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Spanish Catalogue of Threatened Species (RDL 139/2011, 
February 4). Historically, the species occupied all major 
mountain ranges of the Iberian Peninsula (Hiraldo et al. 
1979; Orta et al. 2020). However, persecution, poisoning 
and habitat alteration caused a severe population decline, 
leading to its extinction in several regions (Margalida et 
al. 2008). At present, the species persists mainly through 
a relict breeding population in the Pyrenees, comprising 
approximately 126 reproductive units (RUs), according to 
the latest census conducted in 2018, which represent more 
than 70% of the European population (Margalida and Mar-
tínez 2020).

Conservation actions over recent decades have focused 
on population recovery through reintroduction, supplemen-
tary feeding, and mitigation of non-natural mortality. One 
of the most successful reintroduction programs took place 
in the Alps, where a stable population has been re-estab-
lished (Schaub et al. 2024). In Spain, reintroductions have 
restored small populations in the Cantabrian Mountains 
(Picos de Europa) and Sierra de Cazorla, where the species 
had disappeared for decades (Hiraldo et al. 1979; Margalida 

Introduction

The Bearded Vulture (Gypaetus barbatus) is one of the most 
endangered birds of prey in Europe (subsp. G. b. barbatus), 
listed in Annex I of the EU Birds Directive (79/409/EEC and 
2009/147/EEC), Appendix II of the Bern Convention, the 
Bonn Convention, and CITES. In North Africa (subsp. G. 
b. barbatus), it is classified as Critically Endangered based 
on IUCN criteria, due to its rarity and small population size 
(Allaoui and Cherkaoui 2018). In Europe, its conservation 
status was updated to Vulnerable in 2019 according to the 
IUCN, while in Spain it is classified as Endangered in the 
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Abstract
The Bearded Vulture (Gypaetus barbatus) is listed in the Spanish Catalogue of Threatened Species as “Endangered.” 
Historically, it occupied mountainous regions across Asia, Europe, and Africa, and had a wide distribution throughout the 
Iberian Peninsula. However, its current presence in Spain is now limited to specific mountain ranges. The decline is due 
to various threats, including habitat loss, human disturbance, and poisoning, which necessitate targeted conservation efforts 
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validated using GPS tracking data from tagged individuals. Our results reveal critical connectivity pathways in northern 
Spain, particularly linking Picos de Europa and the Pyrenees, influenced by topography, food availability, and distance to 
anthropogenic features. These findings emphasize the importance of maintaining functional corridors for the species and 
provide spatially explicit guidance for conservation planning to ensure long-term population viability.
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and Martínez 2020). Additionally, natural recolonization 
has been documented in the Vasco-Navarra mountains and 
the Moncayo Massif (Margalida and Martínez 2020). More 
recently, the reintroduction of Bearded Vultures in the Sierra 
de Gredos represents a key effort to re-establish the spe-
cies in the Central System, contributing to range expansion 
and increasing the potential for demographic and genetic 
exchange between populations (Margalida et al. 2013).

Despite these advances, the species remains highly frag-
mented in Spain. Bearded Vultures show a strong degree of 
philopatry, especially individuals born in the wild (Tréhin et 
al. 2024), with individuals tending to remain close to their 
natal areas, a behavior that can limit dispersal and slow 
colonization of new suitable habitats (López-López et al. 
2013). This trait and conspecific attraction can hinder dis-
persal and limit geographic expansion, potentially affecting 
genetic diversity and breeding output (Carrete et al. 2006a, 
b a, 2006 b, Margalida et al. 2013; López-López et al. 
2013). Therefore, enhancing habitat connectivity is crucial 
to promote dispersal and improve resilience to environmen-
tal changes (Tréhin et al. 2024).

The importance of landscape connectivity for the conser-
vation of the Bearded Vulture has been explicitly highlighted 
in the Spanish National Strategy for the Conservation of 
the Bearded Vulture (2025), which identifies connectivity 
as a critical milestone for ensuring population viability and 
facilitating natural dispersal between reintroduced and relict 
populations. However, despite its recognized relevance, no 
connectivity model has yet been developed for the species 
within the context of Iberian populations.

