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Abstract

Context Soaring birds depend on atmospheric
uplifts and are sensitive to wind energy development.
Predictive modelling is instrumental to forecast con-
flicts between human infrastructures and single spe-
cies of concern. However, as multiple species often
coexist in the same area, we need to overcome the
limitations of single species approaches.

Objectives We investigate whether predictive mod-
els of flight behaviour can be transferred across spe-
cies boundaries.

Methods We analysed movement data from 57
white storks, Ciconia ciconia, and 27 griffon vultures,
Gyps fulvus. We quantified the accuracy of topo-
graphic features, correlates of collision risk in soaring
birds, in predicting their soaring behaviour, and tested
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the transferability of the resulting suitability models
across species.

Results  59.9% of the total area was predicted to
be suitable to vultures only, and 1.2% exclusively
to storks. Only 20.5% of the study area was suitable
to both species to soar, suggesting the existence of
species-specific requirements in the use of the land-
scape for soaring. Topography alone could accurately
predict 75% of the soaring opportunities available to
storks across Europe, but was less efficient for vul-
tures (63%). While storks relied on uplift occurrence,
vultures relied on uplift quality, needing stronger
uplifts to support their higher body mass and wing
loading.

Conclusions Energy landscapes are species-spe-
cific and more knowledge is required to accurately
predict the behaviour of highly specialised soaring

E. Arrondo - J. A. Sénchez-Zapata

Department of Applied Biology, Miguel Herndndez
University, Avda. de la Universidad, S/N,

1003202 Elche, Alicante, Spain

A. Flack - M. Wikelski

Centre for the Advanced Study of Collective Behaviour,
University of Konstanz, Universititsstrae 10,

78464 Constance, Germany

O. Duriez

Centre d’Ecologie Fonctionnelle et Evolutive, UMR 5175
CNRS-Universite de Montpellier - EPHE - Université Paul
Valery, 1919 Route de Mende, 34293 Montpellier Cedex 5,
France

@ Springer


http://orcid.org/0000-0003-4821-4051
http://crossmark.crossref.org/dialog/?doi=10.1007/s10980-022-01551-4&domain=pdf
https://doi.org/10.1007/s10980-022-01551-4
https://doi.org/10.1007/s10980-022-01551-4

Landsc Ecol

species, such as vultures. Our models provide a base
to explore the effects of landscape changes on the
flight behaviour of different soaring species. Our
results suggest that there is no reliable and respon-
sible way to shortcut risk assessment in areas where
multiple species might be at risk by anthropogenic
structures.

Keywords Cross-species prediction - Habitat
suitability - Movement ecology - Random forest -
Vultures - Wind farms

Introduction

The exceptionally high energetic demand of flight
creates a selective pressure to minimise overall move-
ment costs by exploiting the energy available in the
landscape. For flying animals this energy is avail-
able in the form of horizontal or vertical air currents
(Shepard et al. 2016a, b). Soaring land birds are
highly adapted to exploit vertical currents (uplifts)
using soaring-gliding flight to a degree that makes
them entirely dependent on their availability. By glid-
ing from one uplift to the next, using them as natu-
ral lifts, soaring birds can cover large distances with
energetic costs shown to be as low as resting level
(Duriez et al. 2014). The negligible energetic cost
required for soaring-gliding flight is however offset by
the disproportionate high cost of flapping flight (Pen-
nycuick 1972, 1973). In fact, the large body mass of
soaring birds, combined with their relative short and
broad wings, results in low wing loading (body mass/
wing area). Low wing loading makes them efficient
flyers when atmospheric conditions are appropri-
ate, but reduces their manoeuvrability and locomotor
efficiency in the absence of uplifts, constraining their
movements to areas and times where uplifts are avail-
able (Panuccio et al. 2012; Watanabe 2016; Sham-
oun-Baranes et al. 2017; Vansteelant et al. 2017).
Since the 1980s, the increasing demand for
reduced emissions of greenhouse gases has led to
an increasing competition between human infra-
structures and flying animals in trying to exploit the
energy available in the aerosphere; a competition
that Smallwood described as: “(...) wind turbines
are simply our means of grabbing energy in which
wildlife has already been exploiting for millions of
years.” (in: Koppel 2017). Several studies highlight
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the sensitivity of large soaring birds to wind farms
due to several factors: features in the landscape that
generate soaring opportunities are often the same that
make wind power plants profitable, increasing the
rate of encounter of soaring birds with wind farms
(Nourani and Yamaguchi 2017); limited manoeuvra-
bility and tendency of focusing their attention on the
ground while foraging further increases their risk of
collision (De Lucas et al. 2008; Smallwood and The-
lander 2008; Marques et al. 2014); finally their low
annual productivity and slow maturity amplifies even
low rates of individual losses to irrecoverable popu-
lation level effects ( Smallwood and Thelander 2008;
Masden et al. 2010; Sanz-Aguilar et al. 2015; Allin-
son 2017).

