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Abstract
The conservation of animal populations often requires the estimation of population size. 
Low density and secretive behaviour usually determine scarce data sources and hampers 
precise abundance estimations of carnivore populations. However, joint analysis of inde-
pendent scarce data sources in a common modeling framework allows unbiased and pre-
cise estimates of population parameters. We aimed to estimate the density of the European 
wildcat (Felis silvestris) in a protected area of Spain, by combining independent datasets in 
a spatially-explicit capture-recapture (SCR) framework. Data from live-capture with indi-
vidual identification, camera-trapping without individual identification and radio-tracking 
concurrently obtained were integrated in a joint SCR and count data model. Ten live cap-
tures of five wildcats were obtained with an effort of 2034 trap-days, whereas seven wild-
cat independent events were recorded in camera traps with 3628 camera-days. Two wild-
cats were radio-tagged and telemetry information on their movements was obtained. The 
integration of the different data sources improved the precision obtained by the standard 
SCR model. The mean (± SD) density estimated with the integrated model (0.038 ± 0.017 
wildcats/km2, 95% highest posterior density 0.013–0.082) is among the lowest values ever 
reported for this species, despite corresponding to a highly protected area. Among the 
likely causes of such low density, low prey availability could have triggered an extinction 
vortex process. We postulate that the estimated low density could represent a common situ-
ation of wildcat populations in the southern Iberia, highlighting the need for further studies 
and urgent conservation actions in the furthermost southwestern range of this species in 
Europe.
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Introduction

Accurate estimation of population size is often required to take decisions for the con-
servation of wildlife populations (Carbone et  al. 2001). However, estimating popula-
tion size of mammalian carnivore species is often difficult due to their expansive use 
of space, secretive nature and typical low population densities (Sollmann et  al. 2014; 
Brassine and Parker 2015). Effective monitoring techniques for estimating population 
size of rare or low-density carnivore species are limited (Belbachir et  al. 2015). Fur-
thermore, when estimates are possible with scarce data, these are often biased or have 
low precision (Linkie et  al. 2008). Consequently, scarce datasets are often discarded, 
and population estimates are not attained, with the loss of valuable information required 
for taking conservation measures. Conversely, recent advances in analytical approaches 
have opened doors to jointly analyze several sources of scarce data in a common mod-
eling framework, allowing for the estimation of population parameters and adequately 
informing conservation measures (Anile et  al. 2014; Velli et  al. 2015; Murphy et  al. 
2018).

Camera-trapping is the current gold standard for monitoring rare and cryptic mam-
mals, as it is relatively affordable and non-invasive (Meek et  al. 2014; Burton et  al. 
2015). It has become particularly useful for monitoring populations of individually 
identifiable carnivores by unique markings such as spot or stripe patterns (Soisalo and 
Cavalcanti 2006). Recently, Kéry and Royle (2020) combined multiple datasets in a sin-
gle integrated model with a joint likelihood, which is the product of the likelihoods of 
each individual dataset, e.g. using individual spatially-explicit capture-recapture (SCR) 
histories from camera traps (Brassine and Parker 2015; Weingarth et al. 2015) or geneti-
cally identified biological samples (Kéry et al. 2011; Sabino-Marques et al. 2018), and 
counts or occupancy data from unmarked individuals (e.g. Jiménez et al. 2021; Rupre-
cht et  al. 2021). When these data are combined with telemetry-based movement data 
(Sollmann et al. 2013; Jiménez et al. 2019), this approach can further improve the preci-
sion of the standard SCR model (Kéry and Royle 2020).

The European wildcat (Felis silvestris Schreber, 1777) is a small felid, considered 
until recently the same species as wildcats from Africa and Asia (Nowell and Jackson 
1996; Yamaguchi et al. 2015). However, European wildcats are currently recognised as 
a separate species according to the most recent revised taxonomy of Felidae (Kitchener 
et  al. 2017). Although globally classified as a Least Concern species due to its wide 
distribution (Nowell and Jackson 1996; Yamaguchi et al. 2015), the recent split of Euro-
pean wildcats as a separate species emphasized the need for the ongoing revision of the 
wildcat’s conservation status, considering also the different metapopulations due to the 
fragmentation of the species range across Europe (Kitchener et al. 2017). This fragmen-
tation is due to human-mediated habitat disturbance and large-scale persecution which 
led to severe local declines and even extinctions (Stahl and Artois 1991). As a result, 
the European wildcat became strictly protected and was included in “Annex IV” of the 
European Habitats Directive (92/43/EEC) and in “Annex II” of the Bern Convention. 
Accordingly, European wildcat populations need to be monitored regularly.

