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Abstract
The western capercaillie (Tetrao urogallus) is a species of conservation concern that has been experiencing a severe 
decline in many regions of Europe. The poor breeding success rather than mortality of full-grown birds has been suggested 
to be responsible for its decline, been the nest loss a potential driver of the low productivity (number of chicks per female 
and year) of capercaillie. Working in a capercaillie population in the Pyrenees, we aimed to provide further insights into 
nest predation by monitoring 82 artificial nests (58 of them with camera traps), and estimating the population density of 
predators using camera traps and applying random encounter model and camera trap distance sampling. Pine/stone martens 
-Martes foina, Martes martes- were the species with higher nest predation rates (23%) despite being the less abundant 
(0.49 ind/km2), followed by foxes -Vulpes vulpes- (11%) and a population density of 3.37 ind/km2, and wild boar -Sus 
scrofa- (4%) and 6.95 ind·km− 2; predators could not be identified at 27% of the events. After fitting statistical models 
on the nest predation data, we observed that the martens’ encounter rate (i.e. number of martens detected per camera and 
day) and the altitude had a positive significant effect on the artificial nest predation probability. While caution is recom-
mended in artificial nest experiments, our results are valuable highlighting the importance of martens and red foxes when 
addressing nest predation to promote the breeding success and population recovery of western capercaillie populations.
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Resumen
El urogallo (Tetrao urogallus) es una especie amenazada y que ha experimentado un grave declive en muchas regiones de 
Europa. Se ha sugerido que la causa de su declive es el escaso éxito reproductor, en lugar de la mortalidad de individuos 
adultos; siendo la pérdida de nidos un posible factor causante de la baja productividad (número de pollos por hembra y 
año) del urogallo. Trabajando en una población de urogallos en los Pirineos, nuestro objetivo fue aportar más datos sobre 
la depredación de nidos mediante el seguimiento de 82 nidos artificiales (58 de ellos monitorizados con cámaras trampa), y 
la estimación de la densidad de población de depredadores utilizando cámaras trampa y aplicando el modelo de encuentro 
aleatorio y el muestreo a distancia con cámaras trampa. Las martas y garduñas -Martes foina, Martes martes- fueron las 
especies con mayores tasas de depredación de nidos (23% a pesar de ser las menos abundantes (0,49 ind/km2), seguidas 
de los zorros -Vulpes vulpes- (11%) y una densidad poblacional de 3,37 ind/km2, y los jabalíes -Sus scrofa- (4%) y 6,95 
ind-km-2; en el 27% restante de los nidos predados no se identificó al depredador. Tras ajustar los modelos lineares gen-
eralizados a los datos de depredación de nidos, observamos que la tasa de encuentro de martas (es decir, el número de 
martas detectadas por cámara y día) y la altitud tenían un efecto positivo significativo sobre la probabilidad de depredación 
de nidos. Aunque se recomienda precaución en la interpretación de los resultados en experimentos con nidos artificiales, 
nuestros resultados son valiosos y destacan la importancia de las martas y los zorros a la hora de abordar la depredación 
de nidos para promover el éxito reproductor y la recuperación poblacional de las poblaciones de urogallo.
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Introduction

The western capercaillie Tetrao urogallus is a Eurasian spe-
cies that inhabits the extensive boreal coniferous forests of 
northern Europe and Asia, as well as the large mountain 
ranges of southern Europe (including the Alps, Balkans, the 
Carpathians, the Jura Mountains, the Pyrenees, and the Can-
tabrian Mountains) (Leclercq and Ménoni 2018). While the 
species status is “Least concern” according to the IUCN, 
the global population trend is decreasing, with a severe 
decline in many regions -particularly in southern and central 
Europe, and Scotland-, and even extinction in others (IUCN 
2016; Jahren et al. 2016). In this respect, recent genetic 
studies suggested the existence of two evolutionarily sig-
nificant units; individuals from the Iberian unit on the one 
hand (southwestern limit of the species’ global range), and 
all the other populations from the rest of Europe and Asia 
forming another evolutionary significant unit (Duriez et al. 
2007; Escoda et al. 2023).

The southwestern population of capercaillie are distrib-
uted across two isolated areas: the Cantabrian mountains 
(Spain) and the Pyrenees (Andorra, Spain and France), and 
it was isolated after the last quaternary glaciation (Robles 
et al. 2005). Both populations represent the southwestern 
edge of the species distribution range, which makes these 
populations especially sensitive to climate change (Moss et 
al. 2001). Other populations in south and western Europe 
have become extinct, for instance in Ireland, Scotland (but 
later reintroduced) or Belgium (Gil 2011; Klaus and Berg-
mann 1994; Saniga 2012). The Cantabrian population is 
catalogued as “Critically endangered” (Ministerio para 
la Transición Ecológica 2018). This population suffered 
a reduction of more than 80% in the distribution range in 
the last 50 years, and the last census estimated a popula-
tion size of around 200 individuals (Jiménez et al. 2022). 
The southern slope of the Pyrenean population has been 
recently catalogued as “Endangered” (Ministerio para la 
Transición Ecológica y el Reto Demográfico 2023). A 
decline of close to 40% in the number of males counted on 
leks was reported between 1980 and 2005 (Gil et al. 2020; 
Robles et al. 2022). In both populations, low productivity 
has been reported (Gil et al. 2020; Jiménez et al. 2022). 
Productivity (or recruitment rate) is usually measured as the 
mean number of chicks per hen from transects carried out 
with trained dogs in August (Gil et al. 2020). In the Can-
tabrian population, the average productivity is 0.37 chicks 
per female (range: 0–1.87) (Jiménez et al. 2022; Ministerio 
para la Transición Ecológica 2018). In the Pyrenean popu-
lation, the average productivity reported is 0.95 chicks per 

female (range: 0–2.13) (Gil et al. 2020). Previous studies 
have suggested that several factors linked to forest structure 
(Kortmann et al. 2018), climate change (Moss et al. 2001), 
predation(Jahren et al. 2016; Moreno-Opo et al. 2015) and 
ground cover of bilberry (Baines et al. 1994) can affect cap-
ercaillie productivity. It has been also concluded that poor 
breeding success rather than mortality of full-grown birds 
was responsible for the decline of capercaillie (Jahren et 
al. 2016; Moss et al. 2000). In the southwestern popula-
tions, productivity does not compensate for adult mortality 
and the populations are expected to further decline unless 
productivity rates increase. Thus, a better understanding of 
capercaillie productivity is a priority aspect to preserve its 
populations.

Nest predation (or nest loss) is an important factor in the 
breeding success of birds, particularly for species whose 
nests are easily accessible (Martin 1993). A recent review 
showed that nests built in trees were safer than those closer 
to the ground (Matysioková & Remes, 2024). Artificial 
nest experiments to evaluate predation risk have been fre-
quently used as a standard tool for assessing nest predation, 
especially for capercaillie and other tetraonids (Oja et al. 
2018; Summers et al. 2004, 2009). Artificial nest advantages 
include sufficient sample sizes, the possibility to pre-plan 
complex comparative experiments, and little disturbance 
to nesting birds. Previous artificial nest studies have shown 
that mid-sized carnivores and corvids have been identified 
as a significant threat to many grouse populations and the 
driving force of some regional declines of the capercaillie 
(Matysek et al. 2021; Storaas 1988; Summers et al. 2004). 
Thus, reliable data on predators’ abundance is desired to 
better understand the implications of carnivores in caper-
caillie productivity, particularly as regards nest predation 
(Summers et al. 2004).

In this context, this study aimed to provide further 
insights into the nest predation rates, a possible driver of 
the low productivity observed in capercaillie in the south-
western population. Our objective was not to directly 
extrapolate predation rates on artificial nests to those 
expected in real ones, but just to compare relative predation 
rates among predators, and to better understand the drivers 
that determined the process of nest predation. Specifically, 
we considered three specific objectives: (i) to identify spe-
cies which predated the artificial nest and its rates, (ii) to 
identify the main factors that determine the probability of 
artificial nest predation; and (iii) to estimate predators pop-
ulation density. We expected martens and foxes as the main 
predators, with higher predation rates by the more abundant 
species.
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Methods

Study area

The study was conducted in the Alt Pirineu Natural Park, 
a protected area in northern Spain (Pyrenees, Lat: 42° 36’ 
N, Long: 1° 16’ W). Specifically, we monitored an area of 
1,000 hectares with a northwest orientation and with cap-
ercaillie presence (Fig. 1). The area was characterized by a 
homogeneous forest of Pinus uncinata and Pinus sylvestris, 
with some Quercus forest at the lowest altitudes. We cov-
ered an altitudinal range from 940 to 2,292 m.a.s.l.

Field methods

Nest predation

From March 27th to June 26th 2023, 82 artificial nests were 
monitored (58 of them with a camera trap) for 30 days. 
Nests were deployed at two different times, from 27th to 
30th March (first period), and from 2nd to 4th May (second 
period). Artificial nests consisted of two chicken eggs placed 
into a small depression on the ground, one of the eggs was 
gypsum-filled (Oja et al. 2018). Each gypsum-filled egg has 
embedded strings tied to a tree so predators cannot easily 
remove the egg (increasing the chance of the cameras being 
activated). At the bottom of each nest, we placed 30 g of 
dried grass. This grass was cut from the field and stored in a 

cage for a month in a chicken coop, thus the grass acquired 
the smell of hen. A nest was judged to have been lost to 
predators when one or more of the hen eggs were damaged 
or removed. The locations of artificial nests were chosen 
randomly using a geographic information system. At these 
locations, we then defined a buffer to 15-meter radius to 
place the nest in an area with dense vegetation or scrubland 
(e.g. under Rhododendron ferrugineum plants), according 
to the capercaillie preferences in the area (Grané 2020). We 
did not place any nests on roads or wildlife trails. Camera 
traps (Browning Recon Force Edge - BTC-7E) were set at 
2–4 m from the nest and pointed downwards to maximize 
the probability of camera activation (Palencia et al. 2022). 
Cameras were set to record a burst of 8 pictures each time 
it was activated, with a time gap of 1 min between consecu-
tive activations. To reduce the effect of human presence on 
the nest predation rate, we (i) put in place the nest between 
9:00 and 18:00 to limit disturbance to nocturnal mammals 
(such time may increase predation by birds, but we expected 
the influence of birds to be minor compared with that of 
mammals), (ii) placed the nest and the camera in less than 
10 min, (iii) did not mark the nest with any artificial mark 
to make easier to recover it, (iv) used latex gloves and dedi-
cated field clothes (boots, trousers and jacket), and (v) did 
not revisit the nest until 30 days after. Finally, on each nest, 
we defined a buffer of 2 m radius in which we measured the 
‘resistance to passage’ and ‘the scrubland coverage’. These 
variables were categorized into three levels: low, medium 

Fig. 1  Map showing the caper-
caillie Tetrao urogallus distri-
bution range according to the 
International Union for Conser-
vation of Nature (IUCN) and the 
location (rectangle) of the study 
area (panel A). Map showing the 
distribution model of caper-
caillie in Catalonia, indicating 
adequate (light red), good (red) 
and optimal (dark grey) zones 
(from www.sig.gencat.cat, panel 
B) Map showing the location of 
the artificial nests (red squares) 
and those cameras (black crosses) 
used to estimate mammal popula-
tion density with altitude as a 
base layer (panel C)
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it, which would result in an inflated encounter capture if we 
considered the entire monitoring period.

Predators’ monitoring: density estimation

The random encounter model (REM) and camera-trap 
distance sampling (CTDS) were considered the reference 
methods to estimate population density (Howe et al. 2017; 
Rowcliffe et al. 2008). The REM was applied for abundant 
species, while CTDS was applied for rare -low abundant- 
species (Palencia et al. 2021). Both methods require the 
locations of the animals in the field of view of the camera 
to subsequently derive the needed parameters to estimate 
population density. To estimate the locations of the ani-
mals in the field of detection, we applied a photogrammetry 
approach (Appendix S2).

Analysis

Nest predation

Factors that determine the probability of nest predation

Generalized linear models (GLM) with a binomial distribu-
tion and the logit link function were used to evaluate which 
factors determine the probability of nest predation. First, 
we fitted a model to assess the effect of environmental and 
habitat-related predictors including the data on all the nests 
monitored (n = 82). The response variable was whether the 
nest was predated (1’s) or not (0’s). As continuous predic-
tors, we included: the slope, the altitude, the distance to 
water streams, and, the percentage of scrubland, riparian, 
deciduous, and evergreen forest in the 10  m radii buffer. 
As factors: the orientation (eight levels: N, NE, E, SE, S, 
SW, W and NW), the scrubland coverage (three levels: low, 
medium and high), the resistance to passage (three levels: 
low, medium and high), and whether the nest was moni-
tored with a camera trap or not (two levels: yes or no). The 
slope, the altitude and the orientation were obtained from 
a Digital Terrain Model. The rest of the environmental and 
habitat-related variables were obtained from the land cover 
map provided by Center for Ecological Research and For-
estry Applications (CREAF 2009), from which we defined 
a 10 m radii buffer and measured the percentage of riparian, 
deciduous, and evergreen forest, and scrubland to explore 
the effect of small-scale habitat characteristics. We applied 
a backward stepwise procedure based on Akaike’s Informa-
tion Criteria to select the most parsimonious model (Akaike 
1974). See a more detailed explanation of this model in 
Appendix S3.

and high. Regarding the resistance to passage, we consid-
ered three characteristics: slope, fallen trees and scrubland. 
Thus, a nest surrounded by a high number of fallen trees, 
in an area with a high slope, and with a high coverage of 
scrubland was categorized as a ‘high’ resistance. On the 
contrary, a nest located in an area without fallen trees, plain 
terrain and with low coverage of scrubland was categorized 
as ‘low’ resistance. Regarding the scrubland coverage, we 
measured scrubland with a height over 30 cm, and we con-
sidered ‘low’, when the coverage in the buffer was lower 
than 33%, ‘medium’ when the coverage ranged from 33 to 
66%, and ‘high’ when the scrubland coverage was higher 
than 66%.

Predators’ monitoring: density estimation

To monitor predators’ abundance, 28 camera traps (Tetrao 
Spromise S308) were randomly deployed simultaneously 
with nests (i.e. from March 27th to June 26th ). Cameras 
were placed heading toward the north, 50 cm above ground, 
and with the sensor angled parallel to the slope. Cameras 
were set to be operative all day, to record a burst of 10 con-
secutive pictures at each activation, with the minimum time 
lapse between consecutive activations. Nocturnal pictures 
were illuminated with infrared flash (low glow). Cameras 
were checked once to check the status of the batteries and 
memory cards.

Data processing

The pictures were filtered to discard false activations using 
Megadetector (Beery et al. 2019), and subsequently pro-
cessed in the open software TrapTagger (https://wildeye-
conservation.org/trap-tagger-about/) to classify the pictures 
by species. We grouped pine marten (Martes martes) and 
stone marten (Martes foina) in the same category “martens” 
due to the difficulties in accurately identifying the species 
from camera trap pictures illuminated with infrared flash.

Nest predation

We recorded the species that predated the nest, and the 
encounter rate (number of independent events per camera 
and day) of all the species recorded by the camera. An inde-
pendent event was considered a detection (group of pic-
tures) of a species spaced more than 10 min from the next 
detection of the same species (see Appendix S1). Exception-
ally, for the species that predated a given nest, we selected 
the data recorded before predation to estimate the encoun-
ter rate. We considered this criterion because we observed 
a tendency in the predator to revisit the nest after predating 
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When applying CTDS, we modelled the decrease in the 
probability of detection as the distance between animals and 
the cameras increased. We fitted distance sampling mod-
els including the half-normal, hazard rate and uniform key 
functions, with a combination of expansion terms (Howe et 
al. 2017). The best model was selected using QIAC and fol-
lowing a two-step method (i.e. model selection within key 
functions -step 1-, and model selection among key functions 
-step 2-, Howe et al. 2019).

When applying REM, we modelled the encounters 
(detection) between animals and cameras, by accounting for 
the daily distance travelled by the target population (i.e. day 
range), and the camera trap-effective detection zone (i.e. 
the sector defined by radius and angle in which the camera 
effectively detects and individual of the target species). For 
further details on the application of CTDS and REM, please 
see (Howe et al. 2017; Palencia et al. 2022; Rowcliffe et al. 
2008).

Results

No camera was stolen and a total of 184,959 pictures con-
taining animals were recorded during a total sampling period 
of 4,026 camera trap nights. Capercaillie was detected in 
four cameras.

Nest predation

A total of 53 nests (64.63%) were predated (37 of them were 
monitored with cameras, and the remaining 16 were not 
monitored with cameras). The camera traps evidenced pre-
dation by martens (n = 19), red fox – Vulpes vulpes - (n = 9), 
and wild boar – Sus scrofa - (n = 3). We did not identify the 
predator in the remaining 22 nests due to not being moni-
tored with cameras (n = 16) and malfunction issues (mainly 
empty batteries and full cards when the nests, n = 6). We 
also observed multiple examples of predators detected in a 
nest, but not predating it (martens: 9 nests, red fox: 12 nests, 
and wild boar: 23 nests, Appendix S4). We did not record 
any nest predated by the other carnivores present in the area, 
including badger (Meles meles), genet (Genetta genetta), 
brown bear (Ursus arctos) and weasel (Mustela nivalis), 
not by corvids. No nest was trampled by wild not domes-
tic ungulates. The density of nests in a 25 m radius buffer 
around each nest was 5.2·10− 4 nests/m2; at a larger scale 
(500  m radius buffer), the density of nests was 9.4·10− 6 
nests/m2. We did not observe an effect of the density of 
nests, not the period in which the nests were deployed on 
the probability of nest predation (see Appendix S4).

Then, using the predictors maintained in the environmen-
tal and habitat-related best model (namely: altitude, slope, 
distance to water streams, and percentage of scrubland in 
a 10 m radius buffer), we subsequently explored the effect 
of predator species (martens, red foxes and wild boar) on 
the probability of nest predation using the data from those 
artificial nests monitored with camera traps (n = 58). Thus, 
to the above-mentioned environmental and habitat-related 
variables, we also included as predictors the encounter rate 
and presence of the predators. In total, we tested fifteen dif-
ferent models (including the null model). We fitted twelve 
single-species models on nest predation both for the species 
presence (as a factor) and the species encounter rate -six 
models- (e.g. model-1: predation ~ speciesa presence; model-
2; predation ~ speciesa encounter rate), and also more com-
plex models including environmental and habitat-related 
variables -six models- (e.g. model-3: predation ~ environ-
mental/habitat-related + speciesa presence; model-4; pre-
dation ~ environmental/habitat-related + speciesa encounter 
rate). We also fitted two models including the presence 
and the encounter rate of the three species. The best model 
was selected based on AIC (Akaike 1974). In all the mod-
els described above, we excluded those predictors with a 
variance-inflation factor value > 3 (Zuur et al. 2010). On the 
best model selected, we applied the variation partitioning 
procedure to elucidate the relative weight of the predictors. 
This quantitative method allows specifying how much of 
the variation in the model is explained by each predictor (or 
group of related predictors) (Hortal et al. 2008). Briefly, this 
approach is based on fitting independent models for each 
factor (e.g. predation ~ predators), and also partial models 
for each pair of factors (e.g. predation ~ predators + environ-
mental-habitat), to finally estimate the variation attributable 
to each factor independently of the other others as well their 
shared effects. All the above-mentioned models were vali-
dated according to the exploration of residuals and follow-
ing Zuur et al. (2010).

The analyses were done in R (Core Team 2013), 
using the packages ‘lme4’ (Bates et al. 2015), ‘dplyr’ 
(Wickham et al. 2023), and visualised using ‘ggplot2’ 
(Wickham 2016).

Predators’ monitoring: density estimation

Both for CTDS and REM, the required parameters to apply 
the methods (namely: encounter rate, distances between 
animals and cameras, and activity level for CTDS; and 
encounter rate, day range and detection zone for REM were 
estimated from the camera trap pictures (Palencia, Fernán-
dez-López et al., 2021, Rowcliffe et al. 2011, 2014).
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In this model, we discarded three nests due to camera mal-
function issues, and two more due to the Cook’s distance > 1 
(Zuur et al. 2010). The R2 of this model was 0.59. Regarding 
the variation partitioning analysis, independently of other 
variables, the encounter rate of martens explained 0.30 of 
the deviance, and the environmental and habitat-related 
variables explained 0.21 of the deviance; while 0.08 of 
the deviance was explained by the intersection of the two 
groups of variables.

Predators’ monitoring: density estimation

Martens and foxes were recorded in 25 cameras, and wild 
boar in 27 out of 28 cameras (Fig. 3.). Naïve occupancy for 
all the predators was higher than 0.9.

Applying REM, we estimated the population density of 
wild boar (6.95 ind·km− 2 ± 1.33, standard error -SE-), and 
red fox (3.37 ind·km− 2 ± 1.12 SE). Applying CTDS, we 
estimated the population density of pine and stone martens 
(0.49 ind·km− 2 ± 0.15 SE). REM and CTDS parameters for 
each species can be found in Appendix S5.

Discussion

We have shown that martens, red foxes and wild boars were 
the species recorded predating ground artificial nests. While 
martens were the predators with less abundance in the study 
area (0.49 ind·km− 2), they were the species with the higher 
percentage of predation (23.17%). Martens encounter rate 
was also the main covariate explaining the probability of 
nest predation.

Martens, foxes and wild boars were abundant and 
widespread across the study area (Fig.  3), with a naïve 
occupancy higher than 0.9 for all of them. The confirmed 
presence of predators in most of the cameras made it useless 
to fit occupancy models, because accounting for imperfect 
detection (i.e. a species present but not detected in a camera) 
resulted in an occupancy estimate of 1, indicating preda-
tors occupying the entire study area (Goldstein et al. 2024). 
On the other hand, population densities were estimated at 
the study area level, so the unique variable that reflects the 
intensity at which predators used a habitat patch was the 
encounter rate. Additionally, the fact that not all encounters 
of predators with a nest resulted in a predation event rein-
forced the utility of this metric to model the predation pro-
cess, (Appendix S4). The main limitations of the utility of 
encounter rate emerged when comparing different species, 
years and camera brands (Palencia et al. 2022a; Sollmann 
et al. 2013), but here we compared encounter rates among 
sampling points at the species level, we included data from 
only one year, and the same camera model was used in all 

Statistical analysis

On the binomials GLMs fitted to explore the effect of envi-
ronmental and habitat-related predictors in combination 
with the predator’s predictors, the best model included the 
marten’s encounter rate, the altitude, the slope, the distance 
to the water streams and the scrubland percentage (Table 1). 
We observed a strong positive effect of altitude and martens’ 
encounter rate on the probability of nest predation (Fig. 2). 

