the regional differences in camera-monitoring design (Fig. 1, see Camera trap-
ping  for further details). The three study regions comprise the total study area, i.e. the 
Dinaric Mountains. International collaboration between Slovenia and Croatia aiming at 
coordinated long-term lynx monitoring in the Dinaric Mountains allowed for uninterrupted 
exchange of data, including identifying lynx with cross-border territories.

Camera trapping

Camera traps were set up exclusively in forested areas, which is the optimal habitat of lynx in 
the Dinaric Mountains (Skrbinšek and Krofel 2008). We classified the camera trapping sites in 
three distinct categories (hereafter ‘location type’), based on their main characteristics; 1) lynx 
scent-marking site; i.e. forest cabins, conspicuous rocks, rock shelters, caves and other simi-
lar objects (Allen et al. 2017) confirmed to be used by lynx for scent-marking in this region 
by data collected through snow-tracking and/or camera trapping in the past or present survey 
(Slijepčević et al. 2019), 2) forest road; unpaved forest roads and logging trails and 3) other; 
ridges, large rocks, rock walls and other prominent karstic landscape features but where no 
indication of lynx scent marking was observed (Fig. 2). The ‘forest road’ and ‘other’categories 
were non-marking sites. We used 174 camera-trapping sites with one camera and 54 

Table 1  Overview of camera trapping effort and lynx captures for the entire study area (Dinaric Mountains) 
and separated per study region. Survey period lasted from August 15th 2019 to February 15th 2020

Dinaric Mountains Slovenia Gorski Kotar 
(Croatia)

Velebit 
(Croatia)

Camera-trapping sites Marking sites 49 25 21 3
Roads 56 43 0 13
Other 123 98 4 21
Total 228 166 25 37

Total camera trapping days 22,735 15,349 4401 2985
Mean trap spacing (km) 4.2 2.5 5.6 5.8
Total spatial recaptures 87 46 25 16
Mean spatial recaptures 2.0 3.1 1.5 1.3
Mean recaptures 3.9 5.7 3.4 2.4
Number of individual lynx Females 20 6 8 6

Males 16 7 7 4
Unknown sex 8 2 2 2
Total 44 15 17 12
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camera-trapping sites with two cameras set, following the camera trapping guidelines from 
Stergar and Slijepčević (2017) to optimize lynx identification (see Sect. 3. for further details). 
We used cameras with white flash (CuddeBack X-Change Color Model 1279, Cuddeback, 
Green Bay, Wisconsin) at sites where we expected lynx to pass by, and cameras of the same 
model with black (940 nm light wave) or regular infrared light (850 nm light wave) (Stealth-
Cam STC-G42NG, Stealth Cam, Irving; Moultrie M40-i, PRADCO Outdoor brands, Bir-
mingham; LTL Acorn models Ltl-6310WMG and Ltl-6511WMC) at sites where we expected 
lynx to stop for scent marking to avoid disturbing it with flash (Stergar and Slijepčević 2017).

In Slovenia, camera traps were set at all three types of locations, while camera traps were 
primarily set at marking sites in Gorski Kotar, and at non-marking sites in Velebit. Moreover, 
a higher density of camera trapping sites was set up in Slovenia compared to Croatia (mean 
2.5 and 5.8 km between sites, respectively, see Table 1 for further details). To meet the mini-
mum requirement of SCR analysis for ensuring a non-zero capture probability, we selected at 
least one camera trapping site in a potential home range of a studied population (Royle et al. 
2014), the reported 95% MCP home-range size ranging between 60 and 343  km2 (Krofel et al. 
2021). Initially, we set up 297 camera trapping sites, however, for the purpose of this study 
we excluded 69 camera trapping sites that might be biased according to Iosif et al. (2022), i.e. 
sites in areas where we did not have past information about lynx presence or where data col-
lected was limited due to camera malfunctions, theft or other hardware issues. The majority of 
these sites were situated at the southernmost and northernmost range of the camera trapping 
array (Fig. 1) and yielded no or poor capture histories, which if included in the analysis would 
inflate the effective sampling area and potentially bias the overall density estimates produced 
by the SCR models (Moqanaki et al. 2021). Mean trap spacing and spatial scale parameter cal-
culated by the models (see Results) confirmed that designs in all regions and the entire study 
area fit the standard recommendation of 2σ (Efford and Fewster 2013; Dupont et al. 2021).

For this study, we used data collected from August 15th 2019 to February 15th 2020, yield-
ing records from a total of 185 sampling occasions and 22,748 camera trapping days in total. 
The survey period was designed to end before estimated start of the mating season and also 
before the peak in dispersal (Breitenmoser and Breitenmoser-Würsten 2008).

Data preparation

Lynx records were annotated with sex, age and individual identity. Sex was determined 
if genital area was clearly visible or if kittens were present with females, thus individuals 
were marked as females, males or unknown sex. Each record of lynx was subjected to iden-
tification based on the animal’s unique pelage pattern (Topličanec et al. 2022) by trained 

Fig. 2  Three different types of camera trapping sites with lynx captures (from left to right): marking site, 
road and other
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observers (n = 3), i.e. observers which have identified lynx during the previous (pilot) sur-
veys, following the identification guidelines published by Choo et  al. (2020). In case of 
poor-quality records, at least one additional observer attempted to identify the lynx inde-
pendently until full consensus was reached, including annotating the individual as ‘uni-
dentified’ if the observers could not agree on the identity of an animal. All records where 
consensus could not be reached and all records of lynx with only one flank of the body 
recorded were discarded from the analyses. Juveniles, i.e. kittens detected with their mother 
were also excluded from the analysis because of the high mortality of kittens (Andrén et al. 
2006; Duľa et al. 2021). Thus, only data about individually identified adult lynx originat-
ing from high quality records where the pattern was clearly visible from both flanks of the 
body were used to build capture histories. We recorded the number of spatial recaptures in 
each region to check that our data met the recommendation of at least 20 spatial recaptures 
for accurate and precise estimation of the spatial scale parameter (Efford et al. 2004). Data 
about lynx and trap deployment were exported directly from Camelot software (Hendry 
and Mann 2017), which was used for camera trapping data annotation, and reorganized to 
fit SCR analysis.

SCR modelling

Lynx density, baseline detection rate and spatial scale parameter were estimated with maxi-
mum likelihood spatial capture-recapture models (Royle et al. 2014) using oSCR package 
(Sutherland et al. 2019) in R software v. 4.1.0 (R Core Team 2021). The distribution of 
individual activity centres was defined as Bernoulli random trials (Royle et al. 2014) and 
the spatial model of detection followed a half-normal detection function (Efford and Scho-
field 2020). We assumed homogeneous distribution of the individuals across space. We 
ran separate SCR models for the two study regions from which the recommendations on 
20 spatial recaptures were met (Efford et al. 2004) (Slovenia and Gorski Kotar; Table 1), 
and for the entire transboundary study area (Dinaric Mountains). The low number of spa-
tial recaptures in Velebit region (Table 1) would yield density estimates of poor precision 
(Efford et  al. 2004) so the data from Velebit was only used in the models for the entire 
study area. We first ran null models and standard SCR models including local behavioural 
response (‘b’) to assess the individual-level variation in baseline detection rate at specific 
camera trapping sites (Royle et  al. 2011), following the findings of Iosif et  al. (2022). 
Next, we included the additive effect of sex on baseline detection rate and the spatial scale 
parameter, as suggested by Goldberg et al. (2015). Sex was included as a binary covariate 
(female as reference category). For the Slovenia and the Dinaric Mountains models, we 
also included the additive effect of location type as a categorical three-level (i.e., mark-
ing site, road and other) or two-level (i.e., marking site vs. road and other pooled as non-
marking site) factorial covariate, with marking site as reference category (Table 1 in Sup-
plementary file1).

For each of the models (Slovenia, Gorski Kotar and the Dinaric Mountains), we defined 
the extent of the effective sampling area, i.e. the “state space”, multiplying the respective σ 
values by 3 to buffer the camera trapping grid and using a resolution of buffer cells at most 
the full value of the same parameter (Royle et al. 2014). We set the buffer width to 15, 10 
and 20 km for Slovenia, Gorski Kotar and Dinaric Mountains, respectively. The resolution 
of buffer cells was set to 2.5 × 2.5 for Slovenia and Gorski Kotar and 4 × 4 km for Dinaric 
Mountains. We restricted the state space by excluding all cells located in non-lynx-habitat 
defined by the habitat suitability model for lynx in the Dinaric Mountains (Skrbinšek and 
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Krofel 2008), i.e. the Adriatic sea, urbanized or highly agricultural land (Fig. 1 in Supple-
mentary file1). We ranked candidate models based on Akaike Information Criterion (AIC), 
with models having ΔAIC ≤ 2 considered having substantial support (Burnham and Ander-
son 2004). Among the highest-ranking models, the one with the best fit (lowest AIC value) 
and the highest predictive power (highest AIC weight) was used to calculate the abundance 
of lynx at the level of the population, i.e. the Dinaric Mountains and at the regional level, 
e.g. for Slovenia and Gorski Kotar.