In the last two decades an increasing number of
publications are reviewing current measures that aim
at mitigating collisions between birds and anthro-
pogenic infrastructures while also highlighting the
need for further research in this direction (Gove et al.
2013; Marques et al. 2014; Wang et al. 2015; May
et al. 2017; Laranjeiro et al. 2018). Predictive mod-
elling, based on previous knowledge about the spe-
cies’ behaviour in specific environmental contexts, is
considered instrumental when it comes to informing
about the forecasted impact of a particular infrastruc-
ture on a species of concern. Predicting the occur-
rence of an energy-efficient flight behaviour such as
soaring, based on environmental correlates, cannot be
directly translated into a prediction of collision risk,
but would help us to understand how a species uses
the landscape, potentially at very fine spatial scale.
Different modelling studies have shown that topog-
raphy is one of the primary correlates of increased
risk of collision for soaring birds due to the soaring
opportunities it provides (De Lucas et al. 2008, Ferrer
et al. 2012, Gove et al. 2013, 2016a, Shepard Wat-
son et al. 2018b, Sage et al. 2019). Yet, topography
has been only rarely considered as an environmental
correlate in models predicting fatality rates (Small-
wood et al. 2009 De Lucas et al. 2012a, b) or flight
behaviour (Aurbach et al. 2018; Becciu et al. 2019;
Katzner et al. 2012; Scacco et al. 2019). Studies
investigating soaring behaviour increasingly rely on
atmospheric information or weather-derived prox-
ies of thermal and orographic uplifts (Bohrer et al.
2012; Dodge et al. 2014; Péron et al. 2017). However,
such information suffer from a mismatch between the
fine-scale nature of the uplift events and the limited
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spatio-temporal resolution of the atmospheric infor-
mation available.

Scacco et al. (2019) demonstrated a high accu-
racy of static topographic features, compared to com-
monly used weather-derived uplift proxies, in pre-
dicting soaring behaviour and energy expenditure of
the white stork Ciconia ciconia, an obligate soaring
bird species. Such a focus has clear advantages for the
targeted species. Yet, despite the similarities soaring
species share in extracting energy from their environ-
ments, and their co-occurrence and high susceptibili-
ties to wind farms, different soaring species tend to
show different mortality rates through collision (Janss
2000; De Lucas et al. 2008; Marques et al. 2014;
Martin et al. 2018), suggesting a potential drawback
of focal species analyses.

Thus, the question as to whether predictive models
could be transferred across species boundaries arises.
Comparative studies focusing on the prediction of
flight behaviour in specific landscapes allow us to
look for common patterns and thus offer an opportu-
nity to generalize and potentially transfer predictive
models across species. In the attempt to maximise
mitigation effects at a community level such gener-
alized models of flight behaviour, if complemented
with species-specific biologically meaningful vari-
ables, could be used to predict collision risk in spe-
cific areas.

In this study we use movement data from two obli-
gate soaring species, the white stork Ciconia ciconia
and the griffon vulture Gyps fulvus, in search for con-
verging patterns in the way the two species use their
energy landscape to soar. Both species are heavily
dependent on soaring flight and on the occurrence
of uplifts to move across the landscape. We therefore
expect them to have similar environmental require-
ments to sustain their movement. However, the two
species show some morphological differences as well
as different foraging strategies: white storks gener-
ally forage in open fields and meadows and fly above
lowlands; griffon vultures are scavengers, range from
lowlands to mountainous landscapes, and have higher
body mass and higher wing loading compared to
storks (Pennycuick 1972). In four analytical steps we
evaluated to what extent the similar flight behaviour
of these two species results in a similar use of the
landscape, notwithstanding ecological and morpho-
logical differences. (1) As a preparatory step, we used
GPS locations and accelerometry data to identify

soaring and flapping events for both species as prox-
ies of low-cost and high-cost flight, respectively
(Scacco et al. 2019). (2) We first considered only the
soaring events, and compared the climbing rate (ver-
tical speed) of both species during soaring, to assess
whether differences in their morphology, or in the
landscape they were exposed to, affected their soaring
efficiency. (3) We then considered both soaring and
flapping events, and modelled their occurrence using
only topographic features, separately for each of the
two species; these two models were consequently
used to predict and map areas potentially suitable for
either of the species to soar. (4) Finally, we compared
suitable areas across species and tested the transfer-
ability of our models, that is, if areas suitable to one
species could predict the soaring behaviour of the
other species and vice-versa.

