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Summary

Understanding the movement ecology of threatened species is fundamental to improving
management and conservation actions for their protection, mainly during the pre-adult stage
and particularly when a species is subject to population reinforcement or reintroduction
projects. An example is the case of the Cinereous Vulture Aegypius monachus on the Iberian
Peninsula, an endangered species that has been reintroduced in different regions during the
last two decades. Here, we explore differences between the spatial ecology of reintroduced
pre-adult Cinereous Vultures, according to age-class, sex, and season (breeding and non-
breeding). We used GPS-tag data from 51 pre-adult individuals reintroduced into Catalonia
(north-east Spain) to describe their use of space, i.e. home-range size, core area, and
minimum convex polygon (MCP) and movement patterns, i.e. camulative distance, max-
imum displacement, maximum daily dispersal, and maximum annual dispersal. Our study
showed significant variation in the use of space and movement patterns among pre-adult
birds and the influences of age, sex, and season. Age was the most influential factor,
determining range areas and movement patterns. Similar to other vulture species, home
range and core areas increase with age, with subadult vultures exhibiting larger ranges than
young first year, juveniles, and immature birds, but the MCP measures were larger for
juveniles. Movement patterns were also influenced by age-class, with juveniles making longer
movements, followed by immatures and subadults (with similar values), and shorter move-
ments for birds during their first year of life. Overall, males made shorter movements and
explored smaller foraging areas than females. Season had an important effect on movement
patterns, and the daily and dispersal movements were longer during the breeding period
(February—August). Our findings fill a knowledge gap regarding the dispersal behaviours of
Cinereous Vultures, information that will enable the improvement of management and
conservation decisions.

Introduction

GPS-tracking technology has been particularly helpful in understanding the movement and
dispersal patterns of a number of bird species (Bridge et al. 2011; Cooke et al. 2004; Jouventin
and Weimerskirch 1990; Nathan et al. 2008). For example, long-lived species, such as vultures,
have received a good deal of attention due to their threatened status and the important
ecosystem services that they provide (Alarcén and Lambertucci 2018; McClure et al. 2018;
Oliva-Vidal et al. 2022b; Safford et al. 2019). Vultures have very particular life histories,
including delayed maturity (Grande et al. 2009; Margalida et al. 2020), prolonged parental care
(Margalida et al. 2003), and extensive movements during the pre-adult dispersal period
(Guido et al. 2023; Margalida et al. 2013; Morant et al. 2023b). GPS-tracking technology
has enabled researchers to identify key demographic parameters such as survival by age-class
and causes of death, as well as movement behaviours (which can identify critical conservation
areas such as communal roosts), migratory movements, flight paths, habitat use, and resource
selection (Alarcén and Lambertucci 2018; Delgado et al. 2022; Garcia-Jiménez et al. 2018;
Margalida et al. 2016; Reading et al. 2020; Rousteau et al. 2022). The study of movement
ecology has therefore emerged as a crucial factor in the design and improvement of manage-
ment and conservation measures for avian scavenger species (Alarcén and Lambertucci 2018;
Arrondo et al. 2021; Carrete and Dondzar 2005; Cerecedo-Iglesias et al. 2023; Fozzi et al. 2023;
Margalida et al. 2016).
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Raptors, and particularly vultures, show distinct movement
patterns in relation to age and pre-adult individuals exhibit larger
home ranges compared with adults (Cerecedo-Iglesias et al. 2023;
Margalida et al. 2013; Morant et al. 2023b; Reading et al. 2020).
However, this generally consistent pattern is not always observed
in all avian scavenger species (Guido et al. 2023; Rivers et al. 2014).
Investigations focusing on age differences among individual pre-
adult vultures are scarce (Garcia-Macia et al. 2024; Kriiger et al.
2014), and studies have primarily focused on comparisons
between adults and immatures or between territorial and non-
territorial individuals (Garcia-Jiménez et al. 2018; Reading et al.
2020; Rivers et al. 2014). Territorial individuals tend to make more
limited movements than non-territorial ones due to breeding
commitments that limit foraging movements to areas close to
their nest sites (Iglesias-Lebrija et al. 2015; Whitfield et al.
2022). Conversely, sex-specific movements exhibit greater vari-
ability across different vulture species. Generally, females exhibit
higher movement frequencies and cover greater distances than
males, and often occupy larger home ranges (Garcia-Macia et al.
2024; Margalida et al. 2016; Morant et al. 2023b), although this
pattern was not observed in immature individuals of some species,
for example, the Andean Condor Vultur gryphus (Guido et al.
2023). In any case, regardless of age or sex, the movements and
patterns of spatial use observed in vultures are influenced by both
internal factors such as territorial status, breeding region or
breeding season, and external factors including environmental
characteristics (Garcia-Jimenez et al. 2018; Gavashelishvili et al.
2012; Margalida et al. 2013; Morant et al. 2023b; Reading et al.
2020).