Results

In total, we detected lynx at 171 independent occasions during the survey period (85 in Slo-
venia, 57 in Gorski Kotar, and 29 in Velebit), identifying in total 44 individuals (Table 1). 
Lynx could not be identified in 13% of the obtained photos and all but one animal had 
a coat pattern with big spots, which seems to be a prevailing pattern in the Dinaric lynx 
population (Topličanec et al. 2022). One individual male lynx in Slovenia was recorded 19 
times, while 14 lynx were recorded only once (Fig. 2 in Supplementary file1). The overall 
maximum mean of recaptures and mean of spatial recaptures (Sutherland et al. 2019), as 
well as the number of camera-trapping sites and trapping occasions was highest in Slovenia 
and lowest in Velebit (Table 1).

Dinaric lynx population density

The density of the Dinaric lynx population was estimated to an average of 0.83 (95% CI: 
0.60–1.16) lynx/100  km2 corresponding to the population abundance of 96 (69–133) indi-
viduals in a state space encompassing 11,536  km2. Based on the models with the best fit, 
the estimated density in Slovenia averaged on 0.51 (95% CI: 0.30–0.88) lynx/100  km2 
corresponding to the abundance of 25 (15–43) individuals in a state space of 4938  km2. 
Despite a smaller effective sampling area (2956  km2) the estimated density in Gorski Kotar 
(average of 1.13 (95% CI: 0.63–2.04) lynx/100  km2) was more than double the density in 
Slovenia.

The effect of camera‑trap location type

The highest-ranked models for the Slovenia and Gorski Kotar study regions, as well as the 
Dinaric Mountains, included the standard local trap response for baseline detection rate 
(Table 2). For the Dinaric Mountains, there was an additive effect of a 3-level location type 
on baseline detection rate (Table 2). In line with our expectations, baseline detection rate 
was highest at marking sites followed by roads and other locations (Fig. 3). When allowing 
baseline detection rate to vary between camera-trap location types, the estimated density 
in the Dinaric mountains was 0.83 (95% CI: 0.60–1.16) lynx/100  km2, compared to 0.72 
(95% CI: 0.52–1.01) lynx/100  km2 without considering this effect (Table 2, in Supplemen-
tary file1). When only considering the Slovenia study region, the highest-ranked model 
included the 2-level location type covariate, indicating a higher baseline detection rate at 
marking sites also for Slovenia (Fig. 3). 
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The effect of sex

In line with our expectations, baseline detection rate was higher for males compared to 
females in both the Slovenia study region and in the Dinaric Mountains (Fig. 3). For Gorski 
Kotar, where camera traps were set almost exclusively on marking sites, the highest-ranked 
model includes an effect of sex on baseline detection rate (Table 2), however, contrary to 
the other regions, the effect of sex indicated a higher baseline detection rate for females 
compared to males (Fig. 3). Contrary to our expectation, sex did not affect the spatial scale 
parameter for the Slovenia study region nor for the Dinaric Mountains. For Gorski Kotar, 
the highest-ranked model indicated higher value for the spatial scale parameter for males 
compared to females (resulting in an increased difference between sex-specific densities; 
Table 2).

Discussion

In this study, we combine camera-trapping data from the large-scale lynx monitoring pro-
gram, covering 11,536  km2 in Slovenia and Croatia, to provide the first transnational esti-
mates of lynx density and abundance in the Northern Dinaric Mountains, one of the most 
threatened Eurasian lynx populations in Europe. We incorporate the regional variation in 
monitoring design, showing that both sex and the behaviour of the targeted species in rela-
tion to the camera-trap location characteristics, as well as the spatial variation in place-
ment and distribution of camera-traps, influence the spatial model of detection and hence 
the resulting density estimates. Specifically, we showed that for Eurasian lynx, a territorial 
felid, baseline detection rate can be related to the attractiveness of the location type used 
for camera traps, with the highest baseline detection rate for scent-marking sites. Further-
more, our results emphasise the importance of accounting for sex-specific baseline detec-
tion rates, and adds to the growing knowledge that local behavioural response informs the 

Fig. 3  Estimates for baseline detection rate (mean with 95% confidence interval) from null models and the 
best candidate models for (a) Slovenia, (b) Gorski Kotar, and the (c) entire study area (Dinaric Mountains). 
Numbering of facets (null, m1, m2, m3) for each study region correspond to model ID assigned to a specific 
model structure in Table 2
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baseline detection rate (Gardner et al. 2010; Royle et al. 2011; Barrueto et al. 2020; Iosif 
et al. 2022).

As lynx in the Dinaric Mountains are not limited by national borders, transnational 
monitoring is essential for assessing the population status. Our study is contributing to the 
few available studies reporting SCR applications at such a wide geographic scale using 
dataset shared by two neighbouring countries (Tourani 2022; but see Bischof et al. 2020). 
Moreover, it represents a good example of how hunters can be involved in monitoring 
activities of a large carnivore, adding to findings of Cretois et al. (2020). As the Dinaric 
lynx population is strictly protected and non-hunted, their collaboration is a continuation of 
their stewardship of lynx in the region, which started with the reintroduction in 1973 (Čop 
1990), as well as an action of their nature conservation advocacy (e.g. https:// www. biodi 
versi tyman ifesto. com/). Understanding the baseline status of the lynx in the Dinaric Moun-
tains through direct involvement of the crucial stakeholders may help building trust in the 
conservation efforts, improving the acceptability of the species and governing its long-term 
persistence.

The density of Eurasian lynx in the Dinaric Mountains (95% CI: 0.60–1.16 lynx/100 
 km2) is comparable to densities of other reintroduced Eurasian lynx populations in Europe, 
i.e. French Jura and Vosges mountains (0.24–0.91 lynx/100  km2; Gimenez et  al. 2019), 
Swiss Alps (1.04–1.47 lynx/100  km2; Pesenti and Zimmermann 2013) and Bavarian-Bohe-
mian forest (0.69–1.33 lynx/100km2; Palmero et  al. 2021). Given high inbreeding levels 
(Sindičić et al. 2013; Krofel et al. 2021), considerable reduction of the distribution range 
and effective population size that was observed in Dinaric lynx population in the past dec-
ades (Kos et al. 2012; Krofel et al. 2021), the densities are expectedly lower compared to 
the source lynx populations in Southern Carpathians (1.7 ± 0.38 SE lynx/100  km2; Iosif 
et al. 2022).

While we observed differences in density estimates between study regions, we did not 
attempt to explain the potential effect of habitat characteristics on density at the regional 
or entire study area (Dinaric Mountains) scale. It has been shown that the SCR models are 
robust to misspecification of the density model, or even perform worse when including 
density covariates in monitoring designs with low effort for populations with inhomogene-
ous densities (Dupont et al. 2021). In our case, the camera-trapping effort varied between 
regions; the spacing of traps, as well as average spatial recaptures were two times larger in 
the Slovenia region compared to the Gorski Kotar and the Velebit regions. Thus, landscape 
covariates extracted from a sampling area with variable effort was not expected to reli-
ably represent the underlying landscape effect (Dupont et  al. 2021). Moreover, locations 
for camera-traps were limited to the most suitable habitat for lynx in the Dinaric Moun-
tains, as defined by Skrbinšek & Krofel (2008) (Fig. 1). Consequently, to provide informa-
tion on population-level density of the threatened lynx population, we focused on testing 
covariates in the spatial model of detection, which on the contrary to habitat characteristics 
explaining within area density variation, can result in changes of the overall estimation of 
density.

Spatial variation in detection probability

Placing camera traps at sites attracting the targeted species may be an easy choice to 
increase the detection rates (Breitenmoser et al. 2006; Karnaukhov et al. 2020), which is 
often the main goal of opportunistic surveys aiming at confirming presence or absence 
of species in a certain area. This is also a practice recommended by several monitoring 

https://www.biodiversitymanifesto.com/
https://www.biodiversitymanifesto.com/
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guidelines, including Eurasian lynx (e.g. Breitenmoser et  al. 2006; Karnaukhov et  al. 
2020). In line with our expectations, our results showed that lynx baseline detection rate 
was highest at sites used for scent marking; in fact, scent-marking sites had a 1.6- and 
2.5-times higher mean baseline detection rate compared to roads and other locations 
(i.e. other landscape characteristics beside marking sites or roads; Fig. 2), respectively. 
In this context it should be noted that felids, including Eurasian lynx, increase their 
scent-marking frequency when walking along the roads (Krofel et  al. 2017), therefore 
higher detection on roads could also be linked with marking behaviour, even if the sec-
tion of the road with camera trap does not include an active marking site.

Besides increasing the baseline detection rate, an advantage of placing camera traps 
at scent-marking sites was that it increased number of clear images of coat pattern for 
individual identification (see also Oberosler et  al. 2021). Because lynx often stopped 
and remained at the site for sniffing and/or scent-marking, we were often able to obtain 
a series of high-quality images from both sides of the animal. This helped us to later 
identify the same individual from photos of only one side when passing by at sites 
with a single-camera setup. Such possibility to use single-camera setup can increase 
the sampling area with the available equipment, often resulting in more spatial recap-
tures (Suryawanshi et  al. 2019). Furthermore, marking sites have been recommended 
for camera traps in large-scale surveys of remote and hardly accessible areas (Augug-
liaro and Rovero 2015) or where they represent the only plausible option for detecting 
elusive species (Brassine and Parker 2015). Scent-marking behaviour is similar across 
most of the felid species (Allen et al. 2016) and widespread among mammals in general 
(Gosling & Roberts 2001). Felids select sites in order to prolong the persistence of the 
scent mark, and increase its detectability by conspecifics (Mohorovoć & Krofel 2020, 
Allen et al. 2017). Thus, an individual may increase its success in defending its territory 
and finding mates (Gosling & Roberts 2001). However, previous studies have found that 
the use of such sites varies between sexes, among individuals, their status and age, and 
seasonally (Vogt et al. 2014; Krofel et al. 2017). Our results highlight the importance of 
incorporating the auxiliary information on scent-marking behaviour at camera-trapping 
sites and test for its potential effect on detection rate and incorporate this in density 
estimates. When allowing baseline detection rate to vary between camera trap location 
types, the estimated density in the Dinaric mountains was 0.83 (95% CI: 0.60–1.16) 
lynx/100  km2, compared to 0.72 (95% CI: 0.52–1.01) lynx/100  km2 without this effect 
(Table 2, Table S2).

Importantly, the effect of location type on baseline detection rate for the entire Dinaric 
Mountain study area was not as evident when only considering the Slovenia study region. 
In addition to covering only approximately one fourth of the entire survey area, the Slove-
nia study region was characterized by a higher camera trapping effort with higher density 
of camera traps and a mixed placement at the different location types (Fig. 1). The use of 
different location types in the three regions within the Dinaric Mountains (i.e., all types in 
Slovenia, primarily marking sites in Gorski Kotar, and primarily roads and other in Vel-
ebit) results in a spatial variation in detection rate. According to the simulation study by 
Moqanaki et  al. (2021), autocorrelated spatial heterogeneity in detection probability can 
result in biased population estimates. Hence, the Dinaric Mountains illustrates a situation 
where it is important to account for the effect of location type on baseline detection rate 
resulting in spatial variation of detection rates, as situation likely to be occurring in other 
camera trapping studies. In the Slovenia region on the other hand, the distribution of cam-
era trap at the different location types reflects a situation where the spatial variation in 
detection probability is random, which does not represent a major source of bias for density 
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estimation (Bischof et al. 2017; Efford and Fewster 2013; Sollmann et al. 2012; Moqanaki 
et al 2021).

Sex‑specific density estimates

Our expectations regarding differences between the sexes were partly supported. Baseline 
detection rate was higher for males compared to females in the Slovenian region and the 
Dinaric Mountains model, but sex did not inform the spatial scale parameter. Surveys of 
species with a similar social structure recognized the importance of accounting for sex-
specific differences in detectability and sex was shown to affect the baseline detection rate 
in combination with spatial scale parameter (Sollmann et al. 2011; Goldberg et al. 2015) 
or to affect the spatial scale parameter only (Augustine et al. 2020; Barrueto et al. 2020; 
Oberosler et  al. 2021). For Eurasian lynx, previous camera-trapping studies did not find 
differences in baseline detection rate between males and females (Palmero et  al. 2021), 
or did not include sex as a covariate due to difficulty in identifying the sex of all lynx at 
camera traps (Gimenez et al. 2019; Iosif et al. 2022). By including the additive effect of sex 
in our study, the average female lynx density estimates increased from 0.19 (0.09–0.42) to 
0.27 (0.12–0.62) lynx/100  km2 in Slovenia and from 0.37 (0.24–0.57) to 0.43 (0.27–0.68) 
lynx/100  km2 in the Dinaric Mountains (Table  2 in Supplementary file1). Even though 
confidence intervals for the different estimates overlap, it indicates that there is a risk to 
underestimate female density, which is important to consider in surveys where the focal 
demographic group are reproductive females. Thus, our results highlight both the impor-
tance of assessing the potential effect of sex as this might differ between studies, and the 
need to design camera traps to increase the chance to determine sex of the individuals. 
While sex can hardly be observed from lateral records of lynx (e.g. obtained at roads), 
sex determination is generally easy from the records at marking sites because the animal 
spends more time there (providing more footage in general) and especially because genitals 
can be easily observed during urine spraying, which is among the most common scent-
marking behaviour in felids (Allen et al. 2016). This is another advantage of using scent-
marking sites for camera-trapping surveys.

We expected sex to affect also the spatial scale parameter similar to the findings of 
Sollmann et al. (2011), as the lynx is characterized by smaller home ranges in females 
compared to males (Herfindal et  al. 2005; Aronsson et  al. 2016), and differences in 
home range size between males and females were also observed in telemetry study in 
our study area (Fležar et al. 2023). However, our results from Slovenia and the Dinaric 
Mountains did not indicate any differences in the distance at which females or males 
were detected from their presumed home range centre (i.e. activity centre). Instead, the 
higher baseline detection rate for males indicates that females move less than males, but 
over a similar area. Slovenia represents the northernmost edge of the Dinaric lynx distri-
bution, which may suffer from shrinking distribution range during the past two decades 
(Koren et al. 2006; Kos et al. 2012; Krofel et al. 2021). Our results show the lowest lynx 
density in Slovenia, and very similar densities for the sexes (Table 2). Thus, the lack of 
difference in the spatial scale parameter can be partly explained by a less saturated pop-
ulation with a similar number of males and females, which might reduce the differences 
in area use between the sexes. Moreover, data used in this study were restricted to non-
mating period (until mid-February), thus excluding the large part of the mating season 
when males increase their ranging behaviour substantially. That behaviour can, in turn, 
increase the overall home range size reported in telemetry studies (e.g. Jȩdrzejewski 
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et  al. 2002) but remain undetected in seasonal camera trapping studies. On the other 
hand, in Gorski Kotar, where lynx density was higher, we did find an additive effect of 
sex on the spatial scale parameter, estimating lower activity range for females, which is 
expected for solitary felids where females have smaller home ranges than males (Sol-
lmann et al. 2011). In turn, the effect of sex on the spatial scale parameter also increased 
the differences in sex-specific density estimates for this region compared to in Slovenia, 
with female density being almost double the density of males (Table 2). Furthermore, 
as long as sex was included as a covariate for the spatial scale parameter, the slightly 
higher detection rate for females compared to males, indicated by the highest ranked 
model, did not influence the sex specific density estimates (Table  2). This suggests a 
possible compensatory effect of variation in baseline detection rate on spatial scale 
parameter (Efford and Mowat 2014).

Conclusions

This study demonstrates that transnational camera-trapping surveys based on active 
hunter involvement can be an efficient approach for obtaining datasets for robust pop-
ulation density assessment of an elusive large carnivore. We also show that hetero-
geneity of camera trapping sites resulting from an alternative field design, including 
highly attractive scent-marking sites, should be accounted for in the SCR modelling as 
it importantly informs the density estimation. For the threatened lynx in the Dinaric 
Mountains, assessment of the population status provided in this study represents a key 
reference point, which will enable objective evaluation of the impact of ongoing conser-
vation efforts in the near future.
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