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Several studies have shown in different organisms how their movements can be fitted
to different patterns to optimize search of food resources. According to abundance
and availability of resources, different strategies will be optimal, such as Lévy and
Brownian random search. We analyze the movement patterns of four species of
migratory raptors with different degrees of ecological specialization in diet during the
breeding and wintering periods to evaluate the differences according to species and
season: the Egyptian Vulture, the Short-toed Snake Eagle, the Booted Eagle, and the
Red Kite. From GPS locations, we obtained a set of segments and lengths that were
analyzed to verify their fitting to the functions of Lévy and Brownian strategies. Egyptian
Vulture’s trajectories fitted to both patterns during the breeding period, whereas during
the wintering period most trajectories fitted a Brownian pattern. In the case of the Short-
toed Eagle, fit was greater to a Lévy strategy throughout the year, while Booted Eagles
and Red Kites exhibited a combination of search patterns. These differences could be
accounted for different feeding strategies and environmental context over the annual
cycle. In species with a specialized diet (i.e., Short-toed Eagle) the Lévy pattern would
maximize the encounters with scarce and unpredictable resources, whereas for species
with a broad trophic niche (i.e., Booted Eagle and Red Kite), movements could be
adapted to exploit different resources according to their abundance. Scavengers like
the Egyptian Vulture shift also between search strategies according to the distribution
of carrion. Therefore, the analysis of food search patterns can be used as an indirect
indicator to track changes in food availability across a broad range of environmental
conditions. This is particularly important under the current context of global change
which is largely expected to affect migratory species that spend their vital cycle in
distant areas.
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INTRODUCTION

Animals have different strategies to locate food resources,
related to their movement capacity. This searching for food
is an essential activity because it influences their survival and
reproduction. Therefore, it is expected that search strategies
should maximize the number of encounters with target resources,
while minimizing movement costs (Zollner and Lima, 1999).
Depending on environmental conditions, different strategies
will be optimal. Recent studies have shown that birds travel
farther distances in homogeneous environments as a result of
distribution and abundance of food resources (Tucker et al.,
2019). In these homogeneous environments animals are expected
to use random search strategies (Mueller and Fagan, 2008; Sims
etal., 2012).

In recent years, special attention has been drawn to two
strategies of random movement: the Brownian pattern and
the Lévy motion (e.g., Viswanathan et al., 2011; Sims et al,
2012; Reyna-Hurtado et al., 2018). The Brownian search would
be the most appropriate in productive environments, with
abundant and predictable resources (Viswanathan et al., 1996,
2011; Humphries et al, 2010), while if resources are scarce
and unpredictably distributed, the most advantageous strategy
would be a Lévy food search strategy (Viswanathan et al., 1996,
1999; Bartumeus et al., 2002, 2005; Humpbhries et al., 2010). The
Brownian pattern consists of a set of random short movements
whereas the Lévy search strategy is a fractal movement that
combines an elevated number of small displacements connected
by long distance steps, covering large distances (Viswanathan
etal., 1996, 1999; Bartumeus et al., 2005). Although some studies
suggest that Lévy movements would be less frequent than it was
previously thought (Benhamou, 2007; Edwards et al., 2007; Pyke,
2015; Auger-Méthé et al., 2016), others provide evidence of this
behavior in different animals, such as insects (Reynolds et al.,
2007; Reynolds and Frye, 2007; Miramontes et al., 2014), primates
and other mammals (Austin et al., 2004; Ramos-Ferndndez et al.,
2004; Boyer et al., 2006; Focardi et al., 2009; Ramos et al., 2016;
Reyna-Hurtado et al., 2018), predatory fish (Sims et al., 2008,
2012; Humphries et al., 2010), or birds (Viswanathan et al., 1996;
Reynolds, 2012, 2014; Lépez-Lopez et al., 2013; Reynolds et al,,
2015).

Due to the importance on how trophic niche determine food
search strategies (e.g., Sims et al., 2012; Reyna-Hurtado et al,
2018), here we analyze the movement patterns of four migratory
raptors with different degrees of ecological specialization in their
diet: the Egyptian Vulture Neophron percnopterus (an scavenger),
the Short-toed Snake Eagle Circaetus gallicus (with a specialized
diet), the Booted Eagle Aquila pennata and the Red Kite Milvus
milvus (both with a much varied diet that ranges from a generalist
predator in the former and a facultative scavenger in the latter).
All four are migratory species that use largely soaring flight
for displacement, but with differences in their feeding behavior.
Due to their migratory behavior, these species use areas in
different geographical regions and are thus excellent indicators
of environmental change. Egyptian Vultures, Booted Eagles, and
Short-toed Snakes Eagles have their breeding areas in Western
Europe and their wintering quarters in the Sahel (Cramp and

Simmons, 1980), while the majority of Red Kite populations
breed in Central Europe and move to the Iberian Peninsula to
spend the winter there (Fabienne, 2009; De la Puente and De la
Torre, 2015).

In the case of the Egyptian vulture, differences in the
movement patterns between breeding and wintering periods
were reported by Lopez-Lopez et al. (2013), alternating search
strategies according to the environmental context. Following
Lopez-Lopez et al. (2013) rationale, we will extend our analyses
to four species and we predict that there will be differences
among them depending on geographic region, period of year
and trophic niche of each species. Therefore, we analyzed their
movements to assess if they fit to Lévy or Brownian movement
patterns using GPS tracking information. Specifically, our main
objectives were: (1) to identify foraging movement patterns and
test for differences among species according to trophic niche; and
(2) to check if foraging strategies vary according to season and
environmental context.

MATERIALS AND METHODS

Data Collection

For this study, we used data corresponding to 39 individuals
of four migratory raptor species tagged with GPS satellite
transmitters. All birