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Abstract

Movement data are valuable for the conservation of Old World vultures, as these move across 

large distances and  experience a wide range of threats. As vultures rely on soaring flight, the 

interplay of solar radiation, as well as wind direction and strength, is crucial for both short- 

and  long-range  movements.  However,  no  study  explored  the  extent  to  which  weather 

conditions  can  predict  long-range  nonroutine  movements,  such  as  those  associated  with 

forays, prospecting or dispersal.

We fitted Generalized Additive Mixed Models to predict the probability Griffon Vultures 

(Gyps  fulvus,  n.individuals  =  20,  n.  GPS locations  =  168,202)  living  in  Sardinia  (Italy) 

engaged  in  short-range,  medium-  and  long-range  movements  under  different  weather 

conditions, in terms of solar radiation, wind direction and wind strength.

Under very weak wind conditions, Griffon Vultures restricted their movements in the areas 

around the colony, as exploring areas at the borders of their home range is more demanding. 

Conversely,  under  very  strong  winds,  extra-home  range  movements  were  uncommon as 

Griffon Vultures could be less prone to venture outside well-known areas.

Extra-home range movements were more common for northwestern and southeastern winds 

of intermediate strength, in conditions of good solar radiation. However, the duration of long-

range movements decreased with solar radiation. This might indicate that wind sometimes 

displaces Griffon Vultures and scarce solar radiation then prevents them from returning to the 

colonies, forcing them to engage in long journeys across unfamiliar landscapes.

Our findings indicates that some types of nonroutine movements in vultures are not entirely 

intentional and weather conditions can play a crucial  role in triggering them. Combining 

high-resolution movement and weather data could allow researchers to them in advance and 

adaptively increase improve data acquisition from GPS tags, to study vulture behavior during 

nonroutine movements and improve conservation actions.

Keywords: foraging; scavengers; forays; vultures; biologging; soaring birds
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Introduction

Movement data are increasingly used to attain a sounder understanding of animal ecology 

(Nathan et al., 2022) and inform conservation policies (Allen and Singh, 2016). Information 

derived from movement data are particularly valuable for the conservation of taxa such as 

Old World vultures (Ogada et al., 2012), which can move across large distances and therefore 

experience a wide range of threats.

Satellite telemetry (Alarcón and Lambertucci, 2018) shed light on the bioenergetics of flight 

in vultures (Duriez et al., 2014), as well as on the role played by social and heterospecific 

cues (Oliva-Vidal et  al.,  2024; Sassi et  al.,  2024).  This technology also allowed to study 

routine movements (Newton, 2008) of several species of vultures, such as those associated 

with residency and seasonal migration (Arkumarev et al., 2019; Buechley et al., 2018; Kang 

et  al.,  2019;  Martínez  et  al.,  2024).  Moreover,  some  studies  also  used  telemetry  and 

biologging to study long-range nonroutine  movements (hereinafter referred as “nonroutine” 

movements), such as those associated with dispersal (García-Macía et al., 2023; Martínez et 

al.,  2025; Tréhin et al.,  2024; Tobajas et al.,  2024). This knowledge in turn revealed the  

behavioral consequences of captive breeding (Jobson et al., 2021; Margalida et al., 2013) and 

release methods (Cerri et al., 2024a; Fozzi et al., 2023; Rousteau, 2022), predicted exposure 

to potential threats (Cervantes et al., 2023; Morant et al., 2024) and informed the design of  

protection areas (Kane et al., 2022) and ecotourism (Fozzi et al., 2025). 

A frontier in research about the movement ecology of vultures is the integration between 

high-resolution environmental data and movement data, to assess the role played by weather 

conditions on the motion capacity of these species (Nathan et al., 2008).  Soaring birds like 

vultures are strongly dependent on uplifts, which arise from the interplay of air temperature, 

terrain  morphology  and  wind  conditions  (Scacco  et  al.,  2019,  2023).  However,  the  few 

existing studies studying the link between weather conditions and vulture movements focused 
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on the influence of solar radiation (Rivers et al., 2014; Poessel et al., 2017), with significant 

gaps still surrounding the role played by wind, such as the interplay between wind direction  

and strength. Addressing this gap would be particularly valuable both from a scientific and an 

applied perspective. 

For  short-range  routine  movements,  such  as  foraging  around  colonies,  considering  that 

flapped flight is energetically costly for vultures (Duriez et al.,  2014), they should prefer 

flying under optimal wind conditions for short-range routine movements (Alerstam et al.,  

2019). However, no study tested the extent to which vultures can fly under optimal conditions 

in terms of wind direction but suboptimal wind strength, and vice-versa. Moreover, vultures 

are prone to collide with wind turbines while foraging, due to their visual field and flight  

maneuverability  (Martin  et  al.  2012).  While  the  selective  stopping  of  turbines  reduces 

collisions (Ferrer et al., 2022), its implementation can be expensive. By knowing under which 

weather  conditions  vultures  engage  in  short-range  routine  movements  it  is  possible  to 

improve the cost-effectiveness of selective stopping by intensifying its field monitoring at the 

most critical times.

For nonroutine movements, such as those associated with prospecting (Chaubet et al., 2025) 

or forays (Conradt et al., 2003), the informed dispersal theory (Reed et al., 1999) ignores the 

role of weather conditions. However, evidence from other large soaring raptors (e.g., Aquila 

chrysaetos,  Poessel  et  al.,  2022)  indicates  that  optimal  wind  and  radiation  facilitate 

prospecting  and empirical  evidence indicates that  at  least  on one occasion strong winds 

promoted the dispersal and colonization of an island by Griffon Vultures (Tavecchia and 

Cortés-Avizanda, 2021). Therefore there is a need to address the systematic effect of weather 

conditions as a proximate driver of nonroutine movements in vultures.

Considering that long-range movements are usually risky for individuals (Bonte et al., 2012), 

anticipating the occurrence of nonroutine movements can allow researchers to adaptively 
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increase the acquisition frequency of GPS tags to better understand habitat selection (Orgeret  

et al., 2023) and assess the height at which vultures fly, two pieces of information that will  

improve the estimation of collision risk with human infrastructures (Schaub et al., 2024).

In this study we explored how different wind conditions affected the probability that Griffon 

Vultures  (Gyps  fulvus)  engaged  in  short-range  and  long-range  movements.  Our  findings 

indicate  that  weather  conditions  are  consistently  associated  with  different  types  of 

movements in Griffon Vultures and it is reasonable to hypothesize that some  long-range 

movements  occur  because  individuals  are  first  displaced  by  strong  winds  and  then  face 

unsuitable weather conditions, preventing them from returning to the colony.

Methods

Study area

The study area includes the westernmost part of Sardinia (Italy), the second largest island of 

the Mediterranean sea (Fig. 1). Due to its Mediterranean climate, rainfalls are scarce and 

concentrated between November and December (Fratianni and Acquadotta, 2017). The most 

common winds are the Mistral, which comes from northwest, and the Sirocco, which comes 

from southeast (Furberg et al., 2002).