The recovery of some wildcat populations has been recently reported in central 
Europe, where the species range is currently expanding in countries such as France (Say 
et  al. 2012) or Germany (Steyer et  al. 2016). However, the wildcat still faces several 
threats throughout its range, namely in the southern range of its distribution, like the 
Iberian Peninsula (Yamaguchi et al. 2015; Breitenmoser et al. 2019).
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The trends of the wildcat Iberian populations are uncertain due to the absence of moni-
toring, nonetheless several studies point to recent decreases both at local and regional 
scales (Sobrino et al. 2009; Soto and Palomares 2014; Gil-Sánchez et al. 2020). As con-
sequence, it is classified as Near Threatened in Spain (López-Martín et  al. 2007) and 
as Vulnerable in Portugal (Cabral et  al. 2005). The main threats for the Iberian wildcat 
populations include hybridization with domestic cats (e.g. Oliveira et al. 2008; Tiesmeyer 
et al. 2020), mortality due to non-selective methods of predator control, habitat loss and 
fragmentation (López-Martín et al. 2007). Diseases may also pose a threat, although their 
relative importance is currently unknown. A recent study based on 222 radio-tracked Euro-
pean wildcats from all over Europe indicates that mortalities were mainly human-caused, 
namely by roadkills and poaching (Bastianelli et al. 2021).

In central Europe the wildcat is traditionally described as a species bound to forests 
(Klar et al. 2008), although wildcats can use open, agriculture-dominated landscapes (Jer-
osch et al. 2017). Human infrastructures, such as roads or villages, are also usually avoided 
by wildcats up to a certain distance (Klar et  al. 2008). In Mediterranean areas, wildcats 
preferentially establish home ranges close to broadleaf forests and far from human-modi-
fied areas. Within their home ranges, they typically select areas dominated by scrublands 
and broadleaf forests (Oliveira et al. 2018).

Over most of Europe, wildcats mainly consume small mammals (Lozano et al. 2006) 
but in Mediterranean areas their diet is mostly based on European rabbits (Oryctyolagus 
cuniculus; Gil-Sánchez et al. 1999; Lozano et al. 2006). However, strong decreases of the 
European rabbit abundance across the Iberian Peninsula over the last decades (Villafuerte 
and Delibes-Mateos 2019) arises as an additional threat for wildcat populations in these 
areas. Information on wildcat population size in the Iberian Peninsula is very scarce (see 
Gil-Sánchez et al. 2020).

Therefore, our aim was twofold: (i) to estimate European wildcat population density 
in a Mediterranean protected area of central Spain; and (ii) to assess whether the integra-
tion of independent and scarce datasets, obtained with different methodologies, provided 
improved precision of wildcat density estimates when compared with those obtained from 
regular SCR models built from single-source datasets.

Study area

The study was carried out in Cabañeros National Park (hereafter, CNP; 39° 24′ N 4° 29′ 
W), central Spain (Fig. 1). CNP has a total surface of 409  km2 characterized by moderately 
elevated mountain systems (620–1500 m above sea level), and Mediterranean climate with 
hot dry summers, mild winters and moderately rainy springs and autumns (annual rainfall 
450–750 mm). Vegetation is dominated by scrublands of Cistus sp., Phyllirea angustifolia, 
strawberry trees (Arbutus unedo) and Erica spp., and the tree layer is dominated by cork 
(Quercus suber) and holm oaks (Quercus rotundifolia). The central area of CNP is occu-
pied by ‘dehesas’, a pastureland with savanna-like open tree layer of cork and holm oaks.

Wild ungulates, mainly red deer (Cervus elaphus) and wild boar (Sus scrofa), occur at 
high density. Main potential prey for wildcats are scarce in the Park. The European rab-
bit population declined over the last decades and has not recovered (Delibes-Mateos et al. 
2008), and small mammals—mainly Apodemus sylvaticus and Mus spretus—are not abun-
dant (< 5 ind ha; Ferreras et  al. 2016) mainly due to the high density of wild ungulates 
(Muñoz et al. 2009).
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The carnivore community is dominated by the red fox (Vulpes vulpes), although other 
carnivore species such as the stone marten (Martes foina), the common genet (Genetta 
genetta), the European badger (Meles meles), the Egyptian mongoose (Herpestes ichneu-
mon) and the least weasel (Mustela nivalis) are also present (Ferreras et al. 2016, 2017).

Material and methods

Live capture and tagging

Wildcats were captured with box-traps, including Tomahawk (Model 208, Tomahawk 
Live Trap, WI, USA) and three models of metal mesh traps from local dealers, with the 
required animal care permits for live captures (approved code PR-2013-05-04 from the 
Ethical Committee on Animal Testing of Castilla-La Mancha University). As lure we used 
live house pigeons (Columba sp.) and red-legged partridges (Alectoris rufa), placed in 

Fig. 1  Location of the study area in the Iberian Peninsula, spatial deployment of camera-traps (black trian-
gles) and live-traps (blue squares), and GPS telemetry positions (yellow and orange circles) for European 
wildcats in Cabañeros National Park (central Spain)
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an independent chamber unreachable to captured carnivores. These baits were provided 
with food and water ad libitum and covered with branches to protect them from inclement 
weather, following EU recommendations regarding animal welfare. We deployed 52 box-
traps (Fig. 1) in three trapping campaigns between March and December 2014 (Table S1 
and Fig. S1 in Supplementary Material 1). Box-traps were placed within a surface of 36.39 
 km2 (rectangular area encompassing all the traps) in locations potentially suitable for wild-
cats such as dense shrub and woodland areas close to ephemeral water courses. Because of 
the mainly crepuscular and nocturnal activity of wildcats (Monterroso et al. 2014), box-
traps were checked daily after sunrise to minimize animal stress.

Captured wildcats were immobilized with a combination of medetomidine hydro-
chloride (Medetor, Virbac, Spain) and ketamine hydrochloride (Imalgene 1000, Merial, 
Spain) with average dosages of 0.1 mg/kg and 5 mg/kg, respectively. We used atipame-
zole (Antisedan, Pfizer, Spain) in dose of 0.5 mg/kg to reverse the effects of medetomi-
dine and facilitate a faster recovery (Gunkel and Lafortune 2007). All the captured wildcats 
were tagged with a microtransponder (ID-100A, Trovan) injected subcutaneously in the 
neck side for identification in subsequent recaptures. Two wildcats (see results) were also 
equipped with VHF-GPS radio-collars (88 g, model TGB-318, Telenax, Mexico).

Wildcats were released where captured once fully recovered from anesthesia, always 
within three hours after capture. Fixes for the radio-tagged wildcats were attempted daily 
through triangulation of the VHF signal and retrieved from the GPS units. Home range 
sizes were estimated through the minimum convex polygon including 95% of the fixes and 
by 90% kernel isopleths (Oliveira et al. 2018).

Camera‑trapping

We deployed 40 camera-trap stations (one camera per station) between January 15 and 
April 22, 2014 (Fig. 1; Fig. S2 in Supplementary Material 1). Spatial distribution of sta-
tions followed a grid-sampling scheme (average ± SD: 1.268 ± 0.045 km to nearest cam-
era), covering a total area of approximately 84.9  km2 (rectangular area encompassing all 
the cameras). This design was aimed at characterizing the mesocarnivore community (Fer-
reras et al. 2017) and studying their ecological interactions (Monterroso et al. 2014; 2020). 
The camera-trapping grid partially overlapped the live-trapping grid (Fig. 1), covering the 
same habitats types, but not co-located with live-traps avoiding data dependence (Clare 
et al. 2017).