The pre-adult phase plays a crucial role in the life of raptors and
marks the period during which individuals disperse from their natal
area and learn to find food and resources for survival (Gonzélez
et al. 2006; Serrano and Tella 2003). This phase is not only import-
ant at the individual level but also has population level implications,
particularly for species living in dynamic environments and for
those distributed in metapopulations (Carrete and Dondazar 2005;
Gonzélez et al. 2006; Margalida et al. 2013). The study of movement
patterns during the subadult stage has presented challenges in the
past, leading to significant knowledge gaps in species such as the
Cinereous Vulture Aegypius monachus (Garcia-Macia et al. 2024).
Newly developed telemetric methods could help to increase our
understanding of the specific movement ecology of the different
age-classes in the pre-adult stage and optimise management and
conservation actions.

The Cinereous Vulture is a vulnerable species facing numer-
ous threats, including illegal direct poisoning and secondary
exposure to poisons in the environment (Hernindez and
Margalida 2008; Herrero-Villar et al. 2021; Jung et al. 2009;
Moreno-Opo and Margalida 2014), and little is known about
the movement patterns of pre-adults in the population (but see
Gavashelishvili et al. 2012; Jiménez and Gonzalez 2012; Reading
et al. 2020). Here, we set out to: (1) provide an integrated
description of its movement ecology, quantifying its use of space,
i.e.home ranges, core areas, and the areas of maximum activity, as
conventionally estimated by the minimum convex polygon
(MCP); (2) determine whether internal factors such as an indi-
vidual pre-adult Cinereous Vulture’s age or sex, or season
(breeding or non-breeding) affect space use and movement
behaviour. Our results will contribute to a better understanding
of the movements of pre-adults in a reintroduced population of
this endangered vulture species and provide new insights to
improve conservation and management strategies.
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Methods
Study species

The Cinereous Vulture is a large Eurasian obligate scavenger, with a
significant population on the Iberian Peninsula (>2,000 pairs) (Del
Moral 2019; Moreno-Opo and Margalida 2014), where it favours
Mediterranean forest areas, primarily in the central part of the
peninsula (Moreno-Opo et al. 2012). Due to dedicated conservation
efforts, it was successfully reintroduced to the Pyrenean mountain
range (north-east Spain) in the 2000s using soft release cages
(Alvarez et al. 2011; Delepoulle et al. 2017). Subsequently, this
population has made a notable recovery, reaching 18 breeding pairs
in 2022. Despite the overall recovery observed across the Iberian
Peninsula, the Iberian population faces several threats, including
the illegal use of poisons, secondary poisoning, lead poisoning,
environmental pesticides, collisions with energy distribution infra-
structure, landscape transformation, and shortages of its carrion
food due to sanitary regulations (Dondazar et al. 2009; Hernédndez
and Margalida 2008; Oliva-Vidal et al. 2022a, 2022b; Pérez-Garcia
etal. 2022; Vasilakis et al. 2016). Our study used GPS-tracking data
collected from vultures reintroduced to the Catalan Pyrenees (the
areas around Boumort and Alinya, Lleida province, north-east
Spain).

Tracking and data collection

From 2009 to 2020, the movement patterns of 88 Cinereous
Vultures from the reintroduced Pyrenean population were
monitored using solar-powered Argos satellite and GPS/GSM
transmitters weighing between 40 g and 70 g (Microwave
PTT-100 70 g GPS/Argos Solar MTI n = 51, Microwave 70 g
GSM-GPS MTI n = 3, Ornitela OT-50 n = 18, E-obs solar 48 g
GPS-GSM n = 10, Ecotone 50 g GPS/GSM n = 5, SOLAR GPS
BIRDBORNE 40 g PTT_NST n = 1). The transmitters were
attached using backpack breakaway harnesses with a 0.64-cm
Teflon ribbon sourced from Bally Ribbon Mills (Bally, PA, USA)
(Garcia et al. 2021). The transmitters were programmed to
provide location fixes at intervals ranging from one to two hours
between 06h00 and 22h00 UTC, except for four individuals
whose transmitters transmitted GPS locations every 15 minutes.
The birds were classified into four age-classes based on plumage
characteristics following Clark (2004) and De la Puente and
Elorriaga (2012): young first year (from fledging until the end
of their first year of life), juvenile (birds in their first year after the
year of fledging), immature (two to three years old), and subadult
(in their fourth year). To calculate the age of birds according to
their hatching date (birthdate), the average hatching date was set
at 15 April, based our own past observations of wild vultures in
the study area. Of the subadult individuals, seven started their
first breeding attempt at this age. As no differences in any
estimator of movements or spatial use were found according to
the breeding status of subadults (P >0.3), the data for them were
pooled. Gender identification was performed using blood sam-
ples and polymerase chain reaction (PCR) amplification of the
CHD-W gene (Wink et al. 1998).