Sardinia hosts a population of 424-470 (86 breeding pairs) Griffon Vultures (Gyps fulvus, 

Berlinguer et al., 2024). Griffon Vultures roost and nest at two main colonies in the northwest 

of the island, near the municipalities of Bosa and in Porto Conte Regional Park (Fig. 1, Cerri 

et al., 2023). Griffon Vultures forage around the two colonies (Fozzi et al., 2025) and have 

smaller  home-ranges  than  their  conspecifics  in  mainland  Europe  (Cerri  et  al.,  2023). 

Although long-range movements between Sardinia and Corsica have been recorded (Cerri et 

al., 2024), contrarily to what happens for Griffon Vultures from the Iberian peninsula or the  

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24



Balkans (Arkumarev et al., 2019; Martínez et al., 2024), migration to sub-saharan Africa has 

never been observed in individuals from the Sardinian population.

Data collection

Between 2016 and 2022, 79 Griffon Vultures were released in a conservation translocation 

program within the Life Under Griffon Wings project (LIFE14 NAT/IT/000484), to enhance 

the viability of the Sardinian population (Aresu et al., 2022). Released individuals had been 

recovered from the wild in the Iberian peninsula, or had been bred under different captivity 

breeding programs (LIFE14 NAT/IT/000484).  Before being released in  the wild,  Griffon 

Vultures  were  tested  for  pathogens  and  lead  poisoning  and  then  kept  at  acclimatization 

aviaries, so that they could familiarize with the release site (Fozzi et al., 2023). They were 

also fitted with engraved metal rings from ISPRA (Istituto Superiore per la Protezione e la  

Ricerca Ambientale), placed on one tarsus, and with a plastic colored ring on the other tarsus  

to facilitate their identification. Before being released 45 individuals were also equipped with 

solar powered GPS/GSM transmitters, attached with a Teflon leg-loop harness comprised of 

3  assembled strings  (round silicone  cord  2-mm + tubular  Teflon  ribbon 0.25  and 0.44), 

following  Hegglin  et  al.  (2004).  GPS  tags  were  programmed  to  collect  the  location  of 

released griffons from dawn (approx. 6 a.m.) to dusk (approx. 6 p.m.) every 158.3 ± 620.8 

minutes (mean ± sd).  In this study we used locations from 20 individuals (n. GPS fix = 

168,202). A complete overview of individuals from our sample is available in Table 1, while 

extensive explanation about the release method and acclimatization is available in Fozzi et al.  

(2023).

Quantification of extra-home range movements
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We quantified nonroutine movement as extra home range movements. These consisted of 

movement trajectories where a certain Griffon Vulture exited its home-range for a certain 

amount of time (Fig. 2). The home range of each individual was quantified from the 95% 

isopleth of its range distribution (Alston et al., 2022), obtained through Autocorrelated Kernel 

Density  Estimation  (AKDE,  Fleming  et  al.,  2015;  Fleming  and  Calabrese,  2016)  using 

continuous-time movement models with a perturbative Hybrid REML (pHREML) estimator 

(Silva et al., 2021). We generally preferred weighted AKDE (wAKDE Silva et al., 2021) due 

to the irregular acquisition of GPS locations by solar-powered tags and the lack of GPS 

location at night. Only for two individuals (Artis 4 and Artis 5) we used AKDE as wAKDE 

did  not  converge.  Before  estimating  home  ranges  we  screened  the  data  and  removed 

implausible GPS locations, falling more than 5 km away from the coast.

Whenever a Griffon Vulture exited its home range, we isolated its movement track until the  

moment when the individual re-entered its home range. Then, for each track we calculated: i) 

the median step length, ii) the median direction, expressed as degrees from the North, iii) the 

maximum distance, expressed as the Euclidean distance between the most distant point of the 

track and the home range, iv) its temporal duration, in hours and v) the straightness index, 

expressed as  the ratio  between maximum distance and the total  length of  the track.  The 

straightness index ranges from 0 to 1, with 1 corresponding to a straight line (Benhamou et 

al., 2004). We believe these five metrics are useful to distinguish between long-range and 

short-range movements of Griffon Vultures outside of their home range, which we found to 

differ in their duration, tortuosity and directionality.

Then we used Partitioning Around Medoids (PAM, Kassambara, 2017) cluster analysis to 

categorize individual movement trajectories outside the home-range, into different groups. 

The combined analysis of the average silhouette methods, elboy method and gap statistics 

method (Kassambara, 2017) identified 4 groups of extra-HR movements (Fig. S1). However, 
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three groups were medium-range nonroutine movements (hereinafter MRM), characterized 

by short median step lengths, a short distance from the home range, intermediate to high 

values of the straightness index and differing in their mean orientation. In MRMs Griffon 

Vultures briefly exited their home range and then came back after a short period of time (Fig. 

1).  However,  cluster analysis also revealed a group of long-range nonroutine movements 

(hereinafter  LRM)  with  a  significantly  longer  duration,  higher  tortuosity  and  very  high 

distances from the borders of the home range (Fig. S2). Although this last group was partially 

similar to one of the group that we classified as MRM, we preferred to keep it separated, to 

focus on the most extreme long-range movements only and reduce the categories used in the 

generalized additive mixed model.

Therefore, through cluster analysis we classified GPS locations as short-range movements 

(SRM) when falling inside the home range ,  as medium-range movements (MRM) when 

falling at a short distance outside the home range and having a short duration and as long 

range movements (LRM) when falling at a high  distance outside the home range and having 

a long duration. We did not use other methods for behavioral classification (Gurarie et al., 

2016), such Hidden Markov Models (Langrock et al., 2012) or Mixture Membership Models 

(Cullen et al., 2021), due to the high number of observations and the irregular collection of 

GPS locations  by  our  solar-powered tags,  which  did  not  collect  locations  at  night  or  in 

conditions with low solar radiation.

Finally, for each GPS location, we extracted hourly values of solar radiation, as well as wind 

direction  and  strength,  at  a  10  km  scale,  from  the  ERA5  climate  reanalysis  dataset  

(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?

tab=overview).  Solar  radiation was quantified as the mean surface downward short-wave 

radiation flux, representing the amount of solar radiation, both direct and diffuse, that reaches 

the  ground.  Downward  short-wave  radiation  also  accounts  for  partial  reflection,  and 
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absorption,  by  clouds  and  aerosols,  and  corresponds  to  what  would  be  measured  by  a 

pyranometer on the ground. Wind direction and speed were calculated from the eastward and 

northward component (ms-1) of wind, at a height of 100 metres above the surface of the 

Earth. Wind direction was expressed as degrees north, whereas wind speed in ms-1. While  

some studies quantified the tailwind and crosswind component (Cecere et al., 2020), we did 

not  use these measurements,  as  we deemed them to be potentially misleading,  given the 

relatively coarse resolution of our data, that were collected approx. every 60 minutes. We 

also did not use different altitudinal layers, as our GPS tags did not provide the height of a 

certain GPS location. 

Fig. 1. Map of the study area with 95% isopleths of individual home ranges (HR, in red) and 

the three types of movement obtained from cluster analysis: short-range movements (left), 

medium-range movements (center) and long-range movements (right). The two colonies are 

represented as triangles.
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Statistical analyses

We used Generalized Additive Mixed Modeling (GAMM) to predict the probability that GPS 

locations belonged to SRMs, MRM or LRMs. We treated our three types of observations 

(SRM, MRM, LRM) as an ordered response, which was modeled through a linear predictor 

providing the expected value of a latent variable following a logistic distribution. Predictors 

included different weather variables and individual attributes that we deemed to potentially 

influence nonroutine movements by Griffon Vultures.