Table 1  Candidate binomial generalized linear models explaining the 
probability of nest predation including environmental, habitat and 
predator-related predictors. Abbreviations: AIC, Akaike’s information 
criteria; dist, distance; enc, encounter; scrub, scrubland
Candidate model AIC R2

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + Enc. rate martens

41.17 0.59

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + Enc. rate mar-
tens + Enc. rate red fox + Enc. rate wild boar

42.00 0.60

Predation ~ Enc. rate martens 47.89 0.38
Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + presence martens

52.67 0.43

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + presence mar-
tens + presence red fox + presence of martens

53.80 0.47

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + Enc. rate red fox

57.84 0.36

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + presence of red fox

59.41 0.33

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + Presence of wild boar

61.18 0.31

Predation ~ Altitude + Slope + Dist. water 
streams + Scrub. percentage + Enc. rate wild boar

62.7 0.29

Predation ~ Presence of martens 62.90 0.17
Predation ~ Enc. rate red fox 68.86 0.09
Predation ~ Presence of wild boar 70.48 0.07
Predation ~ 1 [null model] 73.17 0
Predation ~ Presence of red fox 73.19 0.03
Predation ~ Enc. rate wild boar 74.70 0.01

Fig. 2  Predicted probability of nest predation in relation to pine and 
stone martens’ encounter rate (number of marten detections per camera 
and day). The shared ban represents 95% confidence interval
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10 m buffer, all together explained a smaller proportion of 
the deviance − 0.21-. We observed a significant and posi-
tive effect of altitude on the predation rate (Table 2). This 
result can be explained by considering the low availability 
of resources at higher altitudes (Lee et al. 2021), forcing 
carnivores to exploit all available resources. In no case, 
the higher probability of nest predation at higher altitudes 
could be explained by a higher encounter rate of martens, 
since these variables were not correlated (Pearson’s correla-
tion: r = 0.13, p-value = 0.35) likely explained because we 
grouped pine martens and stone martens in the same cat-
egory, the latter being more frequent at lower altitudes.

The predation rates reported here, as well as the species 
recorded predating the artificial nests were similar to those 
previously published in the context of capercaillie conserva-
tion. Predation rates on real capercaillie and hazel grouse 
(Bonasa bonasia) nests in Slovakia ranged from 57 to 82%, 

the nests. Thus, we included predators’ encounter rate as 
a predictor in the models to account not only for environ-
mental and habitat-related variables, but also for predators’ 
intensity of use (O’Brien et al., 2003; Ibáñez-Álamo et al. 
2015; Shannon et al. 2023). Marten’s encounter rate was the 
predictor with the strongest effect and highest proportion 
of the deviance explained − 0.30- in the probability of nest 
predation (Table 1; Fig. 2). For any habitat patch in which 
martens’ encounter rate was higher than 0.04, the probabil-
ity of nest predation was higher than 0.5 (Fig.  2). In our 
study area, the median and mean martens encounter rates 
were 0.04 and 0.07 marten’s detections/camera·day respec-
tively in random cameras, supporting the martens as the 
main predator of nests. These results could be explained by 
the different foraging patterns of martens and red foxes. It 
has been described red foxes used mostly voles and carrion 
remains of ungulates, whereas martens used cached eggs, 
small birds and food remains (Lanszki et al. 2007; Selva et 
al. 2005; Tobajas et al. 2021; Willebrand et al. 2017). Pre-
vious studies have also reported that martens are the main 
predator of capercaillie nests, -and artificial nests simulat-
ing capercaillie ones- (Grané 2020; Summers et al. 2004). 
These results suggest that martens could be more special-
ized in searching and exploiting ground nests, and are also 
more efficient in detecting the nests. Regarding environ-
mental and habitat-related variables such as altitude, slope, 
distance to water streams and percentage of scrubland in the 

Table 2  Results of the best binomial generalized linear model used to 
evaluate the probability of nest predation. Bold highlight significant 
values

Estimate ± SE z-value p-value
Intercept -4.20 ± 3.69 -1.17 0.24
Slope -0.15 ± 0.10 -1.50 0.13
Altitude 0.004 ± 0.002 2.22 0.03
Distance to water streams 0.001 ± 0.003 0.56 0.57
Scrubland percentage -0.10 ± 0.07 -1.41 0.16
Martens’ encounter rate 47.83 ± 21.72 2.20 0.03

Fig. 3  Spatial variation in 
encounter rates (number of events 
per camera and day) for martens 
(upper-left panel), red fox 
(upper-right panel) and wild boar 
(bottom-left panel). Circle size 
is proportional to the encounter 
rate. Bottom-right panel show 
the species that predated the 
nest (silhouettes), nests predated 
but predator not identified (red 
circles), and nests not predated 
(green circles)
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et al. 2007). Assuming similar values in our population, the 
abundance of martens will be still lower than that of foxes. 
Additionally, the marten’s density reported here was simi-
lar to the ones reported in other areas (Burgos et al. 2023; 
Manzo et al. 2012). Red fox population density was higher 
than in other populations (Jimenez et al. 2019; Palencia et 
al. 2021), but more relevant, we found a prevalence of ca. 
20% of foxes with sarcoptic mange (Sarcoptes scabei) com-
patible lesions (Barroso and Palencia 2023). The outbreak 
of sarcoptic mange in the Scandinavian red fox population 
during the late 1970s and 1980s increased capercaillie and 
black grouse abundance (Lindström et al. 1994; Smedshaug 
et al. 1999). A long-term monitoring program could be use-
ful to address if the capercaillie population in this area will 
also benefit from the sarcoptic mange outbreak. The absence 
of apex predators and the high abundance of ungulates could 
be contributing to the high abundance of martens and foxes 
(Jahren et al., Jiménez et al. 2019; 2016; Martin and Joron 
2003; Tobajas et al. 2021). A recent study reported that the 
cumulative density of all wild ungulates in the study area 
was ca. 30 ind·km− 2 (Palencia and Barroso 2024), likely 
providing offal and carcasses for carnivores during winter 
bottlenecks, contributing to maintaining its high abundance 
(Selås and Vik 2006; Tobajas et al. 2021). In addition to the 
high availability of resources, a reduction in winter sever-
ity due to climate change may also benefit mesopredators 
(Baines et al. 2016; Bartoń and Zalewski 2007).

We would also like to emphasize the relevance of those 
species present in the study area that were not observed pre-
dating a nest. Previous studies have reported that corvids 
(e.g. Garrulus glandarius or Corvus corone), brown bears 
and badgers predated real capercaillie nests, or artificial nests 
simulating capercaillie ones (Baines et al. 2004; Bamber et 
al., 2024; Saniga 2002). However, we did not observe any 
bird, badger or bear predating a nest. Other carnivores pres-
ent in the study area (genet and weasel) were not observed 
predating nests. Previous studies have also reported that red 
deer, fallow deer and roe deer predated nests, likely repre-
senting an unusual habit to obtain minerals (Krüger et al. 
2018; Vazquez et al. 2023); but we did not observe any nest 
predated by these species. Regarding wild boar, we detected 
wild boar in 26 nests frequently reacting to the eggs, but 
without consuming them (Appendix S6). The predation rate 
of 3% observed for wild boar matched with previous studies 
(Fig.  3). For instance, Saniga (2002) concluded that wild 
boar is responsible for 9% of the nest predation cases for the 
ground-nesters capercaillie and hazel grouse in Slovakia; 
and no nest of capercaillie was predated by wild boar in the 
southern slope of the Pyrenees (Tobajas et al. 2021). Thus, 
the direct impact of wild boar on capercaillie nests could be 
much lower compared to that of other ground-nesting birds 
(Carpio et al. 2014, 2016; Mori et al. 2021).

being pine and stone marten, and red fox the main predators 
(22%), followed by wild boar (9%) (Saniga 2002). Simi-
larly, an artificial nest experiment carried out in the context 
of capercaillie and black grouse (Tetrao tetrix) conservation 
reported nest predation rates ranging from 42 to 94%, with 
pine martens and red fox the main predators (Summers et 
al. 2004). More relevant, a nest predation rate of 42% was 
reported from 45 real capercaillie nests monitored in the 
southern slope of the Pyrenees from 2009 to 2015, being 
again martens and red foxes as the predators (Tobajas et al. 
2021). Interestingly, the Tobajas et al. (2021) also reported 
a positive significant trend in nest predation rate over the 
years. Using artificial nests, we found higher predation 
rates (65%). The higher predation rates observed could be 
expected due to the increase in nest predation rate over the 
years, but also for the intrinsic characteristics of artificial 
nests (Moore and Robinson 2004; Pärt and Wretenberg 
2002). Higher predation rates are expected when using arti-
ficial nests because: (i) some real nests are predated before 
being detected by humans; (ii) real nests are defended by 
the hens; and (iii) human effects (such as scent, or corvids 
detecting humans deploying the nest) could increase preda-
tion rates. For instance, from the 45 real nests monitored by 
Tobajas et al. 2021, 10 of them (22%), were opportunisti-
cally found by people searching for mushrooms and found 
during the summer census. These 10 nests would never have 
been detected if they had been predated in advance, leading 
to a possible underestimation of the real predation rate in 
capercaillie nests. Monitoring of real nests is valuable and 
strongly recommended, but the low number of nests, a con-
sequence of the low abundance of hens, enhances the utility 
of artificial experiments to better understand nest predation 
and, lastly implement conservation measures to increase 
capercaillie productivity.

