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Abstract

Being one of the most frequently killed raptors by collision with wind turbines, little is known about the Griffon vulture’s flight
strategies and behaviour in a fine scale. In this study, we used high-resolution tracking data to differentiate between the most
frequently observed flight types of the Griffon, and evaluated the performance of our proposed approach by an independent
observation during a period of 4 weeks of fieldwork. Five passive flight types including three types of soaring and two types of
gliding were discriminated using the patterns of measured GPS locations. Of all flight patterns, gliding was classified precisely
(precision = 88%), followed by linear and thermal soaring with precision of 83 and 75%, respectively. The overall accuracy of
our classification was 70%. Our study contributes a baseline technique using high-resolution tracking data for the classification

of flight types, and is one step forward towards the collision management of this species.

Keywords Animal movement - Animal tracking - Collision - Gliding - Linear soaring - Slope soaring - Spain -

Spiral gliding - Telemetry - Wind turbine

Background

Flight and foraging behaviour, and migration of the Griffon
vulture (Gyps fulvus, Hablizl, 1783) have been well studied
(Bildstein et al. 2009; Duriez et al. 2014, Garcia-Ripollés
et al. 2011; Houston 1974) (see “Appendix”). However,
little is known about the fine-scale flight and motion
capacity of this species, which is on the top list of most
frequently killed raptors by collision with wind turbines in
southern Spain (Barrios and Rodriguez 2004).
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Flight type plays an important role in collision risk with wind
turbines, especially when associated with hunting and foraging
strategies of big raptors (Marques et al. 2014). Hoover and
Morrison (2015) highlighted that soaring flight, which needs
strong wind and occurs in rotor-swept zone of wind farm, is a
factor explaining the high collision rate of raptors.

The motion capacity of an individual is its ability to
move in various ways or modes either by its own loco-
motion or by externally vectored via physical means (e.g.,
winds, water flow, etc.) or by other organisms (e.g.,
wingless flower mites traveling on foraging bees) (Holyoak
et al. 2008). Generally, a movement paradigm was intro-
duced as the interplay amongst the four basic mechanistic
components: external factors affecting movement, internal
state (i.e., why move?), navigation capacity (i.e., where and
when to move?) and motion capacity (i.e., how to move?)
(Holyoak et al. 2008; Nathan et al. 2008). A more detailed
understanding of the motion capacity of flying birds has
been developed in many ornithological studies (Cone 1962;
Dhawan 1991; Pennycuick 1971, 1972; Tucker 2000;
Videler 2005). Soaring and gliding are the two most
common types of flight among raptors and have been at the
centre of many studies since the first attempt to understand

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-018-0093-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41742-018-0093-z&amp;domain=pdf
https://doi.org/10.1007/s41742-018-0093-z

314

International Journal of Environmental Research (2018) 12:313-325

raptors’ flight behaviour in 1913 (Dhawan 1991). However,
a major challenge underlying studies of movement type is
of a methodological nature, related to data collection and
the methods used to classify the movement patterns.

With respect to data collection, researchers have tradi-
tionally used direct observation as a method to monitor
birds, as well as to elucidate and describe flight phenomena
(Pennycuick and Scholey 1984). Bildstein et al. (2009), for
example, used this method during the autumns of
2004-2007 to determine Griffon vultures’ flight types
during migration. Not losing sight of a species is the most
challenging part of this traditional type of research (Pen-
nycuick 1973), but this has now been solved by telemetry
techniques. These methods provide practical insight into
wildlife movements (for instance see Harel et al. 2010;
Bouten et al. 2013; Lopez-Lopez et al. 2013).

Techniques for studying free-living birds’ behaviour have
advanced and flourished since these earlier attempts (Roy and
Hart 1963). Since then, technologies including radar (Konrad
et al. 1968), radio (Schemnitz et al. 1969), satellite and Global
Positioning System (GPS) tracking (Biro et al. 2002; Nowak
et al. 1990; Weimerskirch et al. 2002) have been deployed.
Recent advances in telemetry techniques, such as extensive use
of bio-loggers with GPS, have enabled spatiotemporal data to
be collected on vertebrates with ever-increasing accuracy as
well as density of data points (Tomkiewicz et al. 2010).

Much research has been conducted via the classification
of movement patterns to solve the difficulties of dealing
with large datasets and their interpretation (e.g., Gliting
et al. 2010). These methods, however, have been used
mainly to analyse movement in two dimensions (i.e., x and
y) (Giannotti et al. 2008; Giiting and Schneider 2005; Long
and Nelson 2013) and mostly at coarse temporal resolution
(i.e., daily or hourly movements) to determine home range,
dispersal and migration routes (Calenge et al. 2009;
Kranstauber et al. 2012; Lopez-Lopez et al. 2013; Mandel
et al. 2008; Smouse et al. 2010).

Research to date indicates that the Griffon vulture exhibits
mainly passive flight types (i.e., various kinds of soaring and
gliding) using air currents, as well as occasional flapping when
necessary (Bildstein et al. 2009; Dhawan 1991). Moreover,
using accelerometer data, Halsey et al. (2009) proved that the
species rarely flaps except during take-off or landings in non-
migratory movement. Since soaring birds such as the Griffon
vulture are not capable of maintaining constant altitude by
flapping flight alone (Newton 2010; Shepard et al. 2011) and it
has also been shown by Bildstein et al. (2009) that the flapping
rate in the Griffon vulture is very low (i.e., mean of 1.2 flaps per
30 s), we made a basic assumption in this study that the flapping
rate during daily flights can be considered negligible in non-
migratory movement.

Our study utilised collection methods using GPS-logger
technology. Based on the high-resolution tracking data
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only, we developed and tested a baseline method to dif-
ferentiate passive flight in three spatial dimensions (i.e., x,
y and z) to classify these flight types of the Griffon vulture.
This study is one step forward to have more insight into
flight behaviour which may play a role in collision risk.

Materials and Methods
Study Area and Species

Our study area in southern Spain is part of the natural park
El Estrecho, in Tarifa, Andalucia region, and is located on
the northern side of the Strait of Gibraltar (36°07—
36°06'N, 5°45'-5°46'W). The Strait of Gibraltar is the
shortest sea crossing between Europe and Africa and is a
well-known migratory bottleneck for soaring birds (Zalles
and Bildstein 2000). In this area, Ferrer et al. (2012)
reported the highest collision rates ever published for birds
(1.33 deaths/turbine/year) with the Griffon vulture being
the most frequently killed species (0.41 deaths/turbine/
year). An escarpment with north-south direction, 4 km
away from the Strait of Gibraltar, is a location of Griffon
vulture’s colony, consisting of approximately 65 breeding
pairs (Del Moral 2009) The population is surrounded by
several other breeding colonies, consisting of approxi-
mately 320 pairs so the area is persistently used by vulture
during their local movements (De Lucas et al. 2012) and is
encompassed by 25 wind farms, consisting of 491 operat-
ing turbines. Figure 1 shows the study area, location of
wind turbines and the colony.

A Griffon vulture was captured using a foot snare. The
bio-logger was attached to it as a backpack using a harness
made of Teflon ribbons with one strap fitting across each
wing and another strap below the crop (Kenward 2000).
The capture and release took place on September 11, 2010.
In addition, distinctive yellow patagial markers, with
unique combination of numbers and letters (i.e., 9FJ) were
attached to both wings. This method was proved to be
harmless to the bird with no changes in its normal beha-
viour (Reading et al. 2014). The captured Griffon vulture
was a male, sub-adult, and with a body mass of about 7 kg.

Collision risk may also be influenced by behaviour
associated with a specific sex or age. Although it is
reported that young vultures were not especially vulnerable
to collisions compared with the other age classes (Barrios
and Rodriguez 2004; Marques et al. 2014), de Lucas et al.
(2012) demonstrated that among 117 killed vultures by
collision with turbines, 74.36% (87) were juveniles and
25.64% (30) were matures and adults. Additionally, to the
best of our knowledge, no information has been published
about correlation between sex and collision rate of the
Griffon vulture.
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Fig. 1 The study area in province of Cadiz, south Spain: the grey polygon (bottom) is the location of colony site and the asterisk symbols show
the location of observers. The observers’ angle of view is shown in solid and dashed line

Tracking Device

mass), two way data-communication, four megabytes flash
memory (capable of sorting 60,000 GPS fixes) and the GPS

We used the Bird Tracking System developed at the  tag with high resolution temporal intervals from 3 s up to
University of Amsterdam (Bouten et al. 2013). The key =~ 7200 s (see http://www.uva-bits.nl for more information).
features of its bio-logger are rechargeable solar batteries,  In this study, we used GPS fixes and their properties to
low weight style (45 g, < 0.6% of a Griffon vulture’s body  differentiate between the flight types.
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Collecting Data from a Free-Ranging Vulture

Tracking data were retrieved for 27 days between May and
July 2013. This period was a part of breeding season of the
bird. During this time, we also undertook fieldwork observa-
tions independent of the tracking dataset. We used a camera
recorder synchronized to Universal Time Coordinated (UTC)
time with Garmine eTrex Summit GPS along with direct
visual observations to note the times and flight types simul-
taneously. The observations were made by two observers
during daylight hours with the aid of 10 x 42 binoculars and a
20-60x telescope spot. We conducted a filed survey to select
the observation locations with a wide angle of view in almost
centre of the escarpment: one up and the other down on the
cliff with almost 360° and 270° angle of view, respectively. To
motivate the Griffon vulture to fly, carrion was dumped on the
ground. Additionally, observation points were selected to
provide a wide field of view of the tagged bird with the yellow
patagial markers on the dorsal and ventral surfaces of wings.