We included wind direction, as it can influence different types of movements of griffons in 

the study area. In northwest Sardinia colonies are on the west coast and foraging ground in 

inner areas (Fozzi et al., 2025). Therefore, we hypothesized that griffons could be more active 

in  case  of  western  winds,  that  would  allow  to  reach  foraging  grounds,  but  which  can 

subsequently  drift  them  away  (Tavecchia  and  Cortés-Avizanda,  2021),  increasing  the 

likelihood of MRMs and LRMs. In turn we also included wind strength, because Griffons 

might be reluctant to fly around colonies with strong winds, as they can limit their aerial  

maneuverability around roosts (Shepard, 2019) or displace them on the open sea (Bildstein et 

al., 2009). We also accounted for solar radiation, as it is crucial for the generation of updrafts 

(Scacco et al., 2019) and therefore facilitates soaring flight in vultures (Fluhr et al., 2021; 

Poessel et al., 2017; Rivers et al., 2014), promoting MRMs and LRMs. 

We also controlled for the release group of each individual, which was found to influence 

movement cohesion (Cerri et al., 2024) and therefore was believed to potentially influence 

their capacity to move across the landscape (Sassi et al., 2024). We also controlled for the age 

of each individual, as this variable could have potentially increased the probability of MRMs 

and LRMs due to the conjoint effect of increased flight experience, which makes vultures 

better at moving across the landscape (Efrat et al., 2023; Harel et al., 2016) and changes in 

the  life  stage  of  individuals  (Acácio  et  al.,  2023),  which  could  increase  long-range 
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movements (e.g., related to prospecting, Chaubet et al., 2025). We also controlled for the sex 

of Griffon Vultures, as this variable was found to influence movement in individuals from 

populations of mainland Europe (Morant et al., 2023), and for the day of the year to capture  

long-range movements caused by unmeasured seasonal variations in the environment (e.g. 

food, Arrondo et al., 2023; Spiegel et al., 2013). Finally, we added a random intercept for 

each individual, to account for inter-individual differences in the probability of MRMs and 

LRMs due to unobserved attributes (e.g. personality, Nilsson et al., 2014).

We modeled wind direction, the effect of the day of the year and the effect of elapsed time  

since  release,  by  means  of  cyclic  cubic  splines,  which  are  highly  effective  at  capturing 

periodic patterns. We rather used thin-plate splines to model the effect of solar radiation and 

wind strength. We used a tensor product to model the interactive effect of wind strength and 

direction  (Wood,  2017).  A  complete  script  explaining  model  selection  in  GAMMs  is 

provided in the Supplementary Information.

We used  a combination of likelihood ratio test,  AIC and generalized cross validation to 

select predictors and the numbers of basis in each spline. Namely, we selected the lowest 

number of basis after which we did not detect any improvement in model fitness to the data. 

Statistical analyses were carried out with the statistical software R (R Core Team, 2025).  

Namely,  GAMMs  were  fitted  with  the  mgcv package  (Wood,  2017)  and  home  ranges 

estimated with the ctmm package (Calabrese et al., 2016).
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Fig. 2. Workflow  of data processing: identification of the three types of movements from 

GPS telemetry data (top square) and integration of weather data to predict different types of 

movements (bottom square).

Results

We identified 4,007 trajectories associated with MRMs and 593 trajectories associated with 

LRMs.  Therefore,  although  most  of  our  GPS  fix  (93.8%)  belonged  to  SRMs,  we  also 

classified 4.4% and 1.8% of GPS locations as belonging to MRMs and LRMs, respectively.

Although our final  candidate model  had a low overall  accuracy at  predicting these three 

movements  (Table  1),  model  selection  clearly  identified  a  set  of  covariates  which  were 

systematically associated with them and which progressively improved the goodness-of-fit of 

a certain model to the data (Table 2).
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Griffon Vultures in our study area were more prone to engage in MRMs and LRMs when 

wind came from northwest (Mistral) and southeast (Sirocco). However, the effect of wind 

direction  varied  considerably  according  to  wind  strength.  When  wind  was  very  weak, 

vultures had a higher probability of engaging in MRMs and LRMs only withnorthwestern 

winds. Then the bimodal pattern of northwest and southeast winds became stronger up to 

intermediate values of wind strength: under moderately strong winds, wind direction had the 

most  marked  effect.  Finally,  under  strong  wind  conditions,  the  effect  of  wind  direction 

diminished (Fig. 3). The probability that Griffon Vultures engaged in MRMs and LRMs also 

increased markedly with solar radiation (Fig. 4) and in late summer (Fig. 5). The age of  

released individuals also influenced this probability, although without any clear pattern nor 

any clear difference between male and female Griffon Vultures (Fig. S3). 

Discussion

To  the  best  of  our  knowledge  this  is  the  first  study  assessing  weather  conditions  as  a  

proximate driver of long-range nonroutine movements in an Old-World vulture. Our findings 

corroborate those from studies about other large soaring raptors (Aquila adalbertii, Ferrer, 

1993; e.g. A. chrysaetos, Chaubet et al., 2025; Poessel et al., 2022; Buteo buteo, Walls et al., 

2005; Vultur gryphus, Poessel et al., 2018 and Rivers et al., 2014) but highlight a potentially 

hierarchical  effect  of  wind conditions and radiation over  the decision making of  moving 

vultures, which in turn can generate nonroutine movements.
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Fig.  3.  Marginal  effect  plot,  showing  the  interactive  effect  of  wind  strength  and  wind 

direction,  over the probability that  GPS fix belonged to short-range (left),  medium-range 

(middle) and long-range movements (right). Estimated probabilities are on the left column 

and standard errors on the right column.
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Our  findings  indicate  that  Griffon  Vultures  modulate  their  short-term  and  long-range 

movements  according  to  wind  conditions,  both  in  terms  of  wind  direction  and  strength. 

Namely,  extra-home  range  movements  (MRMs  and  LRMs)  are  more  common  for 

northwestern and southeastern winds of intermediate strength, while Griffon Vultures reduce 

long-range movements under both very weak and very strong winds. Under very weak wind 

conditions, they restrict their movements in the areas around the colony (Cerri et al., 2023) 

and foraging grounds (Fozzi et al., 2025), as exploring areas at the borders of their home 

range  is  more  demanding.  Conversely,  under  very  strong  winds,  extra-home  range 

movements  are  also  less  common,  compared  to  winds  of  intermediate  strength.  Griffon 

Vultures might be less prone to move under potentially dangerous wind conditions, similarly 

to many other large soaring birds (Naveda-Rodríguez et al., 2023; Wilkinson et al., 2019),  

especially outside well-known areas where they cannot use conspecifics to detect updrafts 

(Sassi et al., 2024) and orientate (see Eisaguirre et al., 2020 for A. chrysaetos). We believe 

that future studies combining high-resolution telemetry with accelerometers will ultimately 

provide more accurate insights on the different flight strategies used by Griffon Vultures 

under  different  combinations  of  wind  strength  and  direction.  Particularly  for  short-range 

routine movement such as those related to foraging (Hernández-Pliego et al., 2014, 2017; 

Cecere et al. 2020).

We also found that  Griffon Vultures engage in extra-home range movements when solar 

radiation is stronger. This effect, although not really surprising due to the strong correlation 

between solar radiation and updrafts (Scacco et al., 2019, 2022), is particularly interesting 

when considered in synergy with that of wind. In our model, the marginal effects of wind 

direction,  wind strength and radiation were  almost  identical  for  MRMs and LRMs,  with 

Griffon Vultures engaging in these two movements under the same environmental conditions.
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Fig. 4. Marginal effect plot, showing the effect of the day of the year and solar radiation on 

the probability that Griffon Vultures engaged in short-range (left), medium-range (middle) 

and long-range movements (right).

 This might indicate that, under some specific weather conditions, Griffon Vultures venture 

outside the home range to explore new areas and locate resources (e.g., forays, Conradt et al., 

2003). Being central place foragers, they would ideally limit the duration of extra-home range 

movements and return to the colony. However, on some occasions, they might fail to do so 

because of scarce radiation (e.g., due to rain and cloud cover) and the lack of updrafts: at that  

point they would  “go by the wind”, being thus displaced and forced to engage in long-range 

movements while attempting to re-orientate and return. We tested this hypothesis by fitting a 

Generalized  Linear  Mixed  Model  (see  the  script  in  the  Supplementary  Information)  and 
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finding that the duration of LRMs has a strong negative association with solar radiation, with 

prolonged journeys around Sardinia occurring when radiation was minimal (Fig. 5).

Fig.  5.  Marginal  plot,  for  the  GLMM  showing  the  effect  of  median  solar  radiation 

experienced during a long-range movement over its duration.

According to this explanation, long-range nonroutine movements would therefore arise, at 

least partially, as the wind displaces individuals. Although wind displacement by wind has  

been proved for  several  bird  species  during  migration  (Newton,  2008)  or  foraging (e.g., 

seabirds, Hass et al., 2012; Weimerskirch and Prudor, 2019), to the best of our knowledge no 

study suggested it as a mechanism driving long-range nonroutine movements in large soaring 

birds. The only empirical evidence was the displacement of Griffon Vultures from mainland 

Spain  to  Mallorca  in  2008 (Tavecchia  and Cortés-Avizanda,  2021).  Our  findings  should 
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encourage  new  studies  about   weather  as  a  proximate  cause  of  long-range  nonroutine 

movements  in  vultures,  which  can  also  address  some limitations  of  our  case  study.  For 

example, our birds were tracked before they reached sexual maturity, while Griffon Vulture 

movements change throughout their whole lifetime (Acacio et al., 2023) and dispersal and 

prospecting movements in large birds also varies with age (Chaubet et al., 2025). Moreover, 

in our study area only two interconnected colonies of Griffon Vultures exist and individuals 

cannot move westward due to the presence of the sea. It would be important to replicate our 

findings  in  areas  of  mainland  Europe,  where  colonies  are  more  scattered  across  the 

landscapes  and  Griffon  Vultures  can  move  isotropically  across  larger  areas  (Delgado-

González et al., 2022; Morant et al., 2023), benefitting from a higher number of social cues 

(Sassi et al., 2024). For gregarious vultures, such as the Griffon Vulture (van Overveld et al.,  

2020), future studies adopting high-frequency GPS telemetry should also explore the joint 

spatial behavior of multiple individuals (Kaur et al., 2024), to test for potential  differences 

between individual and collective nonroutine movements.

Our findings are also potentially useful from a conservation viewpoint. As the availability of 

high-resolution weather data is increasing rapidly, we believe that in a few years it will be 

possible to integrate them with high-resolution telemetry (Carrard et al., 2025) and predict 

movements in advance. By knowing when vultures increase their movements, researchers can 

activate geofencing (Sheppard et al., 2014) to reduce collisions with wind turbines and the 

number of field observers for selective stopping (Ferrer et al., 2022) can be increased. At the 

same time researchers, by knowing in advance when vultures are more likely to engage in 

long-range movements, can increase the acquisition rate of GPS tags to generate collision risk 

models  based  on  fly  height  (Schaub  et  al.,  2024)  and  to  better  understand  where 

supplementary feeding stations should be built, to sustain moving vultures.
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Conclusions

Our findings indicate that the decision-making of Griffon Vultures, while engaging in short 

and long-range movements across the landscape, accounts for wind direction and strength, as 

well as for solar radiation. However, the most extreme long-range nonroutine movements 

occur when wind displaces Griffon Vultures and scarce solar radiation prevent them from 

returning to the colonies.  At that  point  individuals might engage in long journeys across 

unfamiliar  landscapes,  while attempting to re-orientate.  This indicates that  some types of 

nonroutine movements are not entirely intentional and weather conditions can play a crucial  

role in triggering them. In the future combining high-resolution movement and weather data 

could allow researchers to predict short and long-range movements in advance and improve 

data  acquisition  from GPS  tags  adaptively,  to  study  vulture  behavior  during  nonroutine 

movements and improve conservation actions.
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Supplementary figures

Fig. S1. Overview of the average silhouette method, the elbow method and the gap statistics 

method,  to identify the optimal  number of  cluster  for  PAM cluster  analysis.  A complete 

description of the three methods is available in Kassambara (2017).
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Fig. S2. Comparison between the four groups of extra-home range movement trajectories, 

identified by PAM cluster analysis. The four groups are compared in terms of  their duration,  

the tortuosity, the maximum distance, the median step length and their mean step direction.
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Fig.  S3.  Marginal  effect  plot,  showing the  effect  of  the  age of  each individual  over  the  

probability that male and female Griffon Vultures engaged in short-range (left),  medium-

range (middle) and long-range movements (right).
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Tables

Individual GPS 
locations

Sex GPS model Date of
birth

Date of release Cohort Locations 
from MRMs

Locations 
from LRMs

Artis 1 5,485 M Ecotone Crex Around
2017-04-01

2018-04-14 1 291 56

Artis 2 2,810 F Ecotone Crex Around
2017-04-01

2018-04-14 1 153 43

Artis 3 19,278 F Ornitela 
3G_50G

Around
2018-04-01

2019-06-24 2 666 64

Artis 4 9,309 M Ornitela 
3G_50G

Around
2018-04-01

2019-06-24 2 156 227

Artis 5 2,384 M Ecotone Crex Around
2018-04-01

2019-06-24 2 91 44

Barca 15,784 F Ecotone 
Skua

Around
2015-04-01

2018-04-14 1 1227 358

Bulga 4,618 F Ecotone Crex Around
2015-04-01

2018-04-14 1 164 74

Calmedia 2,816 F Ecotone Crex Around
2018-04-01

2019-10-17 3 175 84

Caniga 8,960 F Ecotone Crex Around
2018-04-01

2019-10-17 3 290 214

Corte 4,890 M Ecotone Crex Around
2018-04-01

2019-10-17 3 209 135

Cristallo 13,505 M Ecotone Crex Around
2015-04-01

2018-04-14 1 487 426

Doglia 18,090 F Ornitela 
3G_50G

Around
2018-04-01

2019-10-17 3 468 274

Fenuggiu 10,255 M Ecotone Crex Around
2015-04-01

2018-04-14 1 486 94

Macomer 8,012 F Ecotone 
Saker

Around
2018-04-01

2019-06-24 2 488 72

Meilogu 2,484 M Ecotone Crex Around
2018-04-01

2019-10-17 3 103 3

Pabelanasa 10,526 F Ecotone 
cDuck

Around
2016-04-01

2018-12-12 4 614 251

Pituabile 6,231 M Ecotone Crex Around
2016-04-01

2018-12-12 4 222 73

Pozzomaggiore 6,574 M Ecotone Crex Around
2018-04-01

2019-06-24 2 680 108

Timidone 8,451 M Ecotone Crex Around
2015-04-01

2018-04-14 1 279 121

Tottubella 7,740 F Ecotone Crex Around
2018-04-01

2019-10-17 3 159 303
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Table 1. Overview of the data used in this study, for all the 20 Griffon Vultures. Further 

information on the same individuals  are  available  in  Fozzi  et  al.  (2023) and Cerri  et  al.  

(2024).

Behavior SRM (predicted) MRM (predicted) LRM (predicted)

SRM (observed) 157,754 16 0

MRM (observed) 7,397 11 0

LRM (observed) 3,021 3 0

Table 2. Confusion matrix comparing observations classified as short-range (SRM), medium-

range (MRM) and long-range movements (LRM), with predicted values from the GAMM.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19



References

Acácio,  M.,  Anglister,  N.,  Vaadia,  G.,  Harel,  R.,  Nathan, R.,  Hatzofe,  O.,  & Spiegel,  O. 

(2023). A lifetime track of a griffon vulture: The moving story of Rehovot (Y64). Ecology, 

e3985. https://doi.org/10.1002/ecy.3985

Alarcón, P. A., & Lambertucci, S. A. (2018). A three-decade review of telemetry studies on 

vultures  and  condors.  Movement  Ecology,  6(1),  13.  https://doi.org/10.1186/s40462-018-

0133-5

Alerstam, T., Bäckman, J., & Evans, T. J. (2019). Optimal central place foraging flights in  

relation to wind. Journal of Ornithology, 160(4), 1065-1076. https://doi.org/10.1007/s10336-

019-01677-4

Allen, A. M., & Singh, N. J. (2016). Linking movement ecology with wildlife management 

and  conservation.  Frontiers  in  Ecology  and  Evolution,  3,  155. 

https://doi.org/10.3389/fevo.2015.00155

Alston,  J.  M.,  Fleming,  C.  H.,  Noonan,  M.  J.,  Tucker,  M.  A.,  Silva,  I.,  Folta,  C.,  ...  & 

Calabrese,  J.  M.  (2022).  Clarifying space  use  concepts  in  ecology:  range vs.  occurrence 

distributions. BioRxiv, 2022-09. https://doi.org/10.1101/2022.09.29.509951

Aresu, M., Pennino, M. G., De Rosa, D., Rotta, A., & Berlinguer, F. (2022). Modelling the 

effect  of  environmental  variables  on  the  reproductive  success  of  Griffon  Vulture  (Gyps 

fulvus) in Sardinia, Italy. Ibis, 164(1), 255-266. https://doi.org/10.1111/ibi.13012

Arkumarev, V., Dobrev, D., & Stamenov, A. (2019). First record of Eurasian Griffon Vulture 

Gyps fulvus from the Balkans migrating to South Sudan revealed by GPS tracking. Scopus: 

Journal  of  East  African  Ornithology,  39(2), 

27-35.https://www.ajol.info/index.php/scopus/article/view/188414

Arrondo, E., Guido, J., Oliva-Vidal, P., Margalida, A., Lambertucci, S. A., Donázar, J. A., ... 

&  Sánchez-Zapata,  J.  A.  (2023).  From  Pyrenees  to  Andes:  The  relationship  between 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25



transhumant  livestock  and  vultures.  Biological  Conservation,  283,  110081. 

https://doi.org/10.1016/j.biocon.2023.110081

Benhamou,  S.  (2004).  How  to  reliably  estimate  the  tortuosity  of  an  animal's  path:: 

straightness, sinuosity, or fractal dimension?. Journal of theoretical biology, 229(2), 209-220. 

https://doi.org/10.1016/j.jtbi.2004.03.016

Bildstein, K. L., Bechard, M. J., Farmer, C., & Newcomb, L. (2009). Narrow sea crossings 

present major obstacles to migrating Griffon Vultures Gyps fulvus. Ibis, 151(2), 382-391. 

https://doi.org/10.1111/j.1474-919X.2009.00919.x

Bonte, D., Van Dyck, H., Bullock, J. M., Coulon, A., Delgado, M., Gibbs, M., ... & Travis, J.  

M.  (2012).  Costs  of  dispersal.  Biological  reviews,  87(2),  290-312. 

https://doi.org/10.1111/j.1469-185X.2011.00201.x

Buechley, E. R., Oppel, S., Beatty, W. S., Nikolov, S. C., Dobrev, V., Arkumarev, V., ... & 

Şekercioğlu, Ç. H. (2018). Identifying critical migratory bottlenecks and high‐use areas for an 

endangered migratory soaring bird across three continents. Journal of Avian Biology, 49(7), 

e01629. https://doi.org/10.1111/jav.01629

Calabrese, J. M., Fleming, C. H., & Gurarie, E. (2016). ctmm: an R package for analyzing 

animal  relocation  data  as  a  continuous‐time stochastic  process.  Methods  in  Ecology and 

Evolution, 7(9), 1124-1132. https://doi.org/10.1111/2041-210X.12559

Carrard, T., Nourani, E., Jansing, L., Zimmermann, T., Sumasgutner, P., Tschumi, M., ... & 

Scacco, M. (2025). Golden eagles regularly use gravity waves to soar: new insights from 

high-resolution weather  data.  Journal  of  the Royal  Society Interface,  22(227),  20240891. 

https://doi.org/10.1098/rsif.2024.0891

Cecere, J. G., De Pascalis, F., Imperio, S., Ménard, D., Catoni, C., Griggio, M., & Rubolini,  

D. (2020). Inter-individual differences in foraging tactics of a colonial raptor: consistency, 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24



weather  effects,  and  fitness  correlates.  Movement  ecology,  8,  1-13. 

https://doi.org/10.1186/s40462-020-00206-w

Cerri, J., De Rosa, D., Aresu, M., Costantino, C., Fozzi, I., Banič, D. A., ... & Berlinguer, F. 

(2024).  Acclimatisation affects  synchrony in  space  use  and the  frequentation of  multiple 

colonies in translocated Griffon Vultures (Gyps fulvus). https://doi.org/10.32942/X2TP67

Cerri, J., De Rosa, D., Fozzi, I., Terraube, J., Tavares, J., Lörcher, F., ... & Berlinguer, F. 

(2024). Movements of translocated Griffon Vultures (Gyps fulvus) from Sardinia to Corsica 

call for the transboundary management of an expanding vulture population. Rivista Italiana di 

Ornitologia, 94(1). https://doi.org/10.4081/rio.2024.714

Cerri, J., Fozzi, I., De Rosa, D., Aresu, M., Apollonio, M., & Berlinguer, F. (2023). Griffon 

Vulture  movements  are  concentrated  around  roost  and  supplementary  feeding  stations: 

implications for wind energy development on Mediterranean islands. Global Ecology and 

Conservation, 47, e02651. https://doi.org/10.1016/j.gecco.2023.e02651

Cervantes, F., Murgatroyd, M., Allan, D. G., Farwig, N., Kemp, R., Krüger, S., ... & Amar,  

A. (2023). A utilization distribution for the global population of Cape Vultures (G yps c 

oprotheres)  to  guide  wind  energy  development.  Ecological  Applications,  33(3),  e2809. 

https://doi.org/10.1002/eap.2809

Chaubet, T., Itty, C., Hemery, A., Duriez, O., & Besnard, A. (2025). Prospecting movements 

during the transit phase of immature eagles are driven by age, sex and season. Movement 

Ecology, 13(1), 1-14. https://doi.org/10.1186/s40462-025-00560-7

Conradt, L., Zollner, P. A., Roper, T. J., Frank, K., & Thomas, C. D. (2003). Foray search: an 

effective systematic dispersal strategy in fragmented landscapes. The American Naturalist, 

161(6), 905-915. https://doi.org/10.1086/375298

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23



Costantino, C., Cerri, J., Fozzi, I., De Rosa, D., & Berlinguer, F. (2025). The wind of change: 

Mapping  wind  energy  growth  and  multi-species  vulnerability  in  the  Mediterranean. 

EcoEvoRxiv. https://doi.org/10.32942/X25W51

Cullen, J. A., Poli, C. L., Fletcher Jr, R. J., & Valle, D. (2022). Identifying latent behavioural 

states in animal movement with M4, a nonparametric Bayesian method. Methods in Ecology 

and Evolution, 13(2), 432-446. https://doi.org/10.1111/2041-210X.13745

Duriez, O., Kato, A., Tromp, C., Dell'Omo, G., Vyssotski, A. L., Sarrazin, F., & Ropert-

Coudert, Y. (2014). How cheap is soaring flight in raptors? A preliminary investigation in 

freely-flying vultures. PloS one, 9(1), e84887. https://doi.org/10.1371/journal.pone.0084887

Efrat, R., Hatzofe, O., Miller, Y., Mueller, T., Sapir, N., & Berger-Tal, O. (2022). Postrelease 

survival  of  captive-bred  Egyptian  Vultures  is  similar  to  that  of  wild-hatched  Egyptian 

Vultures and is not affected by release age or season. Ornithological Applications, 124(2), 

duab065. https://doi.org/10.1093/ornithapp/duab065

Eisaguirre, J. M., Booms, T. L., Barger, C. P., Lewis, S. B., & Breed, G. A. (2020). Novel 

step selection analyses on energy landscapes reveal how linear features alter migrations of 

soaring birds. Journal of Animal Ecology, 89(11), 2567-2583. https://doi.org/10.1111/1365-

2656.13335

Ferrer,  M.  (1993).  Wind-influenced  juvenile  dispersal  of  Spanish  imperial  eagles.  Ornis 

Scandinavica, 330-333. https://doi.org/10.2307/3676796

Ferrer,  M.,  Alloing,  A.,  Baumbush,  R.,  &  Morandini,  V.  (2022).  Significant  decline  of 

Griffon  Vulture  collision  mortality  in  wind  farms  during  13-year  of  a  selective  turbine 

stopping  protocol.  Global  Ecology  and  Conservation,  38,  e02203.  Significant  decline  of 

Griffon  Vulture  collision  mortality  in  wind  farms  during  13-year  of  a  selective  turbine 

stopping protocol

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24



Fluhr, J., Benhamou, S., Peyrusque, D., & Duriez, O. (2021). Space use and time budget in 

two populations of Griffon Vultures in contrasting landscapes. Journal of Raptor Research, 

55(3), 425-437. https://doi.org/10.3356/JRR-20-14

Fozzi, I., Brogi, R., Cavazza, S., Chirichella, R., De Rosa, D., Aresu, M., ... & Berlinguer, F. 

(2023).  Insights  on  the  best  release  strategy  from post-release  movements  and  mortality 

patterns in an avian scavenger. Iscience, 26(5). https://doi.org/10.1016/j.isci.2023.106699

Fozzi, I., Cerri, J., Costantino, C., De Rosa, D., Aresu, M., Muzzeddu, M., ... & Berlinguer,  

F. (2025). Where do Gyps fulvus (Griffon Vulture) feed? Combining biologging with socio-

economic  analysis  can  guide  sustainable  ecotourism  development.  Ornithological 

Applications, duaf042. https://doi.org/10.1093/ornithapp/duaf042

Fratianni, S., & Acquaotta, F. (2017). The Climate of Italy. In: Soldati, M., Marchetti, M. 

(eds) Landscapes and Landforms of Italy. World Geomorphological Landscapes. Springer, 

Cham. https://doi.org/10.1007/978-3-319-26194-2_4

Fleming,  C.  H.,  & Calabrese,  J.  M. (2017).  A new kernel  density estimator for  accurate 

home‐range and species‐range area estimation. Methods in Ecology and Evolution, 8(5), 571-

579. https://doi.org/10.1111/2041-210X.12673

Fleming, C. H., Fagan, W. F., Mueller, T., Olson, K. A., Leimgruber, P., & Calabrese, J. M. 

(2015). Rigorous home range estimation with movement data: a new autocorrelated kernel 

density estimator. Ecology, 96(5), 1182-1188. https://doi.org/10.1890/14-2010.1

Furberg, M., Steyn, D. G., & Baldi, M. (2002). The climatology of sea breezes on Sardinia. 

International Journal of Climatology: A Journal of the Royal Meteorological Society, 22(8), 

917-932.

García-Macía, J., Gálvez, M., Plana, G., Vallverdú, N., Álvarez, E., Galán, M., ... & Urios, V. 

(2023).  Analysis  of  the  trans-Saharan  migration  and  wintering  areas  of  GPS-tagged 

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24



Cinereous  Vultures  Aegypius  monachus.  Bird  Study,  70(4),  289-294. 

https://doi.org/10.1080/00063657.2023.2274312 

Gurarie, E., Bracis, C., Delgado, M., Meckley, T. D., Kojola, I., & Wagner, C. M. (2016). 

What is the animal doing? Tools for exploring behavioural structure in animal movements. 

