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Abstract Wind energy is developing on Mediterranean islands, where endangered populations of
Griffon Vulture (Gyps fulvus) occur. As griffons are subjected to collisions with wind turbines while
foraging, it is necessary to understand which factors affect their movements, to minimize the potential
impact of wind farms.

We assessed habitat use by 37 griffons (n. GPS locations = 130,218) and its overlap with wind
farms in Sardinia (Italy), an island where griffon vulture population is increasing thanks to concrete
conservation actions and wind energy is significantly expanding.

Griffons in Sardinia cover smaller areas (95% isopleth = 956.3 ± 677.7 km2, 50% isopleth = 73.8 ± 48.2
km2) than in mainland Europe, restricting most of their movements within 5-10 km from colonies and
roosts.

Concentrated movements aligned with the fact that around roosts and colonies, approx. 20 tons
of carrion (21% of estimated available carrion) are provided each year in supplementary feeding
stations, while griffons still have enough cliffs to breed. Therefore, our results are highly suggestive
that resource availability can constrain griffon movements on Mediterranean islands.

Overall, 6 wind farms out of 29 were built in areas that were covered by moving griffons. Two of
them were positioned right outside the areas the most used as foraging grounds, around roosts and
supplementary feeding stations.

As griffon movements concentrate around nesting/roosting sites and feeding stations, wind farms
should not be built in a buffer zone around these highly utilized areas, and mitigation measures,
including the removal of livestock carrion, should be adopted for those that are built at greater
distances. There is also an urgent need for updated data about wind energy development. The creation
of supplementary feeding stations could be used to shape the enlargement of the foraging grounds
of an increasing Griffon Vulture population on Mediterranean islands and to mitigate wind farms
impacts.

Warning

This is a preprint, not a peer-reviewed study. If you do not know what a preprint is, we encourage
you to read more about this type of documents (https://en.wikipedia.org/wiki/Preprint), before
evaluating and citing the study.
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Introduction

The Griffon Vulture (Gyps fulvus, hereinafter “griffon”) plays a critical role in many ecosystems of the
Mediterranean, delivering ecosystem services, such as the reduction of GHG emissions [1], and the
mitigation of important zoonotic diseases [2]. However, many griffon populations in the Central and
Eastern Mediterranean, although recovering, are fragmented into colonies that often occur in islands
[3] and are subjected to limited immigration from mainland. Therefore, any increase in mortality can
rapidly impact on their conservation status.

Assessing the risks posed by some threats, such as collisions with man-made structures [4], is particu-
larly urgent for these insular populations. Some of these structures, particularly wind turbines, whose
development is occurring at an unprecedented pace [5], can increase griffon mortality, especially when
built close to griffon aggregations [6], or in foraging grounds, as griffons cannot detect them while
foraging [7]. Therefore, a careful zonation of wind farms is necessary to avoid adverse consequence for
insular griffon populations.

However, to develop adequate zonation policies, important insights about the movement ecology of
griffons living on Mediterranean islands are still missing. First, although the home range and core
area of griffons living on mainland were estimated by various studies (see Table S1 for an overview),
only Xirouchakis et al. [8] did so for insular griffons in Crete. However, Xirouchakis et al. [8] used
low-resolution VHF telemetry and the use of the range distribution, which is unsuitable to reveal
fine-scale patterns of space use, such as flyways, which are particularly precious to identify collision
hotspots, but which require the estimation of the occurrence distribution [9].

Moreover, considered that griffons are susceptible to collisions when foraging, there is a need to
understand the extent to which supplementary feeding [10] affects space use, also with respect to
its distance from colonies [11]. On Mediterranean islands griffon colonies often occur on coastal
cliffs, and foraging could be constrained by the effect of wind over leaving or arriving at the nest
[12]. So, although, the effect of supplementary feeding has already been considered for mainland,
with sometimes contrasting conclusions (see Table S2)[13][14][15][16][17][18][19][20][21], there is a need
to quantify its role over space use by griffons for a Mediterranean island, preferably through high-
resolution GPS-telemetry which could reveal small-scale patterns around coastal areas.