Data Preparation

Although we had set the measurement interval of the GPS
tracker to 3s, the retrieved datasets consisted of various
intervals. Therefore, to prepare the final dataset, we
extracted 11 days of collection data with a three-second
interval, yielding 66,766 data points. The instrument
recorded several properties for each point including time,
geographic coordinates, altitude, and instantaneous veloc-
ity in three directions (x, y and z). Based on this raw data,
we calculated the distance, cumulative distance, average
altitude, altitude difference and direction of motion
between all successive GPS fixes. To discriminate between
flying and non-flying modes, we considered speed of
movement and calculated the first non-static points with a
speed > 4 m/s (Nathan et al. 2012).

Flight Types

This paper focuses on five different types of passive flights,
namely: thermal soaring, linear soaring, slope soaring, glid-
ing, and spiral gliding. Figure 2 illustrates all the flight types.

Thermal soaring is characterized by a circular flight in the
course of which birds gain altitude in thermal columns using
tight curves as close as possible to the centre (Pennycuick
1973, 2008; Videler 2005). The term linear soaring was
introduced by Pennycuick (1972). It refers to an almost straight
flight without circling when thermal currents are strong and
abundant (Videler 2005). Although this term was introduced to
describe long-distance flight, we have here applied the term to
straight flight with a minimum length of 350 m to discriminate
it from slope soaring. Slope soaring is a flight type often

@ Springer

exhibited by Griffon vultures along their nesting or roosting
cliffs. Generally, slope soaring takes place at a low altitude.
Birds repeat this type of flight parallel to the cliff. This type of
flight lasts until they detect a thermal or other air current
(Barrios and Rodriguez 2004; Pennycuick 1972). It is per-
formed in a shape that can be likened to a figure of eight.
Gliding refers to flight with wings spread (or folded) in a
downward or straight direction (Dhawan 1991; Pennycuick
1971, 2008). Spiral gliding is used to reduce altitude in an
almost spiral-like pattern, and in slow downward motion
towards the ground or to the nesting site. The term spiral gliding
is not commonly used in the ornithology literature; it was
borrowed from a study that focused on the flight behaviour of
seeds dispersed by the wind (see: Minami and Azuma 2003).

Flight Classification

To discriminate between linear flight patterns (i.e., linear
soaring and gliding) and non-straight flight patterns (i.e.,
thermal soaring, slope soaring and spiral gliding), we cal-
culated the radius of curvature parameter using a minimum
of three successive GPS fixes. To further differentiate
patterns within each flying type, we applied the laws of
motion, as defined in physics, based on the following
parameters: distance, altitude, speed and angle of direction.
For the space curve (like a non-straight flight pattern),
the radius of curvature is the length of the curvature vector.
To calculate the radius of curvature, we combined the flight
distance and speed within non-straight flight patterns. In
this regard, speed was smoothed with a running mean over
three successive GPS fixes.The curvature k is defined as:
k— % — m (1)
As  sip1—si
where ¢ denotes the tangential angle and s is the arc length.
In three-dimensional space, the space curve r(f) for the

tangent vector T is defined as:

Ar Ar
oA _a_Ar 2)
— |Ar As :
|E| & As

According to the Frenet—Serret formula, in differential

geometry, keeping 7" as the tangent vector and N. is the
normal vector (Coxeter 1969) then we have:

F=T (3)
¥ =kN. (4)

When 7 changes constantly, it will show a circular flight
(such as thermal soaring). However, if 7 fluctuates by
showing increasing and decreasing magnitude, the flight
can be considered to be slope soaring with its radius of
curvature going up and down.
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Fig. 2 Thematic illustration of the Griffon vulture’s different flight patterns a thermal soaring, b spiral gliding, ¢ linear soaring, d gliding, e slope
soaring

Another parameter that assisted in discriminating Flights with a radius of curvature > 350 m were con-
between non-straight flights was altitude, which constantly ~ sidered straight flights. To determine whether a flight pat-
increases in thermal soaring and decreases in spiral gliding.  tern was soaring or gliding, regardless of whether it was
However, it remains almost steady during the slope-soaring straight or non-straight, the altitude of five successive GPS
movement (z ~ 0). fixes (over a period of 15 s) were also considered. In this
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regard, soaring or gliding were characterized when the
majority of the fixes (n > 3) were either ascending or
descending, respectively. Figure 3 shows the steps we took
in building and evaluating our differentiation of Griffon
vulture flight types.