Journal of Animal Ecology, 85(1), 69-84. https://doi.org/10.1111/1365-2656.12379

Harel,  R.,  Horvitz,  N.,  &  Nathan,  R.  (2016).  Adult  vultures  outperform  juveniles  in 

challenging  thermal  soaring  conditions.  Scientific  reports,  6(1),  27865. 

https://doi.org/10.1038/srep27865

Hass,  T.,  Hyman,  J.,  &  Semmens,  B.  X.  (2012).  Climate  change,  heightened  hurricane 

activity,  and  extinction  risk  for  an  endangered  tropical  seabird,  the  black-capped  petrel 

Pterodroma  hasitata.  Marine  Ecology  Progress  Series,  454,  251-261. 

https://doi.org/10.3354/meps09723

Hegglin, D., & Aebischer, A. (2004). The project “Bearded vulture on the move”: first result  

of  a  satellite  tracking  study. 

https://www.swild.ch/sites/default/files/publications/Hegglin_etal_fcbv_report_05.pdf

Hernandez-Pliego, J., Rodriguez, C., & Bustamante, J. (2014). Gone with the wind: Seasonal 

trends in foraging movement directions for a central-place forager. Current Zoology, 60(5), 

604-615. https://doi.org/10.1093/czoolo/60.5.604

Hernandez-Pliego, J., Rodriguez, C., Dell’Omo, G., & Bustamante, J. (2017). Combined use 

of tri-axial accelerometers and GPS reveals the flexible foraging strategy of a bird in relation 

to  weather  conditions.  PLoS  One,  12(6),  e0177892. 

https://doi.org/10.1371/journal.pone.0177892

Jobson, B., Wolter, K., Jordan, L., Monadjem, A., & Rowcliffe, J. M. (2021). Home range 

and habitat  selection of  captive-bred and rehabilitated cape vultures  Gyps coprotheres  in 

southern Africa. Oryx, 55(4), 607-612. https://doi.org/10.1017/S0030605319000814

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25



Kane, A., Monadjem, A., Aschenborn, H. O., Bildstein, K., Botha, A., Bracebridge, C., ... & 

Kendall, C. J. (2022). Understanding continent-wide variation in vulture ranging behavior to 

assess feasibility of Vulture Safe Zones in Africa: Challenges and possibilities. Biological 

Conservation, 268, 109516. https://doi.org/10.1016/j.biocon.2022.109516

Kang, J. H., Hyun, B. R., Kim, I. K., Lee, H., Lee, J. K., Hwang, H. S., ... & RHIM, S. J. 

(2019).  Movement  and  home range  of  cinereous  vulture  Aegypius  monachus  during  the 

wintering and summering periods in East Asia. Turkish Journal of Zoology, 43(3), 305-313. 

https://doi.org/10.3906/zoo-1807-3

Kassambara,  A.  (2017).  Practical  guide  to  cluster  analysis  in  R:  Unsupervised  machine 

learning (Vol. 1). Sthda. https://xsliulab.github.io/Workshop/2021/week10/r-cluster-book.pdf

Kaur, P., Ciuti, S., Ossi, F., Cagnacci, F., Morellet, N., Loison, A., ... & Salter-Townshend, 

M. (2024). A protocol for assessing bias and robustness of social network metrics using GPS 

based radio-telemetry data.  Movement Ecology, 12(1),  55. https://doi.org/10.1186/s40462-

024-00494-6

Margalida, A., Carrete, M., Hegglin, D., Serrano, D., Arenas, R., & Donazar, J. A. (2013). 

Uneven large-scale movement patterns in wild and reintroduced pre-adult bearded vultures: 

conservation  implications.  PloS  one,  8(6),  e65857. 

https://doi.org/10.1371/journal.pone.0065857

Langrock, R., King, R., Matthiopoulos, J., Thomas, L., Fortin, D., & Morales, J. M. (2012).  

Flexible  and  practical  modeling  of  animal  telemetry  data:  hidden  Markov  models  and 

extensions. Ecology, 93(11), 2336-2342. https://doi.org/10.1890/11-2241.1

Martin, G. R., Portugal, S. J., & Murn, C. P. (2012). Visual fields, foraging and collision 

vulnerability  in  Gyps  vultures.  Ibis,  154(3),  626-631.  https://doi.org/10.1111/j.1474-

919X.2012.01227.x

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24



Martínez, F., Carrete, M., & Blanco, G. (2025). Spatial, social, and environmental factors 

influencing natal dispersal in the colonial griffon vulture. Current Zoology, 71(2), 170-183. 

https://doi.org/10.1093/cz/zoae037

Martínez, F., Oltra, J., Romero-Vidal, P., Frías, O., González del Barrio, J. L., Pérez-García, 

J.  M.,  ...  & Blanco,  G.  (2024).  Bio-logging shows a central  trans-Saharan migration and 

unknown  wintering  grounds  in  Africa  of  a  juvenile  griffon  vulture  from  Spain. 

https://doi.org/10.32800%2Fabc.2024.47.0001

Morant, J., Arrondo, E., Sánchez-Zapata, J. A., Donázar, J. A., Margalida, A., Carrete, M., ... 

& Pérez-García, J. M. (2024). Fine-scale collision risk mapping and validation with long-

term mortality data reveal current and future wind energy development impact on sensitive 

species.  Environmental  Impact  Assessment  Review,  104,  107339. 

https://doi.org/10.1016/j.eiar.2023.107339

Morant, J., Arrondo, E., Sánchez‐Zapata, J. A., Donázar, J. A., Cortés‐Avizanda, A., De La 

Riva, M., ... & Pérez‐García, J. M. (2023). Large‐scale movement patterns in a social vulture 

are influenced by seasonality, sex, and breeding region. Ecology and Evolution, 13(2), e9817. 

https://doi.org/10.1002/ece3.9817

Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., & Smouse, P. E.  

(2008).  A  movement  ecology  paradigm  for  unifying  organismal  movement  research. 

Proceedings  of  the  National  Academy  of  Sciences,  105(49),  19052-19059. 

https://doi.org/10.1073/pnas.0800375105

Nathan, R., Monk, C. T., Arlinghaus, R., Adam, T., Alós, J., Assaf, M., ... & Jarić, I. (2022). 

Big-data approaches lead to an increased understanding of the ecology of animal movement.  

Science, 375(6582), eabg1780. https://doi.org/10.1126/science.abg1780

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23



Naveda-Rodríguez,  A.,  &  Rush,  S.  A.  (2023).  Navigating  Storms:  Examining  Vultures’ 

Behavior  in  Response  to  Extreme  Weather  Events.  Diversity,  15(3),  441. 

https://doi.org/10.3390/d15030441

Newton, I. (2008). The migration ecology of birds. Elsevier.  https://doi.org/10.1016/B978-0- 

12-517367-4.X5000-1

Nilsson, J. Å., Brönmark, C., Hansson, L. A., & Chapman, B. B. (2014). Individuality in 

movement:  the  role  of  animal  personality.  Animal  movement  across  scales,  1,  90-109. 

http://dx.doi.org/10.1093/acprof:oso/9780199677184.003.0006

Ogada, D. L., Keesing, F., & Virani, M. Z. (2012). Dropping dead: causes and consequences 

of vulture population declines worldwide. Annals of the New York Academy of Sciences, 

1249(1), 57-71. https://doi.org/10.1111/j.1749-6632.2011.06293.x

Oliva‐Vidal, P., Villalba, D., Colomer, M. À., & Margalida, A. (2024). Heterospecific visual 

cues and trophic facilitation processes used by a solitary bone‐eating vulture.  Ecosphere, 

15(7), e4941. https://doi.org/10.1002/ecs2.4941

Orgeret, F., Grüebler, M. U., Scherler, P., Bergen, V. S. V., & Kormann, U. G. (2023). Shift 

in habitat selection during natal dispersal in a long‐lived raptor species. Ecography, 2023(12), 

e06729. https://doi.org/10.1111/ecog.06729

Poessel,  S.  A.,  Brandt,  J.,  Miller,  T.  A.,  &  Katzner,  T.  E.  (2018).  Meteorological  and 

environmental variables affect flight behaviour and decision‐making of an obligate soaring 

bird,  the  California  Condor  Gymnogyps  californianus.  Ibis,  160(1),  36-53. 

https://doi.org/10.1111/ibi.12531

Poessel, S. A., Woodbridge, B., Smith, B. W., Murphy, R. K., Bedrosian, B. E., Bell, D. 