In this study we aim at i) quantifying space use and ii) its overlap with existing wind farms and
iii) assessing how the presence of supplementary feeding stations, altogether with landscape and
topographic attributes, affect resource use by restocked griffons in Sardinia, a Mediterranean island
with the only autochthonous population of griffons in Italy [22][23]. Finally, in the light of our findings
we will provide realistic recommendations on the deployment of wind turbines in the flight zone of a
griffon vulture colony.

Materials and methods

Released Griffon Vultures, study area and resource availability

Between 2016 and 2021, 64 griffons were released in North-West Sardinia, within the LIFE Under
Griffon Wings project (LIFE14 NAT/IT/000484), to increase the size of the local population, which had
declined across 20th century. The initiative was authorized by the National Institute for Environmental
Protection and Research (ISPRA) and the Sardinian Regional Department for the Environment.

Released griffons came from wildlife rehabilitation centers in Spain (n = 57), captive breeding programs
(n = 7), or from Sardinia, after having been found and rehabilitated at a local wildlife center (n = 10).
Release strategies included hard release, with no acclimatization (n = 12), as well as soft release with a
3 months (n = 48) or 14 months (n = 14) acclimatization period. Before being released, griffons were
fitted with PIT tags and with an engraved metal ring around one tarsus and an orange plastic ring
with a black alphanumeric code on the other tarsus, containing the official identifier from ISPRA.
Rings were useful for long-distance identification. Moreover, remiges and rectrices were bleached, to
provide individual recognition until their moult.

Environmental conditions at all release sites were comparable, with vegetation being constituted
mostly by holm oak (Quecus ilex), cork oak (Quercus suber) and Pinus sp., as well and pastures used
for extensive livestock rearing. In the study area cattle and sheep are kept all year round in extensive
pastures, with no seasonal movements. Moreover, wild ungulates populations are relatively limited,
with wild boar (Sus scrofa) present all over the areas with a density lower than 15 animals/100 hectares
and a small population of about 300 fallow deers localized around the aviary in Porto Conte (Dama
dama)[24]. In the study area 37 farm feeding stations were progressively implemented since 2016,
providing approximately 20 tons of livestock carrion every year, in a radius of less than 50 km from
colonies [25].
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Figure 1: Spatial distribution of areas covered by griffons, and wind farms, in Sardinia. Each cell of the grid
(1km x 1km) represents the number of areas where individual vultures moved on a regular basis, delimited by
95% isopleths occurrence distributions. Darker areas were used by a higher number of griffons. Panel (a) shows a
detail of North Sardinia, whereas panel (b) shows an overview of Sardinia. Individual occurrence distributions are
available in the Supplementary Information (Appendix S1)

Livestock herding is widespread, with around 563,421 sheep (weighting approx. 55 kg, 8% mortality
rate) and 17,487 cattle (weighting approx. 500 kg, 3% mortality rate) in the area where griffons move
(Fig. 1). Empirical evidence indicates that carrion is often left on pastures, due to difficulties associated
with their recovery. Given these numbers, and by assuming that 10% of livestock carcasses are left in
the field and detected by griffons, every year around 94 tons of carrion would be available to them. By
assuming that: i) that griffons can exploit soft tissues only (corresponding to approx. 27% of the whole
carrion), ii) that 316-338 adult griffons live in the study area and that 55 chicks were born in 2022 [26],
iii) that each adult griffon needs around 500g of meat per day and each breeding pair needs approx.
75 kg of food to rear a chick [27], then the whole population of griffons would consume between 61
and 66 tons of carrion per year. Therefore, the total biomass of 94 tons, provided by feeding stations
and by carrion left on the field, would be sufficient to sustain the entire population.

Data collection and pre-processing

43 griffons were equipped with solar-powered GPS/GSM and VHF transmitters. Devices were
mounted with a leg-loop harness made from teflon, assembled in three strings (a cord of rounded
silicone 2mm + tubular teflon ribbon 025” and 0.44”), according to the recommendation of the Vulture
Conservation Foundation (https://4vultures.org/). We used GPS/GSM devices from Ecotone (Ecotone
Telemetry, Sopot, Poland; cDuck model, n = 2; Crex n = 25; Saker, n = 7; Skua, n = 5; all weighting
33 grams) and Ornitela (Ornitela, Vilnius, Lithuania; Ornitela 3G_50g, n = 4; weight 50 grams). The
weight of GPS and harness did not exceed 3% of total body mass [28].

GPS/GMS devices acquired GPS locations at different rates, from dawn to dusk. However, in autumn
and winter the frequency of data acquisition was lower, due to scarce solar charging caused by lower
levels of solar radiation and diminished daylength (Fig. S1). When a griffon was still for more than 24
hours, field technicians checked if it was dead, and in case the carcass was subjected to necropsy.

Between September 2017 and June 2022, we collected a total of 130,218 observations, from 37 griffons
(see the following section and Appendix S2 and Fig. S2) that had acquired on average 3038.5 ±
2525.1 GPS positions each (mean ± standard deviation), over a tracking time of 582.7 ± 462.1 days.
As some individuals acquired GPS positions every 2 hours, we used this figure for all individuals,
and then interpolated missing data with the Euclidean distance method. This approach interpolated
locations also at night, when griffons do not fly and usually spend the time at roosting sites. Therefore,
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before using interpolated data, we graphically inspect them to check their plausibility, and found that
nocturnal GPS locations were plausible as they fell around roosts or nesting sites.

To quantify the overlap between the range distribution of griffons and existing wind farms in Sardinia,
we requested data about wind energy facilities to the Industrial secretariat of Regione Sardegna. The
position of each wind turbine was provided in the shapefile format.

Statistical analysis

Estimation of the occurrence distribution

To identify the area and environmental resources used by griffons we estimated their occurrence
distribution. This represents the uncertainty surrounding the observed trajectory of moving individu-
als over a certain time [9]. We decided to estimate the occurrence distribution because griffons are a
long-lived species, where juveniles and adults have different movement patterns [29], changing across
their lifetime [30] and can travel long distances [31]. Therefore, as data were collected only for 2-3 years,
they could have been characterized by a low effective sample size and therefore estimators for the
range distributions could have been unreliable [32].

As our GPS locations showed a significant temporal autocorrelation (Appendix S3), we fitted dynamic
Brownian Bridge Movement Models [33]. The dynamic Brownian Bridge Movement Model was chosen
as this method can effectively identify flyways [34], and it has already been successfully applied to
gregarious vultures of the genus Gyps [35]

Resource utilization function

The occurrence distribution did not allow us to test for habitat selection, as use-availability approaches
require the use of the range distribution [9][38]. However, it allowed us to test which environmental
features were associated to the use of landscape patches, through resource utilization functions [39].

We tried to predict the intensity of utilization of landscape patches, at a 250 m resolution, from i) their
roughness and ii) aspect, iii) the percentage of the patch that was covered by trees, the distance of each
patch iv) from the nearest supplementary feeding station and v) from the nearest roosting or nesting
site, vi) the distance of each patch from the coastline, vii) the number of farms occurring on each patch
and the viii) latitude and ix) longitude of the centroid of each habitat patch.

Roughness and aspect were selected because they are associated to the generation of orographic
updrafts, important for soared flight [40]. In the study area, orographic updrafts are usually caused by
Western winds, coming from the Mediterranean Sea and hitting the coastline, where griffons have
their colonies (Fig. 1). Roughness and aspect were generated from a Digital Elevation Model, freely
available from Amazon AWS Terrain Tiles (https://registry.opendata.aws/terrain-tiles/).

The percentage covered by trees was also included to predict space use, as Gyps vultures detect carrion
through eyesight [29] and tree cover could undermine their foraging success. Therefore, we expected
them to select less those habitat patches where foraging was not possible. This value was measured
through the MODIS/Terra Vegetation Continuous Fields (https://lpdaac.usgs.gov/products/mod44bv006/)

As some studies emphasized that griffons concentrate foraging movements around colonies and roost,
especially when supplementary food is nearby [14][18][21], we also included distance from colonies
and the nearest farm feeding station as covariates. The distance from farm feeding stations was also
deemed to capture traditional foraging patterns of gregarious Gyps species, where individuals use
interdependent foraging [41] and feeding stations are likely to be regularly selected. Moreover, we also
used the number of farms occurring on a habitat patches, as a proxy for carcass availability. The location
of colonies was obtained from long-term population monitoring programs [25], while the location of
supplementary farm feeding stations has been recorded during the LIFE Under Griffon Wings project.
The location of livestock farms was provided by the Regional Veterinary Epidemiological Observatory
(Regional Department of Health, Veterinary services, Region of Sardinia).

The distance from the coastline was also included, as griffons are soared fliers which are well-known to
avoid flying over the sea, unless necessary [42]. The coastline was obtained from official administrative
boundaries downloaded from the Italian National Institute for Statistics (https://www.istat.it/it/archivio/222527),
after having checked its plausibility against a satellite image of the study area.

We predicted space utilization through regression random forests [43]. The random forest algorithm
averages multiple regression trees and was used as we had no prior expectations about the functional
forms of our covariates, and about their possible interactions. Moreover, random forests allow to
control for spatial trends in the data by including the latitude and longitude of observations as
covariates, as we did with the centroids of each cell of the occurrence distribution. We did not use
multilevel modelling [44], as our considerable amount of data allowed for individual models, which

Archived on EcoEvoRxiv

https://doi.org/10.1101/2022.09.29.509951
https://www.cornellpress.cornell.edu/book/9781501761614/vultures-of-the-world/
https://doi.org/10.1002/ecy.3985
https://doi.org/10.1038/s41598-022-06436-9
https://doi.org/10.1111/2041-210X.13786
https://doi.org/10.1111/j.1365-2656.2012.01955.x
https://doi.org/10.1186/s40462-015-0029-6
https://doi.org/10.1016/j.biocon.2022.109516
https://doi.org/10.1101/2022.09.29.509951
https://doi.org/10.1890/12-1688.1
https://doi.org/10.1890/03-0114
https://doi.org/10.1086/671257
https://registry.opendata.aws/terrain-tiles/
https://www.cornellpress.cornell.edu/book/9781501761614/vultures-of-the-world/
https://lpdaac.usgs.gov/products/mod44bv006/
https://www.ornisfennica.org/pdf/latest/21DobrevPopgeorgiev.pdf
https://doi.org/10.1016/j.biocon.2017.07.030
https://doi.org/10.1007/s10344-012-0687-2
https://doi.org/10.1098/rspb.2016.2654
http://www.lifeundergriffonwings.eu/export/sites/default/.galleries/doc-notizie/Azione-D.2_report-2020.pdf
https://doi.org/10.1111/j.1474-919X.2009.00919.x
https://www.istat.it/it/archivio/222527
https://doi.org/10.1007/978-1-0716-1418-1
https://doi.org/10.1016/j.biocon.2021.109446


GRIFFON VULTURE MOVEMENTS IN SARDINIA AND WIND ENERGY DEVELOPMENT 5

for large samples attain a higher degree of accuracy than partial pooling [45]. Instead, we fitted one
random forest to each individual, and then calculated the total decrease in node impurities, through
the residual sum of squares, and the R2, to assess the overall predictive accuracy of our models. Finally,
we used partial dependence plots to highlight the relationship between each covariate and space
utilization by griffons, as well as interaction s between covariates. Statistical analyses were carried
out with the statistical software R [46] and a completely reproducible software code, and a dataset, are
available at the following link (https://osf.io/urbpv/).

Figure 2: Importance of the various predictors, expressed as the decrease in node impurities through the residual
sum of squares. This value tells how well the tree can split variables (the higher the better). Values were averaged
for all 37 random forests: points represent median increase in node purity, and error bars standard deviation.

Results

During the time of the study, griffons moved across an area of 956.3 ± 677.7 km2 (95% isopleth) but
restricted most of their activities over an area of 73.8 ± 48.2 km2 (50% isopleth). There were no clear
differences in the size of covered areas between male and female vultures (Fig. S3). The size of both
the 95% and the 50% isopleth increased with the length of data acquisition, indicating that griffons in
our sample have not stabilized their movements yet (Fig. S4).

The occurrence distribution of griffons highlighted two areas with a very high spatial utilization (Fig.
1). These corresponded to colonies and roosting sites around Bosa, the stronghold of the species in
Sardinia (approx. 69 territorial pairs, distributed over approx. 9 cliffs) and Punta Cristallo (approx. 5
territorial pairs at one single cliff)[26].

As for wind farms, the most recent available data referred to those that had been built, or authorized,
until 2019 (Fig. S5). Overall, we found 29 sites, with 37 different wind farms and 649 turbines. Most
wind farms occurred in Northwest and Southwest Sardinia, and some of them (n = 6) were located
within the occurrence distribution of griffons, with two of them just outside the most used area,
including one on the flyway between Punta Cristallo and Bosa (Fig. 1).

Covariates predicted a significant amount of the occurrence distribution (R2 = 0.91 ± 0.12, Fig. S6).
The median increase in node purity, indicates that the distance from the nearest roost/colony, and the
distance from the nearest supplementary feeding station were, by far, the most important predictors
(Fig. 2). For most griffons, the areas used the most occurred within 5 km from roosting sites or colonies
and within 10 km from the nearest farm feeding station (Fig.3).

However, some individuals (n = 6) also had a non-monotonic relationship between space utilization
and distance from roosts and colonies, increasing again their space utilization at distances greater
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than 5 km. And some other individuals (n =4) had a non-monotonic relationship with distance from
supplementary feeding stations increasing again their space utilization at distances greater than 20
km.

There was no clear interaction between these two variables (Appendix S4), and the effect of sup-
plementary feeding stations over space utilization did not vary according to their distance from
colonies.

Among the other covariates, the only one which seemed to be slightly more important was the aspect
of each habitat patch. Although considerable heterogeneity occurred between different individuals,
space utilization was more common for patches whose terrain had between 180 and 300 degrees from
North, being oriented westward. The distance from the coastline, tree cover in each habitat patch and
terrain slope did not seem to be important for predicting space utilization and did not have any clear
pattern (Fig. S7).

Figure 3: Partial dependence plot, showing how the intensity of the occurrence distribution varied in function of
the distance from roosts/colonies (panel on the left) and the distance from the nearest farm feeding stations (SFS,
panel on the right).

Discussion and conclusions

To the best of our knowledge this study was the first one assessing through high-resolution GPS
telemetry space utilization by griffons in a Mediterranean island well disconnected from mainland and
characterized by both supplementary feeding and the availability of undisposed carrion. Moreover,
this information was used to provide, for the first time, concrete indications on wind energy zonation
in a Mediterranean island inhabited by vultures.

Overall, we found that griffons living in Sardinia cover smaller areas compared to those living in
mainland Europe, like in the Iberian Peninsula, but also to those living in islands like Crete (Table
S1). Even if these differences could be partly due to methodological differences, as areas from kernel
density estimates are generally larger than those from Brownian Bridge models, differences were
sometimes quite impressive. In some cases, areas identified by our 95% isopleth were one order
of magnitude smaller. Indeed, the area covered by our 95% isopleth (956.3 ± 677.7 km2) was also
considerably smaller than that covered by griffons living in the Balkans, (1,431.22 ± 1,472.12 km2)
according to Peshev et al.
The fact that griffons in Sardinia move across relatively small areas could be motivated by the proximity
of trophic resources to roosts and colonies, and perhaps also to long-term mechanisms that reduced
vagrancy in the Sardinian population.

As for the spatial distribution of roosting sites and trophic resources, these two factors were by far
the most predictive of space utilization by griffons, with most vulture movements occurring within
5 - 10 km from colonies and roosts. In this area, farm feeding stations provide griffons with nearly
20 tons of carrion per year, approx. 21% of total biomass available. Griffons are gregarious [11] and
their colonies grow through time, becoming subjected to strong density dependent competition for
optimal breeding sites [48] before experiencing increased emigration. Considering that cliffs in Punta
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Cristallo and around Bosa are still capable of hosting new breeding pairs and given the considerable
availability of trophic resources around existing roosts and colonies, where griffons can rely on highly
efficient group foraging, griffons may have limited reasons to expand their distribution.

Another explanation might also lie in the fact that in Sardinia griffons could have progressively lost
their migratory habits, that implied sea crossings, due to selective pressure [49]. Although most of
the GPS-tagged griffons from this study were wild-caught individuals recovered in Spain (n = 64),
griffons are gregarious and have complex interdependent behaviour [11]. Therefore, by not having
contacts with movement-prone individuals, they may have adapted their movements to those of the
sedentary local population. From a conservation viewpoint our findings have three clear implications.