Evaluation of Flight Pattern Differentiation

An independent observation dataset was gathered during
the fieldwork and used to evaluate predicted flight patterns.
For this purpose, we collated and compared records based
on the field observations and extracted 1146 s of flight
synchronized with the final dataset. Considering each
interval between two successive GPS points is 3 s, the
length of recording consisted of 382 segments in total,
matched with the dataset. It consisted of 54, 104, 109, 23
and 92 segments for linear soaring, gliding, thermal soar-
ing, spiral gliding and slope soaring, respectively.
Validated results are presented in the form of a confusion
matrix, (for example see: Kohavi and Provost 1998) giving
the number of cases that were correctly classified as positive
(i.e., predicted flight pattern), as well as the number correctly
identified as negative (other flight patterns). The cases where
a negative sample was misclassified as positive, and vice

Databases

GPS measures |

J

Data preparation &
filtering

>

Yes
Flying mode

Flight observation

Non-flying mode

versa, are called false positive and false negative, respec-
tively. The performance of the identified flight patterns was
evaluated based on indicators, namely precision, true-posi-
tive rate, true-negative rate, the accuracy of each flight pat-
tern, and the overall accuracy, as well as the kappa value
(Weiss and Provost 2001) (see below for definitions).
Precision is defined as the proportion of the predicted
cases that were correct. The true-positive rate indicates that
the percentage of a flight pattern matches what is also
observed from the data, while the true-negative rate
expresses the proportion of other flight patterns that are
correctly predicted as that class. The accuracy of each flight
pattern is the proportion of predictions (positive or negative)
that are correct. Overall accuracy is calculated by the total
number of correct classifications divided by the total number
of samples. Finally, the kappa value is used to measure the
agreement between predicted and observed classes, while
correcting for an agreement that might occur by chance
(Stehman 1997; Viera and Garrett 2005). The confusion
matrix (Table 1, left) shows the number of segments
belonging to each flight pattern. For instance, in the first row,
41,0, 7 and 6 are number of segments corresponding to each
flight pattern classified as linear soaring, gliding, thermal
soaring, spiral gliding and slope soaring, respectively. The

Yes

Evaluation Straight

direction

Linear soaring

Flight patterns

Accuracy of
Flight patterns

Straight No
direction
Yes

Non-straight

soaring

Fluctuation No

in Radius of

curvature

Slope soaring | | Thermal soaring || Gliding | | Spiral Gliding

Fig. 3 Study workflow of the Griffon vulture’s flight patterns and evaluation of the classification
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Fig. 4 Variation and frequency
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knowledge, this is the first reported differentiation of a
raptor’s flight patterns using tracking data. Our results
show differences between flight patterns in terms of
accuracy, precision, true-positive rate, and true-negative
rate. Each class shows over 75% performance in accuracy.
Due to the unbalanced structure (the ratio of positive and
negative cases, the predicted flight and other flight pattern)
in most of the observed data, other measures of the clas-
sification’s performance, such as precision and true-posi-
tive rate, are more informative (Kubat et al. 1998;
Martiskainen et al. 2009).

The classification precision was high for linear and ther-
mal soaring as well as for gliding. The lower precision values
seen for spiral gliding and slope soaring indicate that the
classification method can be problematic in predicting pos-
itive cases (predicted flight pattern) correctly. Most cases of
confusion involved slope soaring. This may be because it
could be the most complex flight pattern, or because it clo-
sely resembles other patterns. Part of the difficulty could lie
in the sampling rate of the flight type, which might have been
too low to discriminate slope soaring well enough. This is in
fact supported by the Nyquist Theorem (also known as the
sampling theorem), according to which the minimum sam-
pling rate must be twice the highest frequency contained in
the flight pattern (Grenander 1959).

Our results reveal that the highest percentage of mis-
classification is seen for spiral gliding, due to the inade-
quate number of samples (Bohrer et al. 2012; Kubat et al.
1998; Mellone et al. 2015) in our current dataset. Since
only two fieldworkers were assigned to collect the obser-
vational dataset in a limited time, there may also have been

@ Springer

T T T

B (ostant speed of data points

10 15 20 25
Instant speed (m/s)

some human error during sightings or recording the bird’s
flight behaviour and this might have affected the dataset.

The true-positive rate was high in the three flight pat-
terns of linear soaring, thermal soaring and gliding. This
implies that fewer negative cases (predicted other flight
pattern) were falsely classified in those flight patterns; in
other words, the true-positive rate shows these three flight
types were more often correctly identified than slope
soaring and spiral gliding. The excellent values (85% and
higher) of the true-negative rate in all the flight types also
shows that the negative cases were correctly classified for
those flight patterns. The value of kappa (0.61 £ 0.06)
shows a substantial classification agreement, which could
be interpreted as demonstrating the method’s success.

For the above flight types, data with finer temporal reso-
lution (e.g., a 1 s interval) of GPS fixes might be useful for
making a more precise and accurate classification. In this
experiment, although we set the measurement interval of the
GPS tracker to 3 s, the retrieved dataset consisted of unequal
intervals. By filtering out the coarse temporal resolution,
some gaps in the dataset decreased the consistency of the
data. Due to the varying success in classifying the flight
types, it might be worthwhile to include various parameters
(e.g., time window) in the classification process. More
specifically, including other parameters (e.g., aspect ratio or
wing loading) would entail considering the traits of each
flight pattern. Another point that could improve classifica-
tion performance is the further optimization of different
flight characteristics (e.g., horizontal vs. vertical speed).

Since we can assume birds’ flight types are affected by the
environmental conditions (Shamoun-Baranes et al. 2004)
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when gathering data in different seasons, there may be an
opportunity to observe and digitally capture more flight
types, particularly those that were seen less often during the
period of this study. We speculate that the Griffon vulture
spent more time in the non-flight mode because we per-
formed the study during the breeding season; the birds would
have been in parental mode and more vigilant than at other
times of the year to protect their chicks from bad weather and
predators (Xirouchakis and Mylonas 2009).

Conclusion

This study investigated the flight types of the Griffon
vulture using high-resolution GPS data and we provide
evidence that such data contains sufficient information to
recognize Griffon vulture’s flight types. In movement
ecology research, our study makes a useful contribution by
providing a new baseline technique using GPS sensor data
to classify a bird’s flight type as a part of its motion
capacity. However, more studies are needed to refine the
properties employed in this classification method, includ-
ing the testing of other types of sensory data (e.g.,
accelerometer data) or the use of different analytical
parameters. Collision risk of the Griffon vulture was
mediated by flight behaviour and it is suggested that a
detailed research on flight behaviour is needed at precise
location where the turbines are installed (Barrios and
Rodriguez 2004), so our study is one step forward to solve
the collision dilemma.
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Table 2 Details of studies pertaining to movement and foraging of Griffon vulture
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et al. (2011)

(Harel et al.

2010)

Xirouchakis and
Mylonas (2009)

Halsey et al.
(2009)

Houston (1974)

Bildstein et al.

characteristics attempts to cross water are influenced by time and weather conditions, (2009)
passage over a water body is limited by Griffon vulture’s over-water
flapping-flight abilities
Satellite tracking A Griffon vulture changed migration direction from south to north and its Berthold et al.
longest flight distance in a day was 80 km (1991)
References golden eagles and turkey vultures. Ecol Lett 15(2):96-103.

https://doi.org/10.1111/j.1461-0248.2011.01713.x

Barrios L, Rodriguez A (2004) Behavioural and environmental
correlates of soaring-bird mortality at on-shore wind turbines.
J Appl Ecol 41(1):72-81. https://doi.org/10.1111/j.1365-2664.
2004.00876.x

Berthold P, Griesinger J, Nowak E, Querner U (1991) Satellite
tracking of a migrating Griffon Vulture in Spain. Satelliten-
Telemetrie Eines Ginsegeiers (Gyps fulvus) in Spanien
132(3):327-329. https://doi.org/10.1007/bf01640542

Bildstein KL, Bechard MJ, 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/.
1474-919X.2009.00919.x

Biro D, Guilford T, Dell’Omo G, Lipp HP (2002) How the viewing of
familiar landscapes prior to release allows pigeons to home
faster: evidence from GPS tracking. J Exp Biol
205(24):3833-3844 (Biol 205:3833-3844)

Bohrer G, Brandes D, Mandel JT, Bildstein KL, Miller TA, Lanzone
M, Tremblay JA (2012) Estimating updraft velocity components
over large spatial scales: contrasting migration strategies of

Bouten W, Baaij EW, Shamoun-Baranes J, Camphuysen KCJ (2013)
A flexible GPS tracking system for studying bird behaviour at
multiple scales. J Ornithol. https://doi.org/10.1007/s10336-012-
0908-1

Calenge C, Dray S, Royer-Carenzi M (2009) The concept of animals’
trajectories from a data analysis perspective. Ecol Inform
4(1):34-41. https://doi.org/10.1016/j.ecoinf.2008.10.002

Cone CD (1962) Thermal soaring of birds. Am Sci 50(1):180-209

Coxeter HSM (1969) Introduction to geometry, 2nd edn. Wiley, New
York (ISBN:978-0471504580)

De Lucas M, Ferrer M, Bechard MJ, Mufioz AR (2012) Griffon

vulture mortality at wind farms in southern Spain: Distribution

of fatalities and active mitigation measures. Biol Conserv
147(1):184-189

Moral JC (2009) El buitre leonado en Espafia. Poblacion

reproductora en 2008 y método de censo. SEO/BirdLife Press,

Madrid, Spain

Dhawan S (1991) Bird flight. Sadhana 16(4):275-352. https://doi.org/
10.1007/b£02745345