Movement modelling

We examined the diurnal activity patterns of Cinereous Vultures
using four distinct movement estimators commonly used in
other vulture studies (Garcia-Jiménez et al. 2018; Guido et al.
2023; Margalida et al. 2016). These estimators (in km) were:
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(1) cumulative distance travelled, as the sum of all distances
travelled during each day; (2) maximum displacement, as the
maximum Euclidean distance reached daily from the first loca-
tion of the day to any of the other subsequent locations through-
out the day; (3) maximum daily dispersal, as the maximum
Euclidean distance reached during the day between the initial
position (nest or release point) and any position recorded each
day; this measure not only shows the maximum dispersal dis-
tance reached (maximum annual dispersal) but also indicates
whether more or less time has been spent away from the origin
zone; (4) maximum annual dispersal, as the maximum Euclidean
distance reached between the initial position (nest or release
point) and any position recorded within a year or season. The
distance between locations was determined using basic trig-
onometry. To ensure a standardised and robust data set, we only
included data from days when a minimum of four consecutive
GPS locations were recorded during the daytime, with a
maximum time interval of four hours between fixes. After filter-
ing the data, we analysed the results from 35,603 days, involving
51 individuals, over the period from 1 April 2008 to 30 October
2020. A total of six tracked birds did not meet the minimum
recorded location criteria, and 31 tagged vultures did not
reach the minimum one-year tracking requirement, leading to
the exclusion of their data from the analysis. We investigated
variations in the daily movement estimators in relation to
factors such as sex, age-class, season, and their interactions.
The year was divided into two seasons according to the breeding
phenology of the species: the non-breeding season (September—
January), and the breeding season (February—August).

We used the dynamic kernel models available in the adeha-
bitatHR package with the R statistical software (R Core Team
2020) to calculate home ranges using kernel density estimation
(KDE). We used the ad hoc method as a smoothing parameter to
estimate the annual home range of a bird, to allow comparisons
with previous studies. We determined the 90% (KDE 90%) and
50% (KDE 50%) kernel density contours (km?). The KDE 90%
represents the overall home range, while the KDE 50% shows the
core area of activity. Additionally, we computed the MCP (km?)
for each bird. Individual birds with fewer than 15 locations per
month and those lacking data for all 12 months of the year were
excluded from the analyses, resulting in 41 tagged vultures being
removed from the analysis. After filtering, we analysed the data
from 111 annual home ranges, obtained from 47 individuals,
over the period 1 April 2008 to 30 October 2020. We examined
variations in home range parameters according to factors such as
sex and age, and their interaction.

Statistical analysis

We used the linear mixed models (LMMs) in the nlme and lme4
packages in the R statistical software to investigate the effect of
factors such as sex, age, and season on movement patterns. The
identity of individual birds and year were included as random
factors in the models to avoid pseudoreplication and to account
for the influence of intrinsic characteristics specific to each
individual and year. Similarly, we used LMMs to analyse the
impact of sex and age on annual home range sizes, with sex and
age as fixed factors, and individual identity and year as random
factors. Pairwise comparisons between age-classes were assessed
using Tukey post hoc tests utilising the emmeans package to
detect differences in factor categories. Log transformations were
applied to all movement and home range estimators to meet the
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normality assumptions of the models. To determine the best
explanatory models, we compared the models using the cor-
rected Akaike information criterion (AICc) and Akaike weights
(wi), following an information theoretical approach (Burnham
and Anderson 2002). Delta AICc values were calculated to deter-
mine the strength of evidence, and AICc weights were used to
represent the relative likelihood of each model. Models with a
delta AICc value <2 were excluded. We selected the best models
indicated by the AICc differences using the “dredge” function of
the MuMIn package in R. All statistical analyses were conducted
using the R statistical software package v. 4.0.0 (R Core Team
2020). All tests were two-tailed, and statistical significance was
set at a <0.05.

Results
Home range and core areas

Birds in the reintroduced population of Cinereous Vultures in
the Pyrenees exhibit large foraging areas encompassing the
entire Iberian Peninsula and make dispersal movements into
the Alps, southern France, and even the Balearic Islands
(Table 1, Figure 1). The results of the selected model results
showed that space utilisation (MCP), the home ranges
(KDE 90%), and core areas (KDE 50%) were all influenced by
age and sex (Table 2). Overall, the results indicate significant
variation across the different age-classes (Tables 1, 3, and
Supplementary material Table S1, Figure 2), with larger home
ranges and core areas observed in subadults, followed by the
other age-classes: KDE 90% young first year 11,513.03 km?,
juveniles 12,478,94 km?, immatures 15,572.50 km?, and sub-
adults 23,388.02 km? KDE 50% young first year 2,793.04 km?,
juveniles 1,848.46 km?”, immatures 2,744.88 km?, and subadults
4,352.21 km? (Table 1, Appendix S1, Figure 2). Regarding the
MCP, the dispersal and exploratory movements of juveniles
covered larger areas (95,273.16 km?), followed by subadults
(60,720.97 km?), immatures (57,451.00 km?), and young first
year (21,967.54 km?) (Table 1, Appendix S1, Figure 2). Further-
more, an individual’s sex was identified as an important factor, in
addition to its interaction with age, and females had larger range
areas than males (Tables 1 and 2, Figure 2). This was especially
relevant in the case of young first year and subadults where
females covered larger areas than males (Table 1, Figure 2).
However, the interaction between sex and age was not significant
(P >0.05, Table 3), displaying some variability across age groups
and individuals.

Movement parameters

The movement patterns of reintroduced pre-adult Cinereous
Vultures were determined by age, sex, and season, and also
showed interactions between sex and age, and age and season
(Tables 4, 5, and Appendix S2, Figures 3 and 4). The results
showed that all of the movement estimators analysed showed
differences between age-classes (Table 6 and Appendix S2,
Figure 3). Specifically, juveniles displayed greater accumulated
daily distances and maximum displacements than the other age-
classes, followed by immatures, subadults, and young first year in
decreasing order (Table 4 and Appendix S2, Figure 3). Regarding
the maximum daily dispersal, Cinereous Vultures spent longer
periods away from their natal areas as they aged, with some
individuals settling in locations far away from the Pyrenees
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Table 1. Annual home range size (km?) of reintroduced Cinereous Vultures Aegypius monachus tracked from 2008 to 2020, according to the age-class and sex. The
table shows the minimum convex polygon (MCP), 90% and 50% kernel density estimations (KDE), the number of birds per age-class (n), and the total number of
annual home ranges analysed. All data show mean * standard deviation (SD) in km?

n nyear KDE 50% SD KDE 90% sSD MCP SD
Young first year 29 29 2,793.04 12,721.59 11,513.03 49,445.65 21,967.54 38,906.70
Female 16 16 5,027.44 17,035.55 20,523.70 66,103.89 33,484.28 49,698.29
Male 13 13 43.02 110.33 422.97 1,025.78 7,793.10 7,080.59
Juvenile 20 20 1,848.46 3,347.35 12,478.94 22,455.56 95,273.16 99,885.87
Female 8 8 2,130.72 3,631.27 12,305.76 17,684.17 89,717.13 97,378.80
Male 12 12 1,660.28 3,296.34 12,594.38 25,921.71 98,977.17 105,648.03
Immature 30 46 2,744.88 8,074.66 15,572.50 43,952.63 57,451.00 99,202.16
Female 14 21 3,217.48 8,276.82 22,418.45 55,900.26 94,952.13 133,257.33
Male 16 25 2,347.89 8,049.99 9,821.91 30,703.41 25,950.04 37,280.99
Subadult 16 16 4,352.21 15,118.66 23,388.02 75,569.66 60,720.97 115,433.03
Female 9 9 7,683.42 20,000.86 41,104.41 99,499.26 93,241.78 147,202.47
Male 7 7 69.21 92.96 609.81 818.75 18,908.49 28,186.31

I KDE 50%
i KDE 90%
KDE 95%
* Vultures locations
— Country boundaries

Figure 1. Map showing the differences in the use of space by the 51 monitored Cinereous Vultures Aegypius monachus from the Pyrenean population used in the analyses. The
minimum convex polygon (MCP), home range kernel density estimation (KDE 90%), and core area (KDE 50%) are shown.

(Figures 3 and 4). After the first year of life, juvenile vultures
showed the highest annual dispersal distance (Table 4, Figures 2
and 3), and this distance gradually decreased until the subadult
age-class (Table 4, Figure 3). These age-related differences were
further modulated by season (Table 6, Figure 4), with all of the
movement parameters generally showing greater values during
the breeding season compared with the non-breeding season.
Regarding all of the daily movement estimators, females gener-
ally moved further than males during the breeding season, and
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these differences were greater for the maximum annual dispersal,
but depending on age (Figure 4).

Furthermore, interactions between age and sex were also
observed, as indicated by the model results (Tables 5 and 6).
Overall, female vultures tended to cover greater distances in all
movement parameters compared with males across most age-
classes, except during the immature stage (Table 4, Figure 3).
Notably, a significant interaction between sex and season was only
observed for the maximum daily dispersal (Table 6, Figure 4).
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Table 2. AlCc-based model selection to assess the effects of various factors on
the home ranges of reintroduced subadult Cinereous Vultures Aegypius
monachus in a study area in the Pyrenees (Spain). Only the models with AAIC,
<2 or the second ranked and the null model are shown. Selected models are in
bold. AICc = corrected Akaike information criterion; KDE = kernel density
estimations; MCP = minimum convex polygon

Model df AIC, AAIC, w;
Core area KDE 50%

Age+sex+age*sex 12 497.4 0 0.74
Agetsex 9 499.8 2.32 0.23
Null 5 526.6 29.11 0
Home range KDE 90%

Agetsex+age*sex 12 470.2 0 0.53
Agetsex 9 470.7 0.49 0.42
Null 5 497.0 26.77 0
MCP

Agetsex+age*sex 12 412.8 0 0.53
Age+sex 9 413.5 0.67 0.38
Null 5 432.4 19.59 0

Conversely, no interaction effects were found for the maximum
yearly dispersal (Tables 5 and 6).