First, since griffon movements concentrate around nesting/roosting sites and feeding stations, wind
farms should not be built in these highly utilized areas. This recommendation aligns with Carrete et
al. [6], who showed that distance from roosts and aggregations was a major predictor of collisions
between griffons and wind turbines, and that setback distances are a crucial tool to reduce mortality.
According to our findings, we believe that a setback distance for wind farm development, of at least 15
km from the most used areas (Fig. 4) should be enforced as soon as possible. Moreover, provided that
a careful zonation of wind farms remains the most desirable management option, mitigation measures
like selective stopping protocols, where wind turbines are halted whenever griffons fly around them
[50], should be enforced on a compulsory basis. This measure should be implemented particularly
along flyways connecting the two most utilized areas at the Southernmost and Northernmost portion
of the study area (Fig. 1). Considered the presence of extensive animal husbandry, and the fact that
wind farms areas can be used as pastures, monitoring carrion occurring on the field would also be
important: vultures are blind towards the rotating blades of wind turbines when they forage [7], and
the presence of carrion around them could result into the death of multiple foraging individuals. These
measures are needed, as wind farms have already been built around the area the most used by griffon
vultures, well within the occurrence distribution of the species.

The second point is the need to understand how to regulate wind energy development, considered
that griffons are expected to progressively disperse across the island. To enlarge the occupancy area a
new release site is now being created in Southeast Sardinia, within the LIFE Safe for Vulture project
(LIFE19 NAT/IT/000732). Moreover, supplementary feeding stations will be constructed to create a
corridor between Southeast and Northwest Sardinia, across which griffons could move. Even if we
did not monitor feeding events [16], the intensity to which griffons use habitat patches also depends
upon their distance from supplementary feeding stations. It is crucial that these are not placed in areas
where wind farms occur, or where their development has already been authorized. Considered that
no updated map of wind turbines is publicly available for Sardinia, it will be crucial to rapidly map
wind energy facilities across the island, and to use models based on thermal uplifts [51] or landscape
connectivity [52] to predict the main routes that will be used by griffons and to optimize mitigation
measures.

Finally, by identifying under which weather conditions, and at which time of the year, griffons perform
exploratory sallies [53] and then select specific landscape patches [54], it would also be possible to tailor
mitigation measures across specific temporal windows, optimizing their efficacy. Absent any zonation,
mitigation and mapping of wind energy development, by considering that up to approx. 6,700 turbines
could be built by 2030 (https://www.anev.org/wp-content/uploads/2022/07/Anev_brochure_2022.pdf)
and that the last available data refer to 2019, the griffon population in Sardinia could experience fre-
quent mortality events, which could in turn lead to severe density-dependent dynamics undermining
its viability [55].
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Figure 4: Map representing those parts of the study area used the most by griffons (in pink, polygons obtained by
merging 50% isopleths of the various individuals), as well as known roosts and colonies. Small patches of highly
utilized areas represents flyways used by griffons to move between roosts/colonies.
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Supplementary figures

Figure S1: Overview of temporal distribution of GPS positions, across the various times of the day (panel on the
left), and during the course of the year (panel on the right).

Figure S2: Duration, in days, of GPS position acquisition of the various griffons equipped with GPS/GSM tags.
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Figure S3: Differences in the size of the area delimited by the 95% isopleth and the 50% isopleth of the occurrence
distribution, between male (Sex = M) and female (Sex = F) griffons.

Figure S4: Variation in the size of the area delimited by the 95% isopleth and the 50% isopleth of the occurrence
distribution, according to the duration of the acquisition period (in days).
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Figure S5: Distribution of wind farms that were built, or authorized, in Sardinia, until 2019. For each site, the
number of turbines is reported.
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Figure S6: Overview of the R2 of regression trees in the random forest, for the various griffons. The median value
of R2 is represented as a dot, whereas horizontal bars represent the standard deviation of the distribution.

Figure S7: Partial dependence plot, showing how the intensity of the occurrence distribution varies in function of
the terrain aspect, the terrain roughness, the distance from the coastline and the percent of each habitat patch that
was covered by forest canopy.
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