Del

@ Springer


https://doi.org/10.1111/j.1365-2664.2004.00876.x
https://doi.org/10.1111/j.1365-2664.2004.00876.x
https://doi.org/10.1007/bf01640542
https://doi.org/10.1111/j.1474-919X.2009.00919.x
https://doi.org/10.1111/j.1474-919X.2009.00919.x
https://doi.org/10.1111/j.1461-0248.2011.01713.x
https://doi.org/10.1007/s10336-012-0908-1
https://doi.org/10.1007/s10336-012-0908-1
https://doi.org/10.1016/j.ecoinf.2008.10.002
https://doi.org/10.1007/bf02745345
https://doi.org/10.1007/bf02745345

324

International Journal of Environmental Research (2018) 12:313-325

Duriez O, Kato A, Tromp C, Dell’Omo G, Vyssotski AL, 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

Ferrer M, de Lucas M, Janss GF, Casado E, Munoz AR, Bechard MJ,
Calabuig CP (2012) Weak relationship between risk assessment
studies and recorded mortality in wind farms. J Appl Ecol
49(1):38-46. https://doi.org/10.1111/j.1365-2664.2011.02054.x

Garcia-Ripollés C, Lopez-Lopez P, Urios V (2011) Ranging
behaviour of non-breeding eurasian griffon vultures Gyps fulvus:
a GPS-telemetry study. Acta Ornithol 46(2):127-134. https://doi.
org/10.3161/000164511X625892

Giannotti G, Giannotti F, Pedreschi D (2008) Mobility, data mining
and privacy: geographic knowledge discovery. Springer, Berlin
(ISBN:3540751777)

Grenander U (1959) Probability and statistics, the Harold Crame’r
Volume. Almqvist & Wiksell, Stockholm

Giiting RH, Schneider M (2005) Moving objects databases. Elsevier,
Oxford (ISBN:0080470750)

Giiting RH, Behr T, Diintgen C (2010) Secondo: a platform for
moving objects database research and for publishing and
integrating research implementations. Fernuniv., Fak. fiir Math-
ematik u. Informatik

Halsey LG, Portugal SJ, Smith J, Murn CP, Wilson RP (2009)
Recording raptor behavior on the wing via accelerometry. J Field
Ornithol  80(2):171-177. https://doi.org/10.1111/j.1557-9263.
2009.00219.x

Harel R, Spiegel O, Nathan R (2010) Influence of hunger level and
prior knowledge regarding food location on foraging behavior in
griffon vulture (Gyps fulvus). Israel J Ecol Evol 56:83—-84

Holyoak M, Casagrandi R, Nathan R, Revilla E, Spiegel O (2008)
Trends and missing parts in the study of movement ecology.
Proc Natl Acad Sci 105(49):19060-19065. https://doi.org/10.
1073/pnas.0800483105

Hoover SL, Morrison ML (2005) Behavior of red-tailed hawks in a
wind turbine development. J Wildl Manage 69(1):150-159

Houston DC (1974) Food searching in griffon vultures. Fr J Ecol
12(1):63-77. https://doi.org/10.1111/j.1365-2028.1974.tb00107.
X

Kenward RE (2000) A manual for wildlife radio tagging. Academic,
New York (ISBN:0080574203)

Kohavi R, Provost F (1998) Glossary of terms. Mach Learn
30(2-3):271-274

Konrad TG, Hicks JJ, Dobson EB (1968) Radar characteristics of
birds in flight. Science 159(3812):274-280. https://doi.org/10.
1126/science.159.3812.274

Kranstauber B, Kays R, LaPoint S, Wikelski M, Safi K (2012) A
dynamic Brownian bridge movement model to estimate utiliza-
tion distributions for heterogeneous animal movement. J Anim
Ecol 81(4):738-746. https://doi.org/10.1111/j.1365-2656.2012.
01955.x

Kubat M, Holte RC, Matwin S (1998) Machine learning for the
detection of oil spills in satellite radar images. Mach Learn.
https://doi.org/10.1023/a:1007452223027

Long JA, Nelson TA (2013) A review of quantitative methods for
movement data. Int J Geogr Inf Sci 27(2):292-318. https://doi.
org/10.1080/13658816.2012.682578

Lopez-Lopez P, Benavent-Corai J, Garcia-Ripollés C, Urios V (2013)
Scavengers on the move: behavioural changes in foraging search
patterns during the annual cycle. PLoS One 8(1):e54352. https://
doi.org/10.1371/journal.pone.0054352

Mandel JT, Bildstein KL, Bohrer G, Winkler DW (2008) Movement
ecology of migration in turkey vultures. Proc Natl Acad Sci USA
105(49):19102-19107. https://doi.org/10.1073/pnas.0801789105

Marques AT, Batalha H, Rodrigues S, Costa H, Pereira MJR, Fonseca
C, Mascarenhas M, Bernardino J (2014) Understanding bird

@ Springer

collisions at wind farms: an updated review on the causes and
possible mitigation strategies. Biol Cons 179:40-52. https://doi.
org/10.1016/j.biocon.2014.08.017