Discussion

Our findings advance our understanding of the hitherto practic-
ally unknown movement ecology of pre-adult Cinereous Vul-
tures and the intrinsic factors (i.e. age, sex, and season) that
influence their spatial ecology (but see Garcia-Macia et al.
2024; Jiménez and Gonzalez 2012; Reading et al. 2020). Based
on our MCP home range size estimates, reintroduced pre-adult
Cinereous Vultures foraged over extensive areas (up to
95,000 km” for juveniles). We also showed that an individual’s
age was the most important factor determining both their range
areas and their movement patterns (Tables 2 and 5, Figures 2 and
3). Similar to Bearded Vultures Gypaetus barbatus (Kriiger et al.
2014; Margalida et al. 2016), the home ranges and core areas of
individual reintroduced Cinereous Vultures increased with
increasing age, being larger in subadult individuals than those
in the 1-3 years age-classes. These findings are inconsistent with
those reported by Garcia-Macia et al. (2024), who observed that
the home ranges and core areas of Cinereous Vultures from
different populations in the Iberian Peninsula decrease with

Table 3. Results of the selected linear mixed models to evaluate how the minimum convex polygon (MCP) size, home range size kernel density estimator (90% KDE)
and core area (KDE 50%) of the contour areas of individual Cinereous Vultures Aegypius monachus are affected by age (first year, juvenile, immature, or subadult),

sex, and their interactions. The asterisks show statistically significant results

Model Variables Estimate SE 95% Cl Lower 95% Cl Upper t-value P
KDE 50% (Intercept) 4.701 0.559 3.579 5.821 8.394 <0.001 *
Sex (male) -2.514 0.830 —4.185 —0.842 -3.028 <0.001 *
Age (immature) 1.339 0.698 -0.058 2.737 1.918 0.060
Age (juvenile) 1.946 0.813 0.318 3.574 2.393 0.019 *
Age (subadult) 0.704 0.879 —1.055 2.464 0.801 0.426
Age (immature)*Sex (male) 1.397 0.977 —0.558 3.352 1.430 0.158
Age (juvenile)*Sex (male) 2.132 1.082 -0.034 4.298 1.969 0.054
Age (subadult)*Sex (male) 1.324 1.276 -1.231 3.879 1.037 0.303
KDE 95% (Intercept) 6.920 0.494 3.580 5.821 14.015 <0.001 *
Sex (male) —2.065 0.731 —4.186 —-0.842 -2.824 <0.001 *
Age (immature) 1.131 0.610 —0.058 2.737 1.853 0.069
Age (juvenile) 1.821 0.704 0.318 3.574 2.586 0.012 *
Age (subadult) 0.588 0.768 -1.055 2.464 0.766 0.447
Age (immature)*Sex (male) 1.014 0.851 —0.558 3.352 1.191 0.238
Age (juvenile)*Sex (male) 1.635 0.936 —0.034 4,298 1.747 0.086
Age (subadult)*Sex (male) 0.800 1.111 -1.231 3.879 0.720 0.475
MCP (Intercept) 9.678 0.370 9.572 9.788 26.129 <0.001 *
Sex (male) -1.180 0.550 —2.258 —-0.102 —2.147 0.037 *
Age (immature) 0.848 0.465 —-0.063 1.759 1.823 0.074
Age (juvenile) 1.147 0.547 0.075 2.219 2.096 0.041 *
Age (subadult) 0.070 0.586 -1.079 1.219 0.120 0.905
Age (immature)*Sex (male) 0.077 0.653 —-1.203 1.357 0.118 0.906
Age (juvenile)*Sex (male) 1.271 0.729 —0.158 2.699 1.743 0.087
Age (subadult)*Sex (male) 0.160 0.854 -1.513 1.834 0.187 0.852

https://doi.org/10.1017/50959270924000108 Published online by Cambridge University Press
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Figure 2. Example of spatial use change by age-class of two individuals (female on the left and male on the right) of Cinereous vultures Aegypius monachus, tagged at the nest, that
reached adult age. (a) The minimum convex polygon (MCP); (b) the home range kernal density estimation (KDE 90%); (c) the core area (KDE 50%).

age. However, comparing the results between the two studies is  so potential biases due to differences between each population
challenging, as Garcia-Macia et al. (2024) estimated home ranges ~ are not ruled out (Fluhr et al. 2021; Margalida et al. 2013).
and core areas monthly, while in the present study, we estimated =~ Considering the MCP, the exploited areas were larger in juven-
them annually. Additionally, their data come from different iles, with the minimum area covered found in birds during their
populations with a low number of individuals (4—11 vultures),  first year of life. Young first year birds showed greater inter-
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Table 4. Mean daily cumulative distance travelled per day (“cum dist”), maximum displacement per day (“max displ”), maximum daily dispersal (“max dispersal”),
maximum annual dispersal distance (“dispersal”) by age-class, the number of Cinereous Vultures Aegypius monachus tracked (n), and the number of tracked days
(days) by age-class. All data are presented as mean + standard deviation (SD) in kilometres (km)

Age-class n Days cum dist SD max displa SD max dispersal SD dispersal SD

Young first year 30 6,505 22,77 32.23 8.38 15.62 41.20 140.10 118.09 178.71
Female 16 3,656 23.91 33.55 9.26 17.59 66.46 182.5 169.08 229.58
Male 14 2,849 21.30 30.40 7.24 12.55 8.78 14.62 59.82 51.67
Juvenile 44 8,387 54.89 57.44 24.48 30.62 74.98 131. 62 227.04 225.36
Female 22 3,893 58.52 60.32 27.50 32.72 102.83 152.55 248.82 226.90
Male 22 4,494 51.73 54.65 21.86 28.42 50.86 104.51 206.35 224.79
Immature 37 15,053 34.88 39.98 16.03 22.28 70.94 138.78 223.81 216.99
Female 16 6,863 34.29 43.09 16.93 26.29 77.14 142.58 297.48 260.52
Male 21 8,190 35.36 37.17 15.27 18.21 65.75 135.30 168.11 159.02
Subadult 25 5,658 33.71 38.17 15.52 22.34 83.63 157.66 189.52 225.19
Female 14 3,178 38.34 43.46 18.54 26.99 97.93 167.04 254.57 252.66
Male 11 2,480 27.79 29.02 11.64 13.35 65.30 142.71 112.65 161.45

Table 5. AlCc-based model selection to assess the effects of various factors on
the movements of subadult Cinereous Vultures Aegypius monachus in a study
area in the Pyrenees (Spain). Only the best model and the second-ranked
model with the null models are shown. Selected models are in bold. AlCc =
corrected Akaike information criterion

and also the dispersal movements observed during the second
year, which sometimes exhibited several shorter exploratory
trips, consistent with our observations of the greater distances
travelled and larger MCP of juvenile vultures. The same move-
ment pattern was evident in subadults, with notable inter-sexual

Model df AIC, AAIC. W, differences in terms of movements and home ranges, with males
— exhibiting smaller ranges (Tables 1 and 4, Figure 2). During the
Gt elsEeE subadult stage, females exhibited the largest foraging areas. Con-
Agetsex+seasontage*sex 16  126,583.6 0 0.97 sidering that some of the individuals monitored attempted their
+age*season first breeding at this age (seven of the subadults), we would
Age+sex+season+age*sex 17 126,590.7 7.1 0.03 expect that an attachment to a breeding territory would reduce
+age*season+sex*season the foraging areas in this age-class. However, although a reduc-
Null 5 1327283 61447 0 tion in the movements and home ranges of these individuals was
- - observed, these differences were not significant, probably
LG because they were only firsts and unsuccessful breeding attempts.
Age+sex+season+age*sex 16  133,637.4 0 0.96 Accordingly, these findings suggest this behaviour could be
+age*season explained by foraging experience that had identified distant food
Age+sex+season+age*sex 17 133,644.0 6.6 0.04 patches that individuals could visit regularly and/or that explor-
+age*season+sex*season ation could have identified potentially suitable breeding sites or
Null 5 1346501 10217 0 partners before taklng up a breeding territory. (quland et al.
- — 2017). These possibilities are supported by the significant effects
e Gl el of the interaction between age and sex, and the importance of
Agetsex+season+age*sex 17  123,721.6 0 1 season on dispersal-related estimators. These findings could
+age*season+sex*season explain the dispersal behaviour of vultures, particularly of
Age+sex+season+age*sex 16 1237336 12.0 0 females, who range over longer distances and spend more time
+age*season away from the core breeding area (Garcia-Macia et al. 2024;
Null 5 1313585 76369 0 Margflli.da. et al. 2016; Morant et al. 2023b; Serrano 2018). ng-
- - ever, it is important to note that these movements do not align
L ERIIIV) ERTIEL PR with the migratory patterns observed in this species in other
Agetsex+season 8 798.9 0 0.63 regions (Kang et al. 2019; Ramirez et al. 2022; Reading et al.
I p— . 2015 26 017 2(_)20), althoggh some individuals _have been obs_erved re51d1pg in
distant locations for extended periods or have finally established

Null 3 863.4 64.5 0

sexual differences, with males exploring smaller foraging areas
than females, which showed larger exploratory movements dur-
ing the first year of life. This agrees with previous observations in
the centre of the Iberian Peninsula (Jiménez and Gonzélez 2012),
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themselves in the Massif Central (France) or the Balearic Islands
(Figure 1).

Our findings suggest that pre-adult vultures increased their
foraging distances and frequency of movement to coincide with
their breeding period (spring and summer) (Figure 4). This could
be attributed to the greater number of daylight hours and to more
suitable atmospheric conditions for soaring flight (Hiraldo and
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Figure 4. Data (mean + 95% Cl) of the movement patterns of the 51 subadult Cinereous Vultures Aegypius monachus monitored by age-class and season. (a) Cumulative distance;
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Dondzar 1990). As in other large avian scavengers, the search for
food resources (which are spatially unpredictable or widely dis-
persed) requires long-distance movements that are favoured by
the convective thermals used for soaring flight, which are more
frequent in warmer weather (Bohrer et al. 2012; Garcia-Macia
etal. 2024; Kriiger et al. 2014; Mandel et al. 2008). It is important
to note that the autumn and part of the winter (the non-breeding
season) largely coincide with the hunting season on the Iberian
Peninsula, which provides an abundance of food resources for
vultures (Morant et al. 2023a). These resources are often con-
centrated at supplementary feeding stations, or in patches well-
known to vultures and which can be located close to their core
areas (Deygout et al. 2009; Margalida et al. 2016; Monsarrat et al.
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2013). In fact, non-adult Cinereous Vultures are more numerous
at certain feeding sites during periods when adults are more
scarce, probably to reduce intraspecific competition or to min-
imise the risk of starvation during the post-fledging period
(Moreno-Opo et al. 2015, 2020). Their relative lack of foraging
experience could favour their attachment to the predictable food
resources of supplementary feeding sites (Montsarrat et al.
2013). This situation is particularly prevalent in the region
occupied by the study population, where numerous supplemen-
tary feeding stations have been established for vulture conserva-
tion (Moreno-Opo and Margalida 2014; Moreno-Opo et al.
2015). Consequently, subadult vultures may be less mobile dur-
ing this period of high and predictable patches of food availability


https://doi.org/10.1017/S0959270924000108

10 J. Tobajas et al.

Table 6. Results of the selected linear mixed models to evaluate how the daily cumulative distance travelled, maximum displacement, maximum daily dispersal,
and maximum yearly dispersal of individual immature Cinereous Vultures Aegypius monachus are affected by age (first year, juvenile, immature, or subadult), sex,
season, and their interactions. The asterisks show statistically significant results

Model Variables Estimate SE 95% CI Lower 95% Cl Upper t-value [?
Cumulative distance Intercept 8.228 0.143 7.947 8.509 57.426 <0.001 *
Age (immature) 2.077 0.047 1.985 2.168 44.429 <0.001 *
Age (juvenile) 2.193 0.042 2.111 2.276 52.270 <0.001 *
Age (subadult) 2.325 0.054 2.219 2.430 43.178 <0.001 *
Sex (male) 0.046 0.203 -0.361 0.453 0.225 0.823
Season (non-breeding) 0.255 0.036 0.184 0.325 7.108 <0.001 *
Age (immature)*Sex (male) —0.056 0.055 —-0.164 0.052 -1.011 0.312
Age (juvenile)*Sex (male) -0.151 0.049 —0.248 —0.054 —3.052 0.002 *
Age (subadult)*Sex (male) -0.459 0.067 -0.591 -0.328 —6.869 <0.001 *
Age (immature)*Season (non—breeding) -0.782 0.043 —-0.866 -0.698 -18.207 <0.001 *
Age (juvenile)*Season (non-breeding) -1.054 0.048 -1.148 —0.960 -21.985 <0.001 *
Age (subadult)*Season (non-breeding) —0.640 0.053 —0.744 —0.536 -12.063 <0.001 *
Maximum displacement Intercept 7.093 0.123 7.067 7.114 57.746 <0.001 *
Sex (male) 0.050 0.172 -0.284 0.382 0.288 0.774
Age (immature) 2.268 0.051 2.168 2.368 44.040 <0.001 *
Age (juvenile) 2.419 0.046 2.329 2.510 52.210 <0.001 *
Age (subadult) 2.500 0.059 2.384 2.616 42.153 <0.001 *
Season (non-breeding) 0.345 0.040 0.267 0.423 8.717 <0.001 *
Age (immature)*Sex (male) -0.125 0.061 —-0.245 —-0.005 —2.046 0.041 *
Age (juvenile)*Sex (male) -0.185 0.055 -0.293 -0.078 3379  <0.001 *
Age (subadult)*Sex (male) ~0.553 0.074 ~0.698 —0.408 7507  <0.001 *
Age (immature)*Season (non-breeding) -0.875 0.047 —-0.966 -0.782 -18.432 <0.001 *
Age (juvenile)*Season (non-breeding) -1.141 0.053 -1.245 -1.037 -21.546 <0.001 *
Age (subadult)*Season (non-breeding) -0.710 0.059 -0.825 -0.593 -12.116 <0.001 *
Maximum daily dispersal Intercept 8.143 0.211 0.401 1.228 38.527 <0.001 *
Sex (male) —0.358 0.301 —0.947 0.232 —1.190 0.239
Age (immature) 2.170 0.045 1.579 2.759 48.190 <0.001 *
Age (juvenile) 2211 0.040 2.131 2.289 54.822 <0.001 *
Age (subadult) 2.546 0.052 2.438 2.642 48.988 <0.001 *
Season (non-breeding) 0.221 0.037 0.148 0.294 5.992 <0.001 *
Age (immature)*Sex (male) 0.132 0.054 0.026 0.238 2.457 0.014 *
Age (juvenile)*Sex (male) 0.171 0.048 0.077 0.265 3.580 <0.001 *
Age (subadult)*Sex (male) -0.412 0.065 -0.539 -0.285 —6.342 <0.001 *
Sex (male)*season (non-breeding) 0.131 0.030 0.074 0.188 4.383 <0.001 *
Age (immature)*Season (non-breeding) -0.711 0.041 -0.791 -0.631 -17.196 <0.001 *
Age (juvenile)*Season (non-breeding) -0.868 0.046 -0.958 -0.778 -18.801 <0.001 *
Age (subadult)*Season (non—breeding) -0.465 0.051 —0.565 —-0.365 -9.134 <0.001 *
Maximum annual dispersal Intercept 12.730 0.185 12.365 13.095 68.747 <0.001 *
Sex (male) -0.481 0.188 —-0.851 -0.111 —2.562 0.011 *
Age (immature) —0.463 0.170 —0.798 —0.128 —2.723 0.001 *
Age (juvenile) -0.422 0.194 —0.804 —0.039 -2.173 0.031 *
Age (subadult) -1.070 0.188 -1.442 —0.699 —5.683 <0.001 *
Season (non-breeding) -1.017 0.126 —-1.266 —0.768 —8.059 <0.001 *
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(Deygout et al. 2009; Reading et al. 2020), which also coincide
with less favourable atmospheric conditions for soaring flight
and fewer daylight hours. In the case of subadult vultures, the
observed increase in their movement during the spring—summer
period (the breeding season) may also be influenced by breeding
behaviour and interactions with and/or attraction to conspecifics
in search of potential mates, vacant territories ready for occupa-
tion or the establishment of new territories by non-breeding
individuals (Holland et al. 2017; Morrison and Woods 2009).
The energetic requirements of reproductive individuals are also
higher during breeding prompting them to explore larger for-
aging areas, coinciding with the seasonal higher abundance of
extensive livestock (Margalida et al. 2018).

This study provides crucial insights into the spatial ecology of
Cinereous Vultures on the Iberian Peninsula, enhancing our
understanding of the foraging ecology of this endangered species
during the pre-adult period, and identifying priority areas for
conservation and management actions (Katzner and Arlettaz
2020). For example, the identification of patches visited regularly
outside protected areas can allow managers and policymakers to
adopt conservation measures on these more vulnerable sites.
Additionally, the provided home ranges and movements, and
both daily and dispersal movements, can contribute to a better
design of future conservation actions for the species in this
reintroduced population. This includes considerations for sup-
plementary feeding sites, new release areas, and potential stepping
stones to connect this population with other nearby populations
(Garcia-Macia et al. 2024; Serrano et al. 2020). Furthermore, these
findings will enable the assessment of the influence on the species
of the creation of new areas of renewable energy infrastructure on
the Iberian Peninsula, such as wind or solar energy farms (Pérez-
Garcia et al. 2022; Serrano et al. 2021). In this sense, recent studies
identified that food availability and conspecific presence were the
main drivers of vulnerability and exposure to collision in wind
farms in Iberian Griffon Vultures Gyps fulvus (Morant et al. 2024).
Therefore, these data provide new possibilities for the conserva-
tion of the Cinereous Vulture in this reintroduced population and
can contribute to the management and conservation of other
threatened Cinereous Vulture populations and reintroduced vul-
tures worldwide.

In conclusion, this study demonstrates the relevance of behav-
iour to conservation, and how the insights gained from behav-
ioural studies can be used to address conservation challenges
(Berger-Tal et al. 2011; Blumstein and Ferndndez-Juricic 2010;
Van Overveld et al. 2020). Our findings show significant variation
in spatial utilisation and movement patterns among individual
reintroduced Cinereous Vultures, with notable differences
according to age and sex, as well as a strong influence of season.
Generally, both range size and movements increased with age, and
females exhibited larger ranges and covered greater distances
across most movement estimators and age-classes. However, Cin-
ereous Vultures also displayed considerable individual variability
in range sizes and movement patterns. Season also emerged as a
crucial factor influencing their movement, probably due to atmos-
pheric conditions, availability of food resources in specific pre-
dictable patches, and the interactions between conspecifics during
breeding or mate-seeking by subadult vultures, which exhibited
the largest range sizes and distances travelled. Future investiga-
tions should focus on unravelling the movement ecology of adult
Cinereous Vultures after their establishment following reintro-
duction or as new breeders, in order to compare the movement
patterns of pre-adult and adult age-classes to complete our
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understanding of the behavioural ecology of this species, focusing
on the significance of supplementary feeding stations, landfill
sites, and habitat utilisation.
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