We used two low-glow infrared camera-trap models, namely ScoutGuard SG550 and 
SG570 (HCO Outdoor Products, Norcross, GA, USA), with similar performing features 
(e.g. 1.2–1.3  s trigger speed). Cameras were secured inside metal boxes, locked with a 
cable lock and attached to a tree approximately 50  cm above ground. As attractant, we 
placed Iberian lynx (Lynx pardinus) urine and valerian extract in separate vials, a com-
bination proved effective for wildcats (Monterroso et al. 2011; Ferreras et al. 2018), at a 
distance of 2–3 m from the camera traps. We programmed cameras to shoot a burst of three 
photos when triggered, with medium sensitivity and minimal delay time (0  s). Camera-
traps remained active between 52 and 98 days (Fig. S2 in Supplementary Material 1).

Differentiation of wildcats from domestic cats was based on physical appearance and on 
the pelage patterns (Ragni and Possenti 1996; Kitchener et al. 2005). Consecutive photo-
graphs of wildcats in a given camera within a 30-min interval were considered as the same 
event, unless individuals could be unambiguously identified as different (O’Brien et  al. 
2003). Pictures taken > 30 min apart were considered as independent events.
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Modeling

We used a spatially-explicit capture-recapture approach to estimate wildcat density (Efford 
2004; Royle and Young 2008). The individual identification of wildcats from pictures 
from low-glow infrared camera-trapping is subject to high levels of uncertainty, since dif-
ferences between individuals (coat patterns) are often difficultly perceived, particularly 
when using only one camera per station. Consequently, analyses based on such reduced 
number of capture events can be seriously affected by misidentification errors (Yoshizaki 
et al. 2009; Johansson et al. 2020). For this reason, camera-trapping data were transformed 
to wildcat detection count histories, without considering individual information. We used 
only unequivocal identifications from live-trapped wildcats, thanks to microtransponders 
attached to each individual in its first capture, to build individual detection histories.

Furthermore, radio-tracking data indicated particularly large home range sizes in the 
study area (Oliveira et  al. 2018), which would require an overlapping sampling grid for 
standard spatial capture-recapture analysis with dimensions that entail unbearable sam-
pling costs (Sollmann et  al. 2012). We therefore used a static version of Chandler and 
Clark’s (2014) approach, originally developed for a spatial (open) integrated model. This 
model, described by Kéry and Royle (2020), integrates SCR histories in detectors deployed 
in a core area, and count data in a set of detectors located in a surrounding zone, based on 
the latent point process (Chandler et  al. 2018). In our study, we integrated live-trap and 
camera-trap data, and both grids were partially overlapped.

In our first dataset (live captures), with individual attributions, the model assumes 
that the activity centers ( si ) of the N individuals i are uniformly distributed in a region 
(state space, S): si ∼ Uniform(S) . In the sampling process, we used J trap locations xj 
along K occasions. To describe the population state we used data augmentation (DA); 
zi ∼ Bernoulli(�) , where: � is the data augmentation parameter, � = E(N)∕M , and M is 
the size of the augmented dataset. Under DA:

The SCR encounter model yi,j,k (using the notation i: individual, j: trap, and k: sampling 
occasion) follows a Poisson process yi,j,k ∼ Poisson(K�i,j) , such that:

where �0 is the baseline detection rate, ‖xj − si‖ is the Euclidean distance between the trap 
xj and activity center si and � is the scale parameter of the half-normal distribution, related 
with the individuals’ movement (Royle et al. 2014).

The second dataset (counts in camera traps), without individual attribution, are the total 
counts in each detector and occasion dataset (count data). In the conditional formulation 
(Chandler and Royle 2013):

In this formulation yi,j,k are the latent (unobservable) spatial encounter histories, which 
were modeled by the marginal formulation, considering a Poisson distribution for the 
counts nj,k such that:

N =

M∑

i=1

zi

�i,j = �0exp(−
1

2�2
‖xj − si‖

2)

nj,k =

N∑

i=1

yi,j,k
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Both datasets share the Poisson point process function, the latent activity centers’ ( si ) 
location and � (the parameter of DA). The model was implemented in a BUGS code devel-
oped by Kéry and Royle (2020) using the R (R Core Team 2020) package NIMBLE (De 
Valpine et al. 2017; NIMBLE Development Team 2019).