Materials and methods
Datasets

We used GPS and tri-axial accelerometry (ACC)
data from two obligate soaring species. The dataset
included 84 individuals from four different research
projects, available on Movebank (Kranstauber et al.
2011): 57 juvenile white storks on their first migra-
tion, tagged in Germany (Flack et al. 2017, 2018),
and 27 adult griffon vultures, from two Spanish pop-
ulations (>7 years old) and one French population
(>5 years old). The spatial distribution of the dataset
defines the extent of the study area (Fig. 1). All ani-
mals were equipped with high-resolution, solar GSM-
GPS-ACC loggers (e-obs GmbH, Munich, Germany).
High-resolution GPS bursts (1 Hz) were collected
every 10 or 15 min for 120, 300 or 600 s. ACC data
were recorded every 10 min for 3.8 sat 10.54 Hz (40
data points per axis). For details on data collection
and data availability see the supplementary material
(Table S1).

Segmentation of the flight behaviour

We identified flapping (active) flight events using the
ACC data. We applied k-means clustering with three
clusters on DBA-z (Dynamic Body Acceleration on
the z-axis) and ODBA (overall DBA) (Wilson et al.
2006), which have already been used to identify active
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Species
Ciconia ciconia
— Gyps fulvus

Fig. 1 Spatial coverage of the movement data used in the
study, white storks in green and griffon vultures in purple.
Each line corresponds to the GPS trajectory of an individual
bird. The black square indicates the extent of the environmen-
tal layers used for the model extrapolation

flight in soaring birds (Nathan et al. 2012; Duriez
et al. 2014; Scacco et al. 2019). We finally defined as
flapping events the “most active” bursts associated to
heights of more than 100 m above ground (calculated
by subtracting the EEA (2013) terrain elevation value
from the height above the ellipsoid). The location and
height of these events were given by the GPS location
closest in time (<30 s difference). For more details
see Scacco et al. (2019) and the supplementary mate-
rial (S1).

Soaring flight events were characterised by the
absence of flapping flight and identified using the
high-resolution GPS data (1 Hz sampling positions).
We calculated ground speed, vertical speed and turn-
ing angle at each GPS location and averaged them
on track segments of 15 s duration (average dura-
tion of one complete soaring circle (Weinzierl et al.
2016)). Segments with average ground speed of less
than 2 ms™' were considered as non-flight segments
and excluded from the analysis. We then applied the
Expectation Maximization Binary Clustering (EmbC)
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to the average vertical speed and the absolute cumu-
lative turning angle of the remaining flight segments
(R package EmbC, Garriga et al. 2016). The EmbC
segmentation algorithm clustered the 15 s flight seg-
ments along each individual’s trajectory into one of
the three following behavioural categories: circular
soaring (typically in thermal uplifts), linear soaring
(usually in orographic uplifts along ridges) and glid-
ing (linear flight segments where birds would loose
height and cover distance without flapping their
wings). By applying a smoothing function we avoided
the occurrence of abrupt and unnatural behavioural
changes from one segment to the next along a trajec-
tory (see supplementary material S1.2).

The purpose of the subsequent analyses was to
distinguish between the use of soaring and flapping
flight, indicative of the presence and absence of
atmospheric uplifts, respectively. Gliding segments
were thus excluded, and segments classified as linear
and circular soaring were pooled into the same gen-
eral category of soaring, as both indicate the presence
through use of atmospheric uplifts. The location of
each segment (classified as either soaring or flapping)
was defined by its centroid (mean longitude and lati-
tude) location.

Comparison of vertical speeds

We compared the vertical speeds of the two species
during soaring, while accounting for the different
spatial and temporal scales of the two datasets. We
modelled vertical speed using a generalized addi-
tive model (GAM) including species as categorical
predictor, longitude and latitude as interacting thin
plate regression splines, and hour of the day as cyclic
cubic regression spline. The response variable verti-
cal speed included negative values, therefore we first
applied a translation (by adding its minimum value)
and then a square-root transformation to meet the
assumptions of a Gaussian distribution of the residu-
als. The model was fit with a Gaussian distribution
and run using the R package mgcv (Woods 2003).

Soaring suitability models

We modelled the occurrence of soaring and flapping
flight events based on: elevation (digital elevation
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model EU-DEM (EEA 2013)), terrain unevenness
(ruggedness), unevenness in the slope (steepness of
a terrain feature), aspect (compass direction faced by
a slope) and aspect unevenness (see Hijmans (2016)
and supplementary material S3). These topographic
variables, all available at a spatial granularity of
100 m, were included as predictors in a random for-
est (RF) machine learning algorithm, after verifying
the absence of multicollinearity (R package random-
Forest, Liaw and Wiener 2002). Data from both spe-
cies were included in two separate models. RF builds
many regression trees to distinguish between, and to
predict, binary response variables (flapping=0 vs
soaring = 1) based on a set of predictor variables. RF
is trained with a portion of the data, while the remain-
ing observations (test data) are used to assess model
performance. In our case, we built a double partition-
ing: (1) we randomly selected about 80% of the indi-
viduals per species (46 storks and 22 vultures), and
(2) then applied a 90:10% random partitioning on
these individuals and used that to build two RF mod-
els (one per species); this second step was repeated 10
times per species, where each time the algorithm was
trained with a different 90% of the data and evaluated
with the remaining 10%. The 20% of the individuals
left out from the first partitioning did not contribute
to the predictive models and were later used to cross-
validate the prediction maps extrapolated from the
models (Fig. S2 in supplementary material). There-
fore the 90:10% partitioning allows us to measure the
performance of the RF in predicting the same pool
of individuals the model was built on, whereas the
80:20% partitioning represents a more realistic vali-
dation of the extrapolated maps, mimicking the situa-
tion in which an external researcher was to use these
maps to predict the soaring behaviour of an independ-
ent set of individuals (Section “Cross-species predic-
tion of soaring events”). The performance of the two
RF models was evaluated in terms of: (i) area under
the curve (AUC) of the receiver operating characteris-
tic (ROC); (ii) sensitivity, proportion of soaring loca-
tions correctly classified; (iii) specificity, proportion
of flapping locations correctly classified (Franklin
2009). These are threshold-dependent measurements
(their values depend on our classification of the pre-
dicted probability into 0 s and 1 s), and were meas-
ured at a probability threshold where flapping and
soaring were equally well classified (minimum differ-
ence between sensitivity and specificity).

Soaring suitability maps

We used the two RF models of soaring suitability
(one for each species) and the topographic raster lay-
ers corresponding to the RF predictors (spatial granu-
larity of 100 m) to extrapolate two maps of soaring
suitability across the study area (Fig. 1). RF, like
other machine learning algorithms, is quite unreliable
when extrapolating outside the range of the predic-
tors’ values provided for training. We thus omitted
raster cells containing environmental values outside
that range, and then used each of the ten runs of the
RF model to predict the soaring suitability over the
manipulated rasters. Each prediction layer (10 per
model) was then classified into a binary map (0 or 1)
using the threshold where flapping and soaring were
classified with the same accuracy (Franklin 2009).
We then computed the pixel average of the 10 binary
layers, obtaining one final raster per species, with
values ranging from O to 1. This final prediction map
therefore informed us about the soaring suitability in
each pixel but also about the model agreement. For
the next steps of the analysis we included only pixels
with at least 80% agreement, i.e. pixels for which at
least 8 out of 10 binary layers agreed on being unsuit-
able or suitable for soaring (values<0.2 or>0.8).
Pixels with values<0.2 were considered as unsuit-
able (0), pixels>0.8 as suitable (1). We then com-
pared the soaring suitability maps obtained for the
two species and we randomly sampled 100’000 loca-
tions (pixels) from areas of the map that were suit-
able to one or the other species (50’000 per species).
We used this dataset to describe and quantify the dif-
ference between the two prediction maps in terms of
topographic variables used in the models and com-
pared their distribution.

Cross-species prediction of soaring events

For each species we used 20% of the individuals (11
storks and 5 vultures) to test whether the observed
soaring events of each species could have been reli-
ably predicted using the soaring suitability map pro-
duced from data of either species (in section “Soaring
suitability maps”). We associated the location of each
observed soaring or flapping event to the correspond-
ing soaring suitability value (0 or 1) predicted by both
the storks and the griffon vultures’ maps. We then ran
two GLMMs (generalized linear mixed effect models)

@ Springer



Landsc Ecol

per species, using the observed soaring and flapping
events as binary response variable in both models,
and using soaring suitability as the only covariate:
in one model the soaring suitability predicted by the
storks” map, and in the other model the soaring suita-
bility predicted by the vultures’ map (R package Ime4,
Bates et al. 2014). Individual identity was included as
random intercept in all models. The importance of
soaring suitability as predictor was assessed compar-
ing the AIC (Akaike Information Criterion) of each
species’ model with the respective null models, from
which the soaring suitability was excluded (only con-
taining the observed soaring events as response vari-
able and the individual identity as random intercept).
Models were fitted using a Bernoulli distribution with
a clog-log link function, more appropriate for unbal-
anced samples (in our case, considerably more soar-
ing than flapping events) (Zuur et al. 2009). All anal-
yses were run in R (R Core Team 2020).

Results
Segmentation of the flight behaviour

Soaring and flapping events were classified based on
data collected with different instruments running on
different sampling schedules (GPS and ACC, respec-
tively). We thus compared the amount of time spent
soaring relative to the total duration of the classified
GPS segments, and the amount of time spent flapping
relative to the total duration of the classified ACC
bursts. The storks in our study spent soaring 52% of
the total flight time recorded by the GPS sensor (ca.
597 h), and spent flapping 1.9% of the flight time
recorded by the ACC sensor (ca. 103 h). Similarly to
storks, vultures in our study were soaring for 51.8%
of their flight time (based on ca. 1764 h of GPS
recordings) and flapped only for 1.6% of their flight
time (based on ca. 292 h of ACC recordings).

The final dataset, excluding missing topographic
information, consisted of 11’531 observations for the
storks (9797 soaring and 1734 flapping) and 32’633
for the vultures (29047 soaring and 3’586 flapping).

Comparison of vertical speed

We used a GAM to compare the vertical speed of the
two species. The model included a total of 37'774
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soaring events (9180 from storks and 28594 from
griffon vultures). The average vertical speed in ms™
was 0.81+0.006 for the storks and 1.23+0.005 for
the vultures (meanz+s.e.). The model, accounting
for geographic coordinates and hour of the day, pre-
dicted the vertical speed to be 0.33 ms~! significantly
higher in vultures than in storks [Vultures =0.1+0.07
(estimate +s.e.)]. Hour of the day and geographic
coordinates had also a significant effect, suggesting
that climbing rate would be higher in central hours
of the day and in specific regions of the study area
(Table S2, Fig. S1).

Soaring suitability models

Based on 80% of the individuals (46 storks and 22
vultures), a total of 9901 observations were avail-
able for the stork model (8’488 soaring and 1413 flap-
ping), and 26’673 for the vulture model (24067 soar-
ing and 2'606 flapping). The RF model based on stork
data resulted in a higher accuracy than the vulture
model [AUC stork model: 0.83+0.02; AUC vulture

1.00

0.75

0.50

True positive rate
(Sensitivity)

0.25

Species

Ciconia ciconia

0.00 h Gyps fulvus

0.00 0.25 0.50 0.75 1.00

False positive rate
(1-Specificity)

Fig.2 ROC curves of the two soaring suitability models, in
green for the stork model and in purple for the vulture model,
overlaid for better comparison. The area under the curve
(AUC) represents the accuracy of the models, measured on the
test dataset. The gray dashed line represents a model whose
accuracy is comparable to random (AUC=0.5). Sensitivity
and commission rate values were averaged across the ten runs
of each model (solid dots), and the error bars show their stand-
ard deviations



Landsc Ecol

model: 0.71+0.02 (mean+s.d.); for comparison, a
random model is expected to have an AUC of 0.5]
(Fig. 2). The stork model also had a better ability to
discriminate soaring from flapping locations, that is
a higher proportion of soaring and flapping locations
were correctly classified. In fact, the stork model
could correctly predict, on average, 75.0% (£2.0%)
of the soaring and flapping locations, while only
63.0% (x£1.5%) were correctly predicted by the vul-
ture model. The complete output of the two models
can be found in supplementary material (Table S3).
In both, the stork and vulture models, the two meas-
ures of variable importance (the decrease in accuracy
and decrease in node impurity) highlighted terrain
elevation, terrain ruggedness and slope unevenness
as the most important variables in predicting soar-
ing opportunities. Also the aspect (compass direction
faced by a slope) proved to be an important variable,
but only in the stork model (Fig. S4 in supplementary
material).

Soaring suitability maps

We used the models to classify an area of about
0.95 million km? for the storks and 0.97 million
km? for the vultures (Fig. 3A, B). Only 21% of the
storks’ map was predicted to be suitable for them to
soar, whereas in the case of vultures’ map, the area
suitable to soar was estimated at 80%. After remov-
ing non-classified raster cells from both maps, the
classified area available for comparison across spe-
cies amounted to 0.86 million km?; 20.5% of this
area was predicted as suitable to both species, and
18.8% unsuitable to both species to soar (Fig. 3C).
59.9% of the total area was predicted to be suitable
to vultures only, whereas only 1.2% was available
exclusively to storks, meaning that most of the area
suitable to storks was also suitable to vultures, but
not vice-versa.