Martiskainen P, Jarvinen M, Skon J-P, Tiirikainen J, Kolehmainen M,
Mononen J (2009) Cow behaviour pattern recognition using a
three-dimensional accelerometer and support vector machines.
Appl Anim Behav Sci 119(1-2):32-38. https://doi.org/10.1016/j.
applanim.2009.03.005

Mellone U, De La Puente J, Lépez-Lopez P, Limifiana R, Bermejo A,
Urios V (2015) Seasonal differences in migration patterns of a
soaring bird in relation to environmental conditions: a multi-
scale approach. Behav Ecol Sociobiol 69(1):75-82

Minami S, Azuma A (2003) Various flying modes of wind-dispersal
seeds. J Theor Biol 225(1):1-14. https://doi.org/10.1016/S0022-
5193(03)00216-9

Monsarrat S, Benhamou S, Sarrazin F, Bessa-Gomes C, Bouten W,
Duriez O (2013) How predictability of feeding patches affects
home range and foraging habitat selection in avian social
scavengers? PLoS One 8(1):e53077. https://doi.org/10.1007/
500265-014-1818-4

Nathan R, Getz WM, Revilla E, Holyoak M, Kadmon R, Saltz D,
Smouse PE (2008) A movement ecology paradigm for unifying
organismal movement research. Proc Natl Acad Sci USA
105(49):19052-19059. https://doi.org/10.1073/pnas.0800375105

Nathan R, Spiegel O, Fortmann-Roe S, Harel R, Wikelski M, Getz
WM (2012) Using tri-axial acceleration data to identify behav-
ioral modes of free-ranging animals: general concepts and tools
illustrated for griffon vultures. J Exp Biol 215(6):986-996.
https://doi.org/10.1242/jeb.058602

Newton I (2010) The migration ecology of birds. Academic, New
York (ISBN:0080554830)

Nowak E, Berthold P, Querner U (1990) Satellite tracking of
migrating Bewick’s swans. A European pilot study. Naturwis-
senschaften 77(11):549-550. https://doi.org/10.1007/
BF01139272

Pennycuick CJ (1971) Gliding flight of the white-backed vulture Gyps
africanus. J Exp Biol 55(1):13-38 (Biol: 1971 55:13-38)

Pennycuick CJ (1972) Soaring behaviour and performance of some
east African birds, observed from a motor glider. IBIS
114(2):178-218. https://doi.org/10.1111/j.1474-919X.1972.
tb02603.x

Pennycuick CJ (1973) The soaring flight of vultures. Sci Am
229:102-109.  https://doi.org/10.1038/scientificamerican1273-
102

Pennycuick CJ (2008) Modelling the flying bird, vol 5. Elsevier,
Oxford (ISBN:0080557813)

Pennycuick CJ, Scholey KD (1984) Flight behavior of Andean
condors Vultur gryphys and Turkey vultures Cathartes aura
around the Paracas Peninsula, Peru. Ibis 126(2):253-256. https://
doi.org/10.1111/§.1474-919X.1984.tb0800S5.x

Reading RP, Maude G, Hancock P, Kenny D, Garbett R (2014)
Comparing different types of patagial tags for use on vultures.
Vulture News 67(2):33-42. https://doi.org/10.4314/vulnew.
v67i2.3

Roy OZ, Hart JS (1963) Transmitter for telemetry of biological data
from birds in flight. IEEE Trans Bio-Med Eng 10:114-116.
https://doi.org/10.1109/TBMEL.1963.4322809

Schemnitz SD, Owen RJ (1969) 9. Pilot radio-telemetry studies of
woodcock in Maine. In: Paper Presented at the 3rd American
woodcock workshop. Orono, Maine, USA

Shamoun-Baranes J, Bouten W, Van Belle J, Buurma L, Van
Gasteren H (2004) Influence of meteorological conditions on
flight altitudes of birds. In: 16th biometeorology and aerobiol-
ogy, pp 96-98

Shepard ELC, Lambertucci SA, Vallmitjana D, Wilson RP (2011)
Energy beyond food: foraging theory informs time spent in


https://doi.org/10.1371/journal.pone.0084887
https://doi.org/10.1111/j.1365-2664.2011.02054.x
https://doi.org/10.3161/000164511X625892
https://doi.org/10.3161/000164511X625892
https://doi.org/10.1111/j.1557-9263.2009.00219.x
https://doi.org/10.1111/j.1557-9263.2009.00219.x
https://doi.org/10.1073/pnas.0800483105
https://doi.org/10.1073/pnas.0800483105
https://doi.org/10.1111/j.1365-2028.1974.tb00107.x
https://doi.org/10.1111/j.1365-2028.1974.tb00107.x
https://doi.org/10.1126/science.159.3812.274
https://doi.org/10.1126/science.159.3812.274
https://doi.org/10.1111/j.1365-2656.2012.01955.x
https://doi.org/10.1111/j.1365-2656.2012.01955.x
https://doi.org/10.1023/a:1007452223027
https://doi.org/10.1080/13658816.2012.682578
https://doi.org/10.1080/13658816.2012.682578
https://doi.org/10.1371/journal.pone.0054352
https://doi.org/10.1371/journal.pone.0054352
https://doi.org/10.1073/pnas.0801789105
https://doi.org/10.1016/j.biocon.2014.08.017
https://doi.org/10.1016/j.biocon.2014.08.017
https://doi.org/10.1016/j.applanim.2009.03.005
https://doi.org/10.1016/j.applanim.2009.03.005
https://doi.org/10.1016/S0022-5193(03)00216-9
https://doi.org/10.1016/S0022-5193(03)00216-9
https://doi.org/10.1007/s00265-014-1818-4
https://doi.org/10.1007/s00265-014-1818-4
https://doi.org/10.1073/pnas.0800375105
https://doi.org/10.1242/jeb.058602
https://doi.org/10.1007/BF01139272
https://doi.org/10.1007/BF01139272
https://doi.org/10.1111/j.1474-919X.1972.tb02603.x
https://doi.org/10.1111/j.1474-919X.1972.tb02603.x
https://doi.org/10.1038/scientificamerican1273-102
https://doi.org/10.1038/scientificamerican1273-102
https://doi.org/10.1111/j.1474-919X.1984.tb08005.x
https://doi.org/10.1111/j.1474-919X.1984.tb08005.x
https://doi.org/10.4314/vulnew.v67i2.3
https://doi.org/10.4314/vulnew.v67i2.3
https://doi.org/10.1109/TBMEL.1963.4322809

International Journal of Environmental Research (2018) 12:313-325

325

thermals by a large soaring bird. PLoS One 6(11):e27375.
https://doi.org/10.1371/journal.pone.0027375

Smouse PE, Focardi S, Moorcroft PR, Kie JG, Forester JD, Morales
JM (2010) Stochastic modelling of animal movement. Philos
Trans R Soc B Biol Sci 365(1550):2201-2211. https://doi.org/
10.1098/rstb.2010.0078

Spiegel O, Harel R, Getz WM, Nathan R (2013) Mixed strategies of
griffon vultures’(Gyps fulvus) response to food deprivation lead
to a hump-shaped movement pattern. Mov Ecol 1(1):5

Stehman SV (1997) Selecting and interpreting measures of thematic
classification accuracy. Remote Sens Environ 62(1):77-89

Tomkiewicz SM, Fuller MR, Kie JG, Bates KK (2010) Global
positioning system and associated technologies in animal
behaviour and ecological research. Philos Trans R Soc B Biol
Sci 365(1550):2163-2176.  https://doi.org/10.1098/rstb.2010.
0090

Tucker VA (2000) Gliding flight: drag and torque of a hawk and a
falcon with straight and turned heads, and a lower value for the
parasite drag coefficient. J Exp Biol 203(24):3733-3744

Videler JJ (2005) Avian flight. Oxford University Press Inc., Oxford.
ISBN 978-0-19856603-8

Viera AJ, Garrett JM (2005) Understanding inter observer agreement:
the kappa statistic. Fam Med 37(5):360-363

Weimerskirch H, Bonadonna F, Bailleul F, Mabille G, Dell’Omo G,
Lipp HP (2002) GPS tracking of foraging albatrosses. Science
295(5558):1259. https://doi.org/10.1126/science.1068034

Weiss GM, Provost F (2001) The effect of class distribution on
classifier learning: an empirical study. Rutgers University.
Technical Report ML-TR-44

Xirouchakis SM, Andreou G (2009) Foraging behaviour and flight
characteristics of Eurasian griffons Gyps fulvus in the island of
Crete, Greece. Wildl Biol 15(1):37-52

Zalles JI, Bildstein KL (2000) Raptor watch a global directory of
raptor migration sites (No. 598.9 R221). Birdlife International,
Cambridge

@ Springer


https://doi.org/10.1371/journal.pone.0027375
https://doi.org/10.1098/rstb.2010.0078
https://doi.org/10.1098/rstb.2010.0078
https://doi.org/10.1098/rstb.2010.0090
https://doi.org/10.1098/rstb.2010.0090
https://doi.org/10.1126/science.1068034

	Identification of Griffon Vulture’s Flight Types Using High-Resolution Tracking Data
	Abstract
	Background
	Materials and Methods
	Study Area and Species
	Tracking Device
	Collecting Data from a Free-Ranging Vulture
	Data Preparation
	Flight Types
	Flight Classification
	Evaluation of Flight Pattern Differentiation

	Results
	Discussion
	Conclusion
	Acknowledgements
	Author Contributions
	Appendix
	References