Because we used different detectors (live-traps and camera-traps), we conducted a 
model with two different basal rates, one for live captures and another for camera-trapping 
counts. We also used telemetry data (see Table S2 Supplementary Material 1) to improve 
the parameter calculations as described in Sollmann et al. (2013). A graphical depiction of 
the integration of the different data sources in the SCR-Counts model is shown in Fig. 2.

To evaluate the improvement of using SCR integration including both partially over-
lapped grids of different detectors over standard SCR, we conducted a simulation study 
comparing both approaches. We evaluated the precision improvement by adding the count 
data, considering the same live-trap and camera-trap grids deployments as in our datasets, 
under four simulated population size scenarios: 10 individuals (density ca. 0.02 individu-
als/km2); 15 (0.03); 20 (0.04) and 25 (0.05). We simulated 100 datasets (Supplementary 
Material 2) for each scenario (Gardner 2017) and fitted the SCR and SCR-Counts inte-
grated models in NIMBLE. Posterior probabilities were calculated using three independent 
MCMC chains, with 50,000 iterations each, and a burn-in of 5000 iterations. We confirmed 
model convergence by examining trace plots and ensuring that the potential scale reduction 
factor (R-hat) statistic for each parameter was < 1.1 (Gelman et al. 2013). We compared the 
posterior modes, medians and means for point estimate using the root-means-square error 
(RMSE) and relative bias in each pairwise, using the R package SimDesign (Chalmers 
2020).

Results

Captures, radio‑tracking and camera‑trapping

With a live-trapping effort of 2034 trap-days we obtained ten capture events (including 
recaptures) of five adult wildcats (three males and two females; Table S2 Supplementary 
Material 1), yielding a capture rate of 0.49 captures per 100 trap-days. Capture frequency 
ranged from one to four captures per individual (1, 3, 1, 1, and 4 captures per individual, 
respectively; Table S2 Supplementary Material 1). No domestic cats were captured during 
the survey. Genetic analyses of four of the captured wildcats revealed that all were pure 
wildcats except one individual (FSC04), which was a first- or second-generation hybrid 
with domestic cat (Tiesmeyer et al. 2020).

One female and one male were radio-tagged and tracked during 72 and 259 days, respec-
tively. Due to the poor performance of the collar-GPS units, we retrieved a small number of 
GPS fixes from the female when recaptured (6.8% fix success rate) and no GPS fixes were 
retrieved from the male since it was not recaptured. As a result, most of the positions were 
obtained by triangulation of the VHF signal (Table S2 Supplementary Material 1). Sample 
size allowed reaching an asymptote and home range sizes were estimated at 29.8 and 19.9 

nj,k ∼ Poisson(�0)

M∑

i=1

zi�i,j
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Fig. 2  Graphical depiction of the joint analysis of SCR and count data, showing the different data sources 
(represented by orange rectangles) to contribute to shared inference on N population size (in green). Blue 
nodes represent: data augmented (M) and observed quantities in three observation processes: (1) SCR data 
( yID

ij
 ) capture-recapture encounter histories in box-traps (marked and identified by transponders); (2) Count 

data (n) independent events of non-identified individuals in camera traps, and (3) Telemetry data ( Cxy ) coor-
dinates data of telemetry-tagged individuals. White nodes represent unknown quantities (latent variables 
and model parameters). �ij : detection rate; yreal

ij
 : total of real encounters; ψ: data augmentation parameter; si : 

individuals activity centers; zi : latent binary indicator variable that describes the membership of individual 
i in the population; σ: scale parameter from the half-normal detection function, that describes the animal 
movement, and �

0
 : basal detection rate. Arrows demonstrate the dependences between nodes
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 km2 for female and male, respectively, according to the 95% minimum convex polygon, 
and 59.8 and 43.0  km2 respectively according to the 90% kernel isopleths.

With a total effort of 3628 camera-days seven wildcat independent events were recorded, 
resulting in a capture rate of 0.19 detections per 100 camera-days. All cats photographed in 
the camera-traps during the study had the physical appearance and pelage patterns typical 
of wildcats.

Simulation study

Density estimates were statistically similar for the SCR and SCR-Counts integrated mod-
els, and the proportion of 95% highest posterior density intervals covering the population 
size simulated value were close to nominal coverages in both cases (Table 1). However, 
the estimate precision was optimized with the SCR-Counts integrated model (Fig. S3 in 
Supplementary Material 1). The RMSE for mode was lowest for density if N = 10 (d ≈ 
0.02 individuals/km2) but differences in RMSE for mode, median and mean were small at 
higher values of N (Table 1). Accordingly, we used the median as point estimate.

For all the range of densities simulated ( d�{0.02, 0.03, 0.04, 0.05} ), the SCR-Counts 
integrated model outperformed the standard SCR model. However, the improvement in 
precision obtained by integrating SCR with counts depended on population size. The larg-
est improvements in precision were expected for population sizes around 10 individuals 
(d ≈ 0.02 individuals/km2), but this improvement decreased with larger population sizes 
(N = 25; d ≈ 0.05 individuals/km2, Table 1 and Figs. S3 and S4 in Supplementary Mate-
rial 1). The estimated population size was unbiased in our simulations using SCR-Counts 

Table 1  Simulation results showing the relative bias (Rel. bias) and precision (RMSE) for the posterior 
mean, median and mode for the population size parameter (N) over the state space using the live-trap and 
camera-trap deployments for European wildcats in Cabañeros National Park (central Spain)

We simulated 100 uniform populations for each N�{10,15,20,25} over 52.71  km2 (size of the trap grid 
envelope, including a buffer of 2.5 × 2.3 = 5.75km , considering � = 2.3km) and estimated N̂ using both 
SCR and SCR-Counts integrated models. 95% coverage (proportion of 95% highest posterior density inter-
vals covering the data generating value) is also reported. Baseline detection rates in live traps and camera-
traps were �trap=0.0175 and �cam=0.015, respectively, for all cases

N = 10; d ≈ 0.02 N = 15; d ≈ 0.03 N = 20; d ≈ 0.04 N = 25; d ≈ 0.05

SCR Integrated 
SCR-counts

SCR Integrated 
SCR-counts

SCR Integrated 
SCR-counts

SCR Integrated 
SCR-counts

Mode 10.25 9.00 13.03 12.02 17.47 16.21 21.68 20.32
 Rel. bias 0.03 − 0.10 − 0.13 − 0.20 − 0.13 − 0.19 − 0.13 − 0.19
 RMSE 5.39 4.43 6.19 6.10 9.20 8.32 10.15 9.52

Median 14.17 11.48 17.25 14.72 21.67 19.30 25.61 23.39
 Rel. bias 0.42 0.15 0.15 − 0.02 0.08 − 0.04 0.02 − 0.06
 RMSE 8.33 5.58 7.15 5.94 10.17 8.45 10.29 9.16

Mean 16.65 13.18 19.97 16.55 24.05 21.14 27.76 25.22
 Rel. bias 0.66 0.32 0.33 0.10 0.20 0.06 0.11 0.01
 RMSE 10.44 6.81 8.91 6.50 11.17 8.93 10.83 9.28

95% coverage 95.00 99.00 99.00 99.00 94.00 92.00 95.00 95.00
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integrated models. According to the results of this simulation study, the SCR-Counts inte-
grated model was the selected approach for estimating the wildcat population size of CNP.

Table 2  Posterior mean density 
(ind./km2), standard deviation 
and 95% highest posterior 
density interval coverage of 
model parameters from the final 
integrated SCR-Counts model for 
European wildcats in Cabañeros 
National Park (central Spain)

Density estimate ( ̂D ), baseline detection rate for resight ( ̂�0cam ), base-
line detection rate for capture ( ̂�0trap ), data augmentation parameter 
( ̂� ), and half-normal or movement parameter ( ̂� ) in km

Mean Median SD Bayesian credible interval

2.50% 50% 97.50%

D̂ 0.038 0.034 0.017 0.013 0.034 0.082

�̂
0cam

0.002 0.002 0.002 0.001 0.002 0.006

�̂
0trap

0.011 0.009 0.009 0.003 0.009 0.035

�̂ 0.363 0.334 0.168 0.119 0.334 0.777
�̂ 2.331 2.327 0.103 2.139 2.327 2.543

Fig. 3  Violin plots of posterior distribution for density estimates from spatial capture-recapture (SCR) 
model and integrated SCR-Counts model for European wildcats in Cabañeros National Park (central Spain)
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Modeling results

The SCR-Counts integrated model provided an estimated mean density (± SD) of 
0.038 ± 0.017 wildcats/km2 in CNP, with a 95% highest posterior density interval of 
0.013–0.082 wildcats/km2 (Table 2, Fig. 3). An absolute population size of 15 wildcats 
(95% confidence interval: 5–34 individuals) was estimated for the whole National Park, 
assuming a uniform density.