The range of the topographic variables included in
the model did not highlight any species-specific dif-
ference, suggesting that over the duration of the study,

Fig. 3 Soaring suitability maps extrapolated from the stork
(A) and the vulture (B) models. Both maps show in colours
areas (cells) predicted to be suitable to the species to soar and
in black unsuitable cells. Gray represents unclassified cells
(containing missing values among the predictors). In (C) a pre-
diction map produced by combining the suitability maps of the

[ Suitable to Ciconia ciconia
Il Suitable to Gyps fulvus

[ Suitable to both species
[l Unsuitable for soaring

B Not classified

two species, showing in light blue cells that are suitable to both
species, where the soaring opportunities overlap; in green cells
that are available only to storks (not visible due to the small
percentage); in purple cells suitable only to vultures; in black
cells that are unsuitable to both species; in gray unclassified
cells
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Fig. 4 Density distribution Species
of four topographic vari- o 0.06 1 Ciconia ciconia
ables (terrain elevation, rug- g % 0.002 — Gyps fulwus
gedness, slope unevenness 5 g_ 0.04
and aspect), extracted from ..g 3 .
50000 cells per species, 28  0.001
randomly selected from 23 ’ 0.02-
areas predicted to be suit- i<
able to the storks and to the
vultures to soar 0.000 0.001
0 1000 2000 3000 0 100 200 300
Terrain elevation [m a.s.l.] Ruggedness
0.3

@ 0.004 1

aou

£8

24 0.21 0.003 1

5 ®

>3 0.0021

» g 0.11

=

0.001 1
8 Q
0.0 . ] : . - d 0.0001 . . . .
0 10 20 30 40 50 0 100 200 300
Slope [deg] Aspect [deg]

the two species were exposed to similar environments
(in terms of the considered topographic parameters)
(Fig. 4). The main difference between areas suitable
to one or the other species concerned the distribution
of aspect and terrain elevation: storks, unlike vul-
tures, were selective for aspect, with a peak in the dis-
tribution around 200 degrees (slopes oriented S-SW)
(Fig. 4D); high terrain elevations seem to be suitable
for vultures to soar, but not for storks (Fig. 4A).

Cross-species prediction of soaring events

The two stork models (one using the storks’ map as
co-variate, one using the vultures’ map) showed that
the probability of soaring significantly increased
in areas predicted as suitable by the suitability map
of either species, but was stronger for the model
including the prediction based on storks [Storks’
suitability map=1.42+0.12; vultures’ suitability
map=0.59+0.15 (GLMM estimate = s.e.)]. The AIC
of both of the stork models was lower compared to
the respective null model [AIC storks’ suitability
map=695.8; vultures’ suitability map=2859.5; null
model=870.71]. Both these results suggest that in
the case of the storks, including a static soaring suit-
ability map as covariate in the model helps to predict
their soaring behaviour (Table 1A).
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In contrast, both vulture models showed a weak
and non-significant relationship between the soaring
suitability values predicted by the two maps and the
observed soaring events. The effect size was small in
both cases and the AICs of both models were compa-
rable to the null model. Consequently and in contrast
to the stork models, both the static soaring suitabil-
ity maps did not improve our prediction of vultures’
soaring behaviour (Table 1B).

In all models, the marginal R2, i.e. the variance
explained by the fixed effects (the soaring suitability
maps), was much lower than the conditional R?, the
variance explained by the entire model including the
random effect (individual identity). This is indicative
of strong intra-specific differences in the way individ-
uals used the landscape to soar, particularly evident in
the stork models (Table 1A).

Discussion

Predicting the occurrence of soaring flight based on
environmental correlates helps us understand how
particular species use the landscape to fly efficiently,
and can be instrumental to minimise collision risk
with anthropogenic infrastructure. However, multiple
species of concern often coexist in the same area, and
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Table 1 Output of the GLMM:s explaining the observed soaring probability of the two species as a function of the soaring suitability

predicted by the models of each species

(A) Soaring occurrence in white storks

Storks’ suitability map

Vultures’ suitability map

Fixed effects
Estimate (St. Err.)