The Bearded Vulture is a specialized osteophagous scav-
enger (Margalida 2008; Margalida et al. 2009) strongly 
associated with mountain systems characterized by steep 
terrain, rocky nesting sites, and open landscapes that facili-
tate food detection (Ferguson-Lees and Christie 2001; Orta 
et al. 2020). Its diet relies largely on carcasses of medium-
size domestic ungulates (Ovis and Capra) and wild ungu-
lates (Rupicapra and Capra), linking its spatial ecology to 
extensive livestock farming systems (Margalida et al. 2007a, 
b, 2018; Arrondo et al. 2023). Extensive livestock farm-
ing is critical to the conservation of mountain ecosystems 
in developed countries (Pătru-Stupariu et al. 2020; Muñoz 
et al. 2021), contributing significant economic, social, and 
ecological value (Reiné 2017).

Technology has been instrumental in the conservation of 
the Bearded Vultures, providing essential data through the 
use of GPS transmitters (Silva et al. 2017; García-Jiménez et 
al. 2020). These devices have allowed researchers to moni-
tor flight paths (Gil et al. 2014; García-Jiménez et al. 2018), 
identify key feeding areas (Margalida et al. 2016) and map 
juvenile dispersal zones (Margalida et al. 2013). GPS data 
are essential for detecting threats, such as poisoning and 

collisions with human infrastructure (Vignali et al. 2021), 
and assessing the effectiveness of supplementary feeding 
sites (Moreno-Opo et al. 2015; Margalida et al. 2016, 2017). 
Additionally, it aids in monitoring individuals released dur-
ing reintroduction programmes to ensure their survival (Gil 
et al. 2014). However, although recent advances in move-
ment ecology (e.g. semi-mechanistic approaches such as 
iSSA) allow robust modelling of animal movement and cor-
ridor identification, telemetry-based approaches may still be 
limited by spatial biases related to the distribution of tracked 
individuals and monitored areas. This can restrict their 
application for large-scale connectivity assessments, par-
ticularly in regions where populations are small or recently 
reintroduced.

In this context, landscape-based connectivity model-
ling provides a complementary approach to movement 
data, allowing the identification of areas that facilitate or 
constrain movement based on environmental favourability 
(Torres et al. 2017; Pulido-Pastor et al. 2021). Favourabil-
ity models integrate ecological factors influencing species 
presence while minimizing the effect of prevalence, mak-
ing them especially suitable for species with fragmented or 
expanding populations (Real et al. 2006; Marchetto et al. 
2023). When translated into resistance surfaces, favourabil-
ity-based approaches allow the identification of areas with 
lower movement cost, without implying absolute barriers to 
movement, but rather gradients of connectivity that reflect 
landscape permeability (Torres et al. 2017; Pulido-Pastor et 
al. 2021).

The aim of this study is to develop the first large-scale 
connectivity model for the Bearded Vulture in the Iberian 
Peninsula, identifying potential ecological corridors and 
priority areas for conservation. By integrating favourabil-
ity-based resistance surfaces with connectivity analyses, 
we aim to provide a spatial framework that supports cur-
rent conservation actions, guides future reintroductions, and 
contributes to the implementation of national and interna-
tional conservation strategies for this species.

Methods

Study area

This study was conducted across the main mountain sys-
tems of mainland Spain, located in southwestern Europe 
(Fig. 1 A), which currently host breeding or reintroduced 
populations of the Bearded Vulture: the Central System, the 
Cantabrian Mountains, the Baetic Mountains and the Pyr-
enees. These mountain ranges represent key regions for the 
conservation and expansion of the species and encompass 
a wide environmental gradient relevant for connectivity 
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analyses (Fig. 1B). All these regions offer unique ecologi-
cal settings that shape the habitat requirements and environ-
mental conditions for the Bearded Vulture (Margalida and 
Bertran 2000; Margalida et al. 2008, 2013; Estrada et al. 
2025).