Discussion

The results of our models highlight the advantages of incorporating diverse data sources for 
low density populations, whereby an integrated approach provides the means to improve 
precision in SCR density estimates by making use of available data that might otherwise be 
discarded (Velli et al. 2015; Murphy et al. 2018) with the recipe “same process, different 
observation model” (Kéry and Royle, 2020). Other studies (Jiménez et al. 2021) that use 
both known and unknown identity samples from a single observation model using a natural 
mechanistic dependence between samples, also found that density estimates improvement 
adding non-ID data is higher in low density populations.

Although dependence between the data to be integrated should be avoided, we found 
that if it occurred in our study, the effect on density estimates was negligible. We dem-
onstrated that sample sizes as low as 10 captures of five individuals in live-traps, seven 
independent detections in camera-traps, and telemetry data from two individuals pro-
vided enough information to obtain reliable density estimates through integrated SC-SCR 
models.

Precision of estimates can be also improved by optimizing sampling design. For 
instance, using SCR models with camera-trap data, Kilshaw et  al. (2015) found that 
the precision of density estimates could be increased by using bait, placing camera sta-
tions ≤ 1.5 km apart, using multiple cameras at each station, and by lengthening the survey 
period. In integrated SCR-Counts models, the precision is also related with the number and 
spatial setting of detectors used to obtain counts (Kéry and Royle 2020).

The estimated wildcat density (0.038 ± 0.017 wildcats/km2) is below the values reported 
in the literature and is one of the lowest densities ever reported for European wildcat in a 
protected area (Kéry et al. 2011; Anile et al. 2012; Anile et al. 2014; Kilshaw et al. 2015; 
Gil-Sánchez et al. 2020; see Table 3). Previous studies have reported depleted wildcat pop-
ulations in other protected areas across the Iberian Peninsula. In Doñana National Park, 
Soto and Palomares (2014) reported a surprising low abundance of wildcats, despite legal 
protection of this space for over five decades. Sarmento et al. (2009) reported the drastic 
reduction of wildcats in Serra da Malcata Nature Reserve (Portugal) in the early XXI cen-
tury and their replacement by free-ranging domestic cats. However, caution is warranted 
in inter-study comparisons since differences in density may be due to the unequal nature 
of data sources or analytical approaches. Using SCR models, Anile et al. (2014) estimated 
wildcat densities of 0.32 ± 0.10 ind/km2 vs. 1.36 ± 0.73 ind/km2 in Sicily (Italy) based on 
camera-trapping records and genetically-identified hairs, respectively; these figures are 
far above our estimates. On the other hand, diverging estimates could also be related to 
genetic identity (proportion of hybrid vs. pure wildcats) of the target population. Using 
SCR models on camera-trapping records, Kilshaw et al. (2015) estimated 0.68 wild-living 
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cats/km2 in Scotland, but their estimate included both wildcats and hybrids. Despite the 
phenotypical compatibility of all our captured individuals with pure wildcats’, one out of 
four individuals was genetically identified as a hybrid (F1) with domestic cats (Tiesmeyer 
et al. 2020). Therefore, the true density of pure wildcats in our study area might be even 
lower than the nominal values estimated.