Intercept

Soaring suitability

— 1.117 (0.969)
1.429 (0.122)%%

- 0.872 (0.916)
0.587 (0.155)%%*

Random effects
Intercept variance

Individuals
Observations

Groups (Individuals)
AIC

AIC null model (df)
AAIC (AIC — AIC null)
Marginal R?
Conditional R?

25.756
1334

11

695.791 (3)
870.718 (2)
- 174.927
0.037
0.844

8.197
1334

11

859.548 (3)

870.718 (2)

- 11.170

0.003

0.833

#p<0.1; ##p<0.05; ***p<0.01

(B) Soaring occurrence in griffon vultures

Storks’ suitability map

Vultures’ suitability map

Fixed effects

Estimate (St. Err.)

Intercept 0.985 (0.169)%*** 0.972 (0.170)***
Soaring suitability —0.006 (0.061) 0.017 (0.042)
Random effects

Intercept variance

Individuals 0.1364 0.1345
Observations 4606 4606

Groups (Individuals) 5 5

AIC 3732.957 (3) 3732.810 (3)
AIC null model (df) 3730.966 (2) 3730.966 (2)
AAIC (AIC — AIC null) 1.991 1.844

Marginal R? 2.274e-06 3.813e-05
Conditional R? 0.077 0.076

#p<0.1; *#*p<0.05; **#p<0.01

our comparative study is a first attempt to test trans-
ferability of predictive models across species with
similar flight behaviour.

Our results indicate that, despite the superficially
similar soaring behaviour, white storks and grif-
fon vultures have different environmental require-
ments and that soaring suitability models cannot
and should not be transferred between species. The

soaring suitability maps extrapolated from our mod-
els showed that only 20.5% of the classified study
area was available to both species to soar. Most of
the area suitable to the storks was also available to
the vultures, but not vice-versa, implying that vul-
tures had a larger area potentially available for soar-
ing. Vultures had a higher vertical speed, soared in
a variety of landscape conditions, and contrary to
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storks their soaring flight was not related to a specific
range of aspect values. Finally, our results concerning
model transferability showed that a model based on
one species performed poorly in predicting the soar-
ing events of the second species.

Both the larger area available to soar and the lower
specific topographic requirements, might depict vul-
tures as more flexible fliers. We found that the vul-
tures’ vertical speed was higher than that of storks;
due to their higher body mass and higher wing load-
ing, vultures are known to need stronger uplifts to
soar, and to depend more on the specific environ-
mental conditions able to produce such support (Pen-
nycuick 1973, 2008; Shamoun-Baranes et al. 2003).
Therefore, the vultures’ higher climbing rate is an
indication for them using disproportionately stronger
uplifts (better in quality) than those used by storks.
This suggests that storks are able to take advantage
of weaker uplifts compared to vultures, and it seems
enough for them to rely on uplift occurrence rather
than on uplift quality. In contrast, vultures need
stronger uplifts to support their larger mass; they
therefore rely on uplift quality and should be more
selective in terms of soaring conditions.

Our results therefore confirm that vultures should
be using stronger uplifts, which can only be generated
under specific environmental conditions, but at the
same time convey vultures as flexible fliers as, based
on the soaring suitability map, most of the study area
was potentially available for vultures to soar.

We believe that the source of this contradiction is
that our soaring suitability models are based exclu-
sively on static topography-related covariates. A
recent study showed that static topographic variables
are effective in predicting the occurrence, but not so
much the quality of uplifts used by storks (Scacco
et al. 2019). In this follow up study, our static model
based on topography confirmed its high accuracy in
predicting soaring occurrence in storks, but had a
lower accuracy in vultures, both in the training and
test datasets. This suggests that topography alone can-
not predict vultures’ soaring behaviour, probably due
to limited predictive performance in uplift quality,
which they heavily rely on, and for which the use of
atmospheric covariates in the prediction is expected
to be crucial (Aurbach et al. 2018; Becciu et al. 2019).
Consequently, the contradiction which emerged from
our results, featuring vultures as both flexible flyers
and selective soarers, represents shortcomings of the
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methods used to predict the occurrence of soaring
behaviour in vultures. Our soaring suitability model,
without the addition of dynamic atmospheric varia-
bles, can thus not be considered a reliable representa-
tion of the soaring opportunities available to vultures.