The Central System divides the Iberian Meseta into 
northern and southern sub-plateaus and is characterized by 
a heterogeneous topography with extensive high-altitude 
areas. Sierra de Gredos constitutes its highest sector, reach-
ing 2,592 m a.s.l., and hosts one of the most recent reintro-
duction initiatives for the Bearded Vulture in Spain. The 
Cantabrian Mountains extend along the northern coast of 
the Iberian Peninsula and include the Picos de Europa mas-
sif, which reaches elevations of up to 2,648 m a.s.l. This 
region is characterized by steep relief, limestone forma-
tions, and a humid Atlantic climate. The Baetic Mountains, 
located in southern Spain, comprise the highest mountain 
range of the Iberian Peninsula, reaching 3,479 m a.s.l. The 
Baetic system hosts one of the main reintroduced popu-
lations of the species in Spain, particularly in Sierra de 
Cazorla Natural Park, and plays a key role in large-scale 
connectivity across the peninsula. Finally, the Pyrenees 
form a major biogeographic barrier between the Iberian 
Peninsula and continental Europe, extending from the Bay 
of Biscay to the Mediterranean Sea and reaching a maxi-
mum elevation of 3,404 m a.s.l. They currently support the 
only long-established breeding population of the species in 
the Iberian Peninsula.

These mountain systems differ in climate, topography, 
land use, and degree of human influence, but all provide 
suitable conditions for the Bearded Vulture, including rug-
ged terrain for nesting, open landscapes for foraging, and the 
presence of wild and domestic ungulates (Aguilera-Alcalá 
et al. 2022; Estrada et al. 2025). Extensive livestock farming 
remains a key socio-ecological feature across these regions 
and plays an important indirect role in the conservation of 
scavenger communities by maintaining carrion availability 
(García-Ruiz and Lasanta-Martínez 1993; Aguilera-Alcalá 
et al. 2022; Estrada et al. 2025).

Data collection

Movement data were obtained from Bearded Vultures 
equipped with solar-powered GPS transmitters. Devices 
included 50 g GPS/GSM Ornitrack transmitters (Ornitela, 
Lithuania) and 90 g GPS/GPRS Bird Solar transmitters 
(e-obs, Germany), attached using a teflon thoracic harness 
following established protocols (Tomkiewicz et al. 2010).

A total of 57 individuals were tracked across three 
regions. Five individuals were monitored in Sierra de Gre-
dos, 39 in Picos de Europa, and 13 in the Aragonese Pyr-
enees. Tracking periods differed among regions, reflecting 
the timing of reintroduction and monitoring programmes: 
2006–2023 in the Pyrenees, 2010–2023 in Picos de Europa, 
and 2022–2023 in Sierra de Gredos. GPS data were used 
exclusively for the validation and ecological interpretation 

Fig. 1  Location of mainland Spain on the European continent (A) and the main mountain ranges in peninsular Spain (B)
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which is especially relevant for species with fragmented 
or expanding distributions. All modelling procedures were 
conducted in R (R Core Team 2024).

Model evaluation

The performance of the favourability model was assessed 
in terms of discrimination and classification capacity. Dis-
crimination ability was evaluated using the area under the 
receiver operating characteristic curve (AUC; Lobo et al. 
2008). Classification performance was assessed using a 
favourability threshold of F = 0.5, which represents the point 
at which environmental conditions are equally favourable 
and unfavourable relative to species prevalence (Real et al. 
2006). This threshold is commonly used in favourability 
modelling as a biologically meaningful reference value. In 
addition, the following metrics were calculated: sensitiv-
ity (proportion of OGUs with reported breeding correctly 
classified as favourable), specificity (proportion of OGUs 
without reported breeding correctly classified as unfavour-
able), correct classification rate (CCR), over-prediction 
rate (OPR; proportion of OGUs without reported breeding 
classified as favourable), and under-prediction rate (UPR; 
proportion of OGUs with reported breeding classified as 
unfavourable). These metrics range from 0 to 1 and are 
widely used in species distribution modelling (Fielding and 
Bell 1997; Barbosa et al. 2013). In addition, Cohen’s Kappa 
index (Cohen 1960) was calculated to quantify agreement 
between observed and predicted breeding presence beyond 
chance.

Predictor selection and model construction

The favourability model was constructed following the 
methodology described by Acevedo and Real (2012), using 
environmental predictors related to topography, climate, 
human activity, food availability, and land use (Supple-
mentary Material, Table S1). These variables are known 
to influence key demographic and ecological processes of 
the Bearded Vulture (Donázar et al. 1993; Margalida et al. 
2007a, b; Estrada et al. 2025).

To reduce multicollinearity, Spearman correlation coef-
ficients were calculated between all pairs of predictor 
variables. When correlations exceeded p = 0.8 within each 
environmental factor, only the variable with the highest 
individual predictive power was retained (López-Ramírez 
et al. 2024). To control for the inclusion of predictors by 
chance (García 2003), a False Discovery Rate (FDR) correc-
tion was applied following Benjamini and Hochberg (1995). 
Only variables with a score test significance below an FDR 
threshold of 0.05 were retained for subsequent modelling 
steps (Benjamini and Yekutieli 2001).

of connectivity patterns and not for the construction of the 
connectivity model itself. Although a total of 57 individuals 
were tracked, only a small subset performed long-distance 
movements between distinct mountain systems. These rare 
inter-population movements were considered the most 
appropriate for validating large-scale connectivity patterns, 
as resident movements within home ranges do not reflect 
dispersal processes across the landscape. Therefore, valida-
tion analyses were restricted to individuals exhibiting such 
long-distance movements.

Distribution modelling

To model large-scale ecological connectivity, we first devel-
oped an environmental favourability model describing the 
breeding distribution of the Bearded Vulture across the Ibe-
rian Peninsula. This approach is based on the favourability 
function proposed by Real et al. (2006), which allows disen-
tangling the effect of species prevalence from the influence 
of environmental predictors and is particularly suitable for 
comparative and spatial analyses at broad scales.

Favourability (F) was calculated as:

F =
P

1−P
n1
n0

+ P
1−P

where P is the probability of breeding presence obtained 
through logistic regression, and n₁ and n₀ represent the 
number of occupied and unoccupied operational geographic 
units (OGUs), respectively. OGUs consisted of UTM grid 
cells of 10 × 10 km, a spatial resolution commonly used in 
large-scale distribution studies and appropriate for wide-
ranging soaring birds such as the Bearded Vulture (Vignali 
2021; Del Moral 2022).

Favourability values range from 0 (completely unfavour-
able conditions) to 1 (highly favourable conditions). A value 
of 0.5 indicates that the local probability of breeding pres-
ence equals the overall prevalence of the species across the 
study area. In other words, environmental conditions at this 
value are neither particularly favourable nor unfavourable 
relative to the average conditions available for the species. 
Values above 0.5 indicate areas where environmental condi-
tions are more favourable than expected given the species 
prevalence, whereas values below 0.5 indicate less favour-
able conditions (Acevedo and Real 2012). Importantly, 
favourability is independent of prevalence, meaning that it 
reflects how suitable environmental conditions are for the 
species regardless of whether the species is currently pres-
ent or absent in a given cell. This property makes favour-
ability particularly useful for identifying environmentally 
suitable areas independently of current occupancy patterns, 
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Corridor analysis

To identify potential ecological corridors, environmental 
favourability values were transformed into a cost surface 
representing movement resistance across the landscape. 
Movement cost was defined as the inverse of favourability:

COST = 1
FAV OURABILITY

This transformation assigns low movement costs to envi-
ronmentally favourable areas and higher costs to less 
favourable areas, reflecting reduced suitability for move-
ment. Unlike binary habitat classifications, this approach 
allows for gradual transitions between low- and high-qual-
ity areas, providing greater flexibility in modelling move-
ment through heterogeneous landscapes. Importantly, areas 
of low favourability are not treated as absolute barriers but 
as zones where movement is more energetically or ecologi-
cally costly. This assumption is particularly appropriate for 
a highly mobile soaring species such as the Bearded Vul-
ture, which can traverse suboptimal areas but is expected to 
preferentially move through landscapes that maximize flight 
efficiency and resource availability.

This approach follows well-established principles in 
landscape connectivity modelling based on habitat qual-
ity or resistance surfaces (Adriaensen et al. 2003; Zeller 
et al. 2012; Torres et al. 2017; Pulido-Pastor et al. 2021). 
By using environmental favourability rather than simple 

A multivariate forward–backward stepwise logistic 
regression was then applied to model the breeding distribu-
tion of the species (Fig. 2). The modelling process started 
from a null model assigning a constant breeding probability 
to each OGU based on overall species prevalence. In each 
forward step, the variable most strongly associated with 
breeding presence, as identified by Rao’s score test, was 
added to the model. In subsequent steps, variables explain-
ing the residual variation were incorporated iteratively. The 
backward procedure allowed for the removal of previously 
included variables if they ceased to contribute significantly 
to model performance, ensuring an optimal balance between 
explanatory power and model parsimony (Legendre and 
Legendre 1998).

The final model thus represents a simplified but eco-
logically meaningful combination of predictors explaining 
the observed breeding distribution of the Bearded Vulture. 
Model coefficients were estimated using a likelihood ascent 
gradient algorithm, and the relative contribution of each 
predictor was assessed using the Wald test (Wald 1943).

Because favourability explicitly accounts for species 
prevalence, the model is robust to spatial gaps in current 
breeding records and does not aim to reproduce the exact 
current distribution of breeding territories (Real et al. 2006; 
Marchetto et al. 2023). Instead, it identifies environmentally 
suitable areas across the landscape, providing an appropri-
ate and unbiased foundation for subsequent connectivity 
and corridor analyses (Torres et al. 2017; Pulido-Pastor et 
al. 2021).

Fig. 2  Bearded Vulture breeding 
presences used for the model 
based on UTM 10 × 10 km grid 
cells of the study area (Margalida 
2022; Fundación para la Con-
servación del Quebrantahuesos 
2024)
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The resulting corridors represent areas of relatively low 
cumulative movement cost and highlight priority zones for 
maintaining or enhancing landscape connectivity between 
populations. These corridors are not interpreted as fixed 
routes but as probabilistic movement zones where envi-
ronmental conditions are more favourable for dispersal. 
By basing the analysis on favourability-derived costs, the 
identified corridors reflect the ecological preferences of the 
species while allowing sufficient flexibility to account for 
occasional movement through less suitable areas.

Results

Environmental favourability model

The environmental favourability model (Fig. 3) shows 
areas with high potential for breeding presence across the 
Iberian Peninsula, forming the basis for subsequent connec-
tivity analyses. The model for the breeding distribution of 
the Bearded Vulture included ten predictor variables: one 

habitat presence or absence, the cost surface integrates mul-
tiple ecological drivers of movement, including topography, 
food availability, land use, and human disturbance, all of 
which are known to influence Bearded Vulture mobility and 
spatial behaviour (Margalida et al. 2016; Vignali et al. 2021; 
Estrada et al. 2025).

Connectivity analyses were conducted entirely within 
the R environment (R Core Team 2024) to ensure method-
ological transparency and reproducibility. Raster process-
ing was performed using the terra package (Hijmans et al. 
2023), and movement modelling was implemented using 
the gdistance package (Van Etten 2017). The cost raster was 
used to build a transition matrix that quantified the ease of 
movement between adjacent grid cells based on cumulative 
movement cost. Least-cost paths and corridor surfaces were 
then calculated between core areas representing wild and 
reintroduced Bearded Vulture populations. Connectivity 
values were classified into four categories (low, medium, 
high, very high) based on quantiles. This classification was 
used to facilitate interpretation of spatial patterns and does 
not affect the underlying continuous connectivity values.

Fig. 3  Environmental favourability for Bearded Vulture (Gypaetus 
barbatus) breeding across mainland Spain. Favourability values were 
calculated using the favourability function (Real et al. 2006) applied to 

UTM 10 × 10 km grid cells. Values range from 0 (unfavourable condi-
tions) to 1 (highly favourable conditions)
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(OPR = 0.827), reflecting the existence of extensive envi-
ronmentally suitable areas that remain unoccupied.

Connectivity analysis

Environmental favourability values were transformed into 
a continuous cost surface by applying the inverse function 
(1/favourability), generating a gradient of movement resis-
tance across the Iberian Peninsula. This cost surface reflects 
increasing ecological resistance in areas of lower favour-
ability while allowing movement through all areas, rather 
than defining strict barriers.

The resulting connectivity map identified potential ecological 
corridors linking wild and reintroduced Bearded Vulture popu-
lations, including the Pyrenees, Picos de Europa, Maestrazgo, 
Sierra de Gredos and Sierra de Cazorla (Fig. 4). Areas of very 
high connectivity were primarily associated with mountain sys-
tems and regions characterized by favourable topography, food 
availability (ungulates), and lower human disturbance, forming 
continuous pathways between core population areas.

Corridor validation

The spatial analysis revealed that both Eva and Monica, two 
female Bearded Vultures (released in Picos de Europa in 2018 
and originally from Pyrenees), exhibited significant movement 
between these regions during different seasons. These individ-
uals were the only tracked vultures that performed inter-popu-
lation movements between major mountain systems, whereas 
all other individuals remained within their respective home 
ranges and did not exhibit long-distance displacement.

	– Eva made two round trips between Picos de Europa and 
the Pyrenees: one during the winter of 2022–2023 (Sup-
plementary Material, Figure S1A) and another during 
the summer of 2022 (Supplementary Material, Figure 
S1B).

related to topography, six to climate, one to food availabil-
ity, one to human activity, and one to land use (Table 1). 
Climatic variables accounted for a substantial proportion of 
the explanatory power of the model. In particular, the mean 
number of days with precipitation ≥ 1 mm in winter showed 
the highest contribution according to the Wald statistic.

Variables positively associated with breeding favourabil-
ity included the favourability for Iberian wild goat (Capra 
pyrenaica), the mean number of days with precipitation ≥ 10 
mm in spring, the mean number of days with precipita-
tion ≥ 30 mm in autumn, distance to the nearest highway, 
and the presence of irrigated crops. In contrast, the mean 
number of days with precipitation ≥ 1 mm in winter, the 
mean number of days with precipitation ≥ 30 mm in spring, 
the mean number of days with minimum temperature ≤ 0 °C 
in summer, and the Topographic Wetness Index negatively 
influenced breeding favourability (Table 1).

The model showed excellent discrimination capacity 
(AUC = 0.963) and strong classification performance (Table 
2). Sensitivity, specificity, and correct classification rate all 
exceeded 0.85, indicating a high ability to correctly identify 
both favourable and unfavourable operational geographic 
units (OGUs). The under-prediction rate was very low 
(UPR = 0.002), whereas the over-prediction rate was high 

Table 1  Variables included in the logistic regression model via a for-
ward–backward stepwise selection process, ranked by their order of 
addition. β are the coefficients in the logit function, SE is the standard 
error of these coefficients, Wald is the value of Wald’s statistic, repre-
senting the relative importance of each variable in the model, and p is 
the significance of the coefficients according to the Wald test
Variable β S.E. Wald p
Favourability for the Iberian 
Wild Goat

2.204 0.557 15.614 < 0.001

Mean number of days with pre-
cipitation ≥ 10 mm in spring

0.658 0.163 16.225 0.014

Mean number of days with 
precipitation ≥ 1 mm in winter

−0.257 0.031 67.099 < 0.001

Mean number of days with pre-
cipitation ≥ 30 mm in autumn

0.689 0.285 5.854 0.016

Mean number of days with pre-
cipitation ≥ 30 mm in spring

−1.810 0.453 15.915 < 0.001

Mean number of days with 
minimum temperature ≤ 0 °C in 
summer

−1.059 0.347 9.313 0.002

Mean annual number of days 
with minimum temperature ≥ 20 
°C

−0.145 0.044 10.433 0.001

Distance to the nearest high-
way (km)

0.001 0.002 27.922 < 0.001

Topographic Wetness Index −2.294 0.319 51.853 < 0.001
Irrigated crops 0.078 0.017 21.674 < 0.001
Constant 35.835 5.528 42.026 < 0.001

Table 2  Assessment of the discrimination and classification capabili-
ties of the favourability model. The indices evaluated include AUC, 
sensitivity, specificity, correct classification rate, over-prediction rate, 
under-prediction rate, and Cohen’s Kappa index
Measure Values
Area Under the Curve 0.963
Sensitivity 0.850
Specificity 0.937
Correct Classification Rate (CCR) 0.936
Over-prediction rate (OPR) 0.827
Under-prediction rate (UPR) 0.002
Cohen´s Kappa Index 0.268
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Discussion

The conservation of the Bearded Vulture in Spain faces 
complex challenges that require integrated approaches 
combining habitat suitability, landscape connectivity, and 
mitigation of human pressures (Margalida et al. 2013). 
Among these, maintaining and restoring ecological con-
nectivity between isolated and reintroduced populations 
has been identified as a key priority, both at the scientific 
level and within current conservation policies.

In this context, the present study provides the first 
large-scale connectivity model for the Bearded Vulture 
in the Iberian Peninsula, addressing a critical knowledge 
gap. Notably, connectivity has been explicitly recognised 
as a strategic objective in the Spanish National Strategy 
for the Conservation of the Bearded Vulture (Ministry for 
the Ecological Transition and the Demographic Challenge 
2025), highlighting the relevance and timeliness of our 
results for applied conservation planning.