The causes for the low wildcat density estimated in CNP could be multifold, as sug-
gested in other Mediterranean areas of the Iberian Peninsula (López-Martín et  al. 2007; 
Soto and Palomares 2014; Gil-Sánchez et  al. 2020). The most likely cause for the cur-
rent low wildcat density within CNP should be low prey abundance (wild rabbit and small 
mammals), which hampers reproduction and forces felids to roam over large home ranges 
(Ferreras et al. 2011; Monterroso et al. 2016). Other causes that could have further con-
tributed to the dampening of the European wildcat population at our study area could be 
hybridization with domestic cats and disease transmission between the two counterparts 
(López-Martín et al. 2007; Oliveira et al. 2008; Tiesmeyer et al. 2020). If this is the case, 
then the low-density wildcat population at CNP could have entered into an extinction vor-
tex (Palomares et al. 2012), likely initiated by prey scarcity, and potentially leading to an 
accelerated hybridization with domestic cats and disease transmission (López et al. 2009; 
Meli et al. 2010).

The minimum recommended surveyed area for capture-recapture models is of at least 
four times the average home range of the target species (Otis et al. 1978), although more 
recent studies recommend areas just larger than a single average home range (Sollman 
et al. 2012; Sun et al. 2014). Given that our SCR surveyed area fits this requirement, we 
decided to combine the approach with telemetry data and integrate a SCR model for live 
trapping recapture histories and counts from camera trapping. Simulations showed that the 
integrated SCR model is more accurate than the SCR alone. The improvement was large 
(17.6 and 6.3% RMSE reduction for mean and median) under low densities (~ 0.02 indi-
viduals/km2) and is weaker (5.2 and 5.7%, respectively) at higher densities.

The spatial configuration of traps and cameras directly influences the improvement in 
accuracy of the integrated model. As Kéry and Royle (2020) pointed out, this integrated 
model provides no benefit when the sampling area producing both the encounter histories 
and the auxiliary count or binary data are the same.

Previous studies suggest 90 days as the maximum survey length required for the popula-
tion closure assumption implied in capture-recapture models for large felids (Karanth and 
Nichols 2002). However, when studying species that occur at very low population densi-
ties, such as wildcats in our study area, this survey length may be insufficient due to the 
small sample size and low recapture rates (Brassine and Parker 2015). Our camera-trapping 
survey (three months) fitted the maximum length suggested. However, the length of our 
live-trapping survey (nine months) was beyond this maximum survey length recommended 
and would require careful consideration of the temporal closure assumption (Foster and 
Harmsen 2012). Nonetheless, increasing the length of the survey may be appropriate for 
some species with long life expectations, as it could be the case of the wildcat (O’Brien 
and Kinnaird 2011; Brassine and Parker 2015).

An accurate definition of required conservation actions, and even the red list assessment 
criteria, rely on estimates of population size across the species range. In most cases, due 
to logistic and budgetary constraints, the collection of data to estimate reliable population 
sizes and trends is limited. By combining several scarce data sources into a unified spa-
tially-explicit capture-recapture model we were able to estimate, with increased precision 
compared with regular single-dataset SCR models, the European wildcat density in a pro-
tected area from central Iberian Peninsula. A major contribution of this paper is, therefore, 
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to develop and make a proof-of-concept for a species in low density and large home ranges, 
where estimates using detection with identification and standard SCR methods would have 
been prohibitively expensive. Combining small datasets into this integrated SCR-Counts 
framework could provide the means to make better inferences about population size, and 
thus adequately inform conservation actions and status assessments.

Conservation implications

Our results support an extremely low density of European wildcats in a highly protected 
area, suggesting that this population is likely undergoing a process of extinction. Fur-
thermore, the situation found in this national park likely mimics the broader scenario 
of wildcat populations in the most southwestern region of the European wildcat range 
in Europe. Therefore, integrating all possible data available into a single analytical 
approach that optimizes their usefulness could prove an invaluable tool to identify and 
monitor low-density populations. This is the most likely scenario of multiple popula-
tions of the Iberian wildcat metapopulation, which are undergoing demographic reduc-
tions and increasing isolation. It is urgent to identify the causes of decline, though these 
could be multiple.

We argue that, in  situations such as the one we identified at this protected area, 
improving prey abundance (rabbits and small mammals) could foster population recov-
ery through favoring smaller home ranges, increasing survival and boosting fecundity, 
ultimately leading to increased wildcat density and reduced contact with domestic 
cats in peripheral areas, limiting the risks of hybridization and of disease transmission 
by domestic cats. However, further studies on these causal relationships are urgently 
required to guide sound conservation strategies and reverse the decline of Mediterra-
nean wildcat populations.
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