This interpretation has implications also on mod-
elling species occurrence at a global scale. The
higher the wing loading of a species, the more its
movement and it distribution will be restricted in
space and time not only in relation to where, but
mainly when, uplift conditions are optimal (Williams
et al. 2020). The flight of such specialised species
will therefore be more dependent on atmospheric
conditions than on static features. This implies that
more knowledge is required to accurately predict
their soaring flight (Soultan and Safi 2017). The link
between species’ movement capacity and biogeog-
raphy (geographical distribution of species) is often
overlooked, or when taken into account, it mostly
relates to the obstacle posed by large ecological
barriers to colonization processes (Cumming et al.
2012; Mellone 2020). In highly specialised soaring
species, considering the link between biogeography
and movement only in relation to colonization would
underestimate the role of uplifts as essential part of
the niche of these species, for which uplifts should
be considered among the suite of resources they need
in order to exist in a certain area. Long accepted defi-
nitions of ecological barriers such as water bodies for
soaring birds, are now being revisited as more flex-
ible than previously thought (Nourani et al. 2021),
and should be adapted to accommodate the diversity
in movement capacity among species.

Individual differences in flight behaviour also
exist within the same species, for instance as a
result of individual developmental stage (flight
experience) or motivation (e.g. scavenging, hunt-
ing, migrating), which are known to affect some
aspects of the birds’ flight behaviour, for example
route selection (Efrat et al. 2019), flight speed,
distance and duration (Sergio et al. 2014) and
energy expenditure (Rotics et al. 2016). Juvenile
soaring birds flying in thermal uplifts under-per-
form compared to adults, showing lower climb-
ing rates in challenging wind conditions (Harel
et al. 2016). In the case of the juvenile storks
included in our study, by ignoring age difference
we might have underestimated the strength of the
uplifts adult storks would use for soaring. Such
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bias, if present, would however have made the
storks behave more similar to the heavier vultures
(because of their higher wing loading), and thus
potentially increased model transferability. Storks
and vultures in our study also differed in terms of
motivation (foraging vs migrating) causing them to
fly over different landscapes. However, we would
expect such differences in motivation to manifest
in a different selection of land cover types and
habitat composition, variables that we did not
include in our models. Our models only relied on
topographic variables, and the resulting soaring
suitability maps suggest that the two species expe-
rienced similar ranges of topographic parameters
and therefore used similar landscapes pertaining
to the variables considered (Fig. 4). In our cross-
validation models, however, we found evidence
for strong inter-individual differences in the use
of the environment. Individual, age, or motivation
specific information are rarely available or consid-
ered, and our opportunistic use of the data was in
mimiking the way a conservation practitioner or
an external researcher would be likely to approach
the task. The final aim of our study was on test-
ing the transferability of soaring suitability models
across species boundaries and individual variation.
Including intra-specific information in our soaring
suitability models would, if anything, conserva-
tively support our statements, since they further
restrict model transferability.

Our predictive models of soaring opportuni-
ties represent an attempt to describe the potential
energy available in the landscape to allow soar-
ing species to move efficiently. However, the dis-
tribution of soaring opportunities is only one of
the resources required by these species. Species-
specific patterns of use of the landscape are also
mediated by other biologically relevant factors, not
targeted by this study, such as the distribution of
food resources or nesting opportunities. These fac-
tors vary extensively among species and have been
found to be related to vulture fatalities at wind
farms (Carrete et al. 2012). Associating species-
specific biologically relevant variables for all coex-
isting species in an area of interest, with species-
specific models of flight behaviour, could inform
the siting of anthropogenic infrastructures and help
minimising collision risk at fine scale.

Conclusions

Static landscape features greatly influence the
energy available to soaring birds in the landscape
and thus their movements. For some species, static
variables alone are however not sufficient and need
to be associated to atmospheric information to pro-
duce more reliable predictions of flight behaviour.
We suggest that using the soaring behaviour of the
species to identify the occurrence of uplift events
is instrumental to isolate only those uplifts that can
be effectively used by that species. Thus it is pos-
sible to build an environmental model to extrapo-
late uplift occurrence over large areas. As tempt-
ing as it might become to apply the same predictive
model to species with a similar flight behaviour,
the results of this study warn against transferring
model predictions across species. The extrapo-
lated maps represent the energy available in the
landscape for the species used to build the model.
Energy landscapes are therefore species-specific,
with the consequence that the same landscape var-
ies in the soaring opportunities it offers to differ-
ent species, and affects their movement pattern
differently.

Our study advocates for a cautious and species-
specific way to interpret and apply predictive mod-
elling in conservation ecology. The use of species-
specific prediction models would allow for more
flexibility in the choice of the important variables to
consider, including meaningful biological informa-
tion that differ among species. Accounting for these
differences seems crucial when predicting movement
and landscape connectivity and there might be no
reliable and responsible way to shortcut risk assess-
ment in areas where multiple species are at risk of
collision with anthropogenic structures.
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