	– Monica also completed a round trip, traveling from 
Picos de Europa to the Pyrenees and back during the 
spring of 2023 (Supplementary Material,Figure S2). 
Unfortunately, this individual was found dead in France 
in 2024.

For both Bearded Vultures, movements occurred more fre-
quently in grid cells with very high connectivity, avoiding 
territories of lower connectivity (Table 3; Fig. 5).

Table 3  Proportion of points classified into different connectivity cate-
gories for each individual (Eva (summer 2022), Eva (winter 2022-23), 
and Monica (spring 2023). The categories reflect the level of connec-
tivity based on the corridor analysis, ranging from Very High to Low. 
Percentages indicate the distribution of GPS locations across these cat-
egories; N refers to the total number of GPS locations
ID N Very high High Medium Low
Eva (2022) 7753 95.8% 4.2% 0% 0%
Eva (2023) 727 95.79% 4.21% 0% 0%
Monica (2023) 2863 95.40% 4.4% 0.2% 0%

Fig. 4  Connectivity map for Bearded Vultures in Mainland Spain. Black lines represent administrative boundaries (provinces), while circles denote 
Bearded Vulture population centres
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during these journeys, strongly supporting the ecological 
realism of the proposed corridors.

Although only a few individuals were used for valida-
tion, this reflects the inherent rarity of long-distance dis-
persal events in Bearded Vultures rather than a limitation 
of the dataset. Most tracked individuals exhibited resident 
behaviour within their home ranges and therefore do not 
provide information on functional connectivity between 
populations. Nevertheless, the observed agreement between 
independent movement data and the predicted corridors 
provides additional support for the plausibility of the pro-
posed connectivity patterns. This convergence suggests that 
favourability-based connectivity modelling, when com-
bined with telemetry data, can offer a useful framework for 
identifying potential movement pathways.

Ecological interpretation of corridors

The connectivity patterns identified are consistent with the 
ecological requirements of the species. By basing move-
ment costs on environmental favourability, the corridors 
integrate multiple drivers of Bearded Vulture movement, 
including topography, food availability, climate, and human 
disturbance. Importantly, areas of low favourability are not 
treated as absolute barriers, but as zones of increased move-
ment cost, allowing for realistic movement across hetero-
geneous landscapes (Torres et al. 2017). This approach is 

Our corridor analysis using biogeographical methods 
reveals strong potential connectivity between several key 
population nuclei, particularly between Picos de Europa 
and the Pyrenees, but also between other key regions, par-
ticularly between Sierra de Gredos and Picos de Europa, as 
well as between Sierra de Cazorla and Gredos. These high-
connectivity pathways may be critical for facilitating move-
ment and genetic exchange between isolated populations. 
The corridor between Maestrazgo and nearby regions also 
exhibited strong connectivity, suggesting that these areas 
play a pivotal role in maintaining a functional network for 
the Bearded Vulture across the Iberian Peninsula. These 
results suggest the existence of a functional ecological net-
work capable of facilitating dispersal and gene flow across 
the Iberian Peninsula, even in a species characterised by 
marked philopatry (López-López et al. 2013).

Validation using movement data

Importantly, the predicted corridors are not only theoreti-
cal outputs derived from biogeographical models, but are 
supported by empirical movement data. The long-distance 
movements performed by two reintroduced females (Eva 
and Monica) between Picos de Europa and the Pyrenees 
closely overlapped with areas classified as very high con-
nectivity. Both individuals concentrated more than 95% of 
their GPS locations within the highest connectivity classes 

Fig. 5  Movement pattern of Eva and Monica during their travels between Picos de Europa and the Pyrenees and vice versa. Black lines represent 
movement paths, with stronger colour indicating better connectivity
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environmental impact assessments, and the designation of 
areas where stricter protection or mitigation measures are 
required.

In conclusion, our findings show that the Iberian Pen-
insula retains a high potential for functional connectivity 
among Bearded Vulture populations. Strengthening and 
safeguarding this connectivity will be crucial for ensur-
ing the long-term viability of both wild and reintroduced 
populations. Continued monitoring of dispersal movements, 
combined with adaptive corridor modelling, will further 
enhance the effectiveness of conservation strategies for this 
endangered vulture.
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