A.,  ...  &  Katzner,  T.  E.  (2022).  Interpreting  long‐distance  movements  of  non‐migratory 

golden  eagles:  Prospecting  and  nomadism?.  Ecosphere,  13(6),  e4072. 

https://doi.org/10.1002/ecs2.4072

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25



Reed,  J.  M.,  Boulinier,  T.,  Danchin,  E.,  &  Oring,  L.  W.  (1999).  Informed  dispersal: 

prospecting by birds for breeding sites. In Current ornithology (pp. 189-259). Boston, MA: 

Springer US. https://doi.org/10.1007/978-1-4757-4901-4_5

Rivers, J. W., Johnson, J. M., Haig, S. M., Schwarz, C. J., Glendening, J. W., Burnett, L. 

J.,  ...  &  Grantham,  J.  (2014).  Resource  selection  by  the  California  condor  (Gymnogyps 

californianus) relative to terrestrial-based habitats and meteorological conditions. PLoS One, 

9(2), e88430. https://doi.org/10.1371/journal.pone.0088430

Rousteau, T., Duriez, O., Pradel, R., Sarrazin, F., David, T., Henriquet, S., ... & Mihoub, J. B.  

(2022).  High  long‐term  survival  and  asymmetric  movements  in  a  reintroduced 

metapopulation  of  Cinereous  vultures.  Ecosphere,  13(2),  e03862. 

https://doi.org/10.1002/ecs2.3862

Sassi, Y., Nouzières, B., Scacco, M., Tremblay, Y., Duriez, O., & Robira, B. (2024). The use  

of  social  information  in  vulture  flight  decisions.  Proceedings  of  the  Royal  Society  B, 

291(2018), 20231729. https://doi.org/10.1098/rspb.2023.1729

Scacco, M., Arrondo, E., Donázar, J. A., Flack, A., Sánchez-Zapata, J. A., Duriez, O., ... & 

Safi,  K.  (2023).  The  species-specificity  of  energy  landscapes  for  soaring  birds,  and  its 

consequences for transferring suitability models across species. Landscape Ecology, 38(1), 

239-252. https://doi.org/10.1007/s10980-022-01551-4

Scacco, M., Flack, A., Duriez, O., Wikelski, M., & Safi, K. (2019). Static landscape features 

predict uplift locations for soaring birds across Europe. Royal Society open science, 6(1), 

181440. https://doi.org/10.1098/rsos.181440

Schaub, T., Klaassen, R. H., De Zutter, C., Albert, P., Bedotti, O., Bourrioux, J. L., ... & 

Millon, A. (2024). Effects of wind turbine dimensions on the collision risk of raptors: A 

simulation approach based on flight height distributions. Science of the Total Environment, 

954, 176551. https://doi.org/10.1016/j.scitotenv.2024.176551

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25



Shepard, E., Cole, E. L., Neate, A., Lempidakis, E., & Ross, A. (2019). Wind prevents cliff-

breeding  birds  from  accessing  nests  through  loss  of  flight  control.  Elife,  8,  e43842. 

https://doi.org/10.7554/eLife.43842

Sheppard, J. K., McGann, A., Lanzone, M., & Swaisgood, R. R. (2015). An autonomous GPS 

geofence alert system to curtail avian fatalities at wind farms. Animal Biotelemetry, 3(1), 43.  

https://doi.org/10.1186/s40317-015-0087-y

Silva, I., Fleming, C. H., Noonan, M. J., Alston, J., Folta, C., Fagan, W. F., & Calabrese, J. 

M. (2022). Autocorrelation‐informed home range estimation: A review and practical guide. 

Methods  in  Ecology  and  Evolution,  13(3),  534-544.  https://doi.org/10.1111/2041-

210X.13786

Spiegel,  O.,  Harel,  R.,  Getz,  W.  M.,  &  Nathan,  R.  (2013).  Mixed  strategies  of  griffon 

vultures’(Gyps  fulvus)  response  to  food  deprivation  lead  to  a  hump-shaped  movement 

pattern. Movement ecology, 1(1), 5. https://doi.org/10.1186/2051-3933-1-5

Tavecchia, G., & Cortés-Avizanda, A. (2021). New arrivals: natural colonization of an island 

by a large vertebrate. https://doi.org/10.1002/fee.2398

Tobajas, J., Iglesias-Lebrija, J. J., Delepoulle, É., Álvarez, E., Oliva-Vidal, P., & Margalida, 

A. (2024). Movement ecology of pre-adult Cinereous Vultures Aegypius monachus: insights 

from  a  reintroduced  population.  Bird  Conservation  International,  34,  e17. 

https://doi.org/10.1017/S0959270924000108

Tréhin, C., Duriez, O., Sarrazin, F., Betton, B., Fonderflick, J., Loercher, F., ... & Mihoub, J. 

B. (2024). Long‐distance post‐release movements challenge the metapopulation restoration of 

Bearded Vultures. Ecosphere, 15(8), e4856. https://doi.org/10.1002/ecs2.4856

van Overveld, T., Blanco, G., Moleón, M., Margalida, A., Sánchez-Zapata, J. A., de la Riva, 

M., & Donázar, J. A. (2020). Integrating vulture social behavior into conservation practice. 

The Condor, 122(4), duaa035. https://doi.org/10.1093/condor/duaa035

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25



Walls, S. S., Kenward, R. E., & Holloway, G. J. (2005). Weather to disperse? Evidence that  

climatic  conditions  influence  vertebrate  dispersal.  Journal  of  Animal  Ecology,  190-197. 

https://doi.org/10.1111/j.1365-2656.2005.00914.x

Weimerskirch, H., & Prudor, A. (2019). Cyclone avoidance behaviour by foraging seabirds. 

Scientific reports, 9(1), 5400. https://doi.org/10.1038/s41598-019-41481-x

Wilkinson, B. P., Satgé, Y. G., Lamb, J. S., & Jodice, P. G. (2019). Tropical cyclones alter 

short-term  activity  patterns  of  a  coastal  seabird.  Movement  ecology,  7(1),  30. 

https://doi.org/10.1186/s40462-019-0178-0 

Wood,  S.  N.  (2017).  Generalized additive models:  an introduction with R.  chapman and 

hall/CRC. https://doi.org/10.1201/9781315370279

1

2

3

4

5

6

7

8

9

10

11

12

13

14