Regarding the predators’ abundance, to the best of our 
knowledge this is the first study that assessed nests predation 
rates by accounting also for predators’ population density. 
This is especially interesting because this allows us to dis-
cuss that martens were the species with a higher impact on 
nest predation (23.17%) despite they occurred at lower den-
sities (0.49 ind·km− 2) compared to red fox (3.37 ind·km− 2 
and 10.98% predation rate) and wild boar (6.95 ind·km− 2 
and 3.66% predation rate). This could be explained by the 
foraging strategy of martens, with a clear preference for 
eggs (Willebrand et al. 2017). We would like to mention that 
all the cameras were deployed at ground level, and thus, we 
missed martens’ activity at canopy level which would result 
in an underestimation of population density. Data on the 
proportion of the activity period that martens spent on trees 
are scarce. From snow tracking during winter, one study 
reported 26% and 38% of the activity at the canopy level 
for stone marten and pine marten respectively (Goszczyński 
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and the species which predated. Monitoring real nests and 
chicks is strongly recommended to disentangle the low pro-
ductivity rates observed in western capercaillie.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s10344-
024-01837-9.
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Conservation implications

Considering all the above, conservation actions targeted to 
reduce nest predation should be focused on martens and red 
foxes. Previous studies carried out in our study area showed 
that the breeding success of capercaillie was enhanced in 
areas where martens and red foxes were removed (Moreno-
Opo et al. 2015). In other areas, capercaillie productivity 
also increased when predators were controlled (Baines et al. 
2004; Summers et al. 2004). A recent review also concluded 
that predator control was associated with a positive effect 
on reproductive success, adult abundance, and survival in 
grouse populations (Kämmerle and Storch 2019). However, 
predator control is very time-consuming, logistically and 
financially constrained and not socially accepted due to eth-
ical issues (Moreno-Opo et al. 2015). Reducing predator’s 
impact can be addressed by other perspectives different to 
a removal/lethal approach. In this respect, the recovery of 
apex predators to revert capercaillie trend has been already 
suggested (Gil et al. 2020; Moreno-Opo et al. 2015). Resto-
ration of an apex predator has been shown to reduce meso-
predator abundance, with evidence of resonating positive 
impacts on lower trophic levels (Jiménez et al. 2019). In 
the context of capercaillie conservation, the recovery of 
Eurasian lynx (Lynx lynx) was accompanied by a reduction 
in red fox abundance (Elmhagen et al. 2010). Diversionary 
feeding (deliberate provisioning of food to explore the pro-
pensity of individuals to exploit the most easily accessed 
resource) has also been suggested as a promising conserva-
tion action to reduce the pressure of carnivores in caper-
caillie (Bamber et al. 2024; Finne et al. 2019). Similarly, 
another non-lethal tool is the use of conditioned food aver-
sion, which occurs when an animal associates the taste of 
a certain food with negative symptoms such as nausea or 
vomiting, and they then avoid consuming it (Garcia et al. 
1974). Conditioned food aversion has already been tested 
in the context of capercaillie conservation, with a reduction 
of nest predation in foxes, but a limited effect on martens 
(Tobajas et al. 2023). On the other hand, effective manage-
ment of ungulate carrion, especially during winter, could 
be also recommended (Selås and Vik 2006; Tobajas et al. 
2021). Similarly, predator densities are often higher in the 
vicinity of tourist facilities and ski slopes due to the sup-
ply of discarded food and/or improved predator movement 
(Storch and Leidenberger 2003).

In conclusion, our results evidenced the relevance of 
martens in the artificial nest predation rates despite being the 
less abundant predator. We reported that martens’ encounter 
rate explained nearly one-third of the variation in nest pre-
dation. Despite using artificial nests, our results are similar 
to those observed in real capercaillie nests monitored in the 
Pyrenees, both in terms of the percentage of nests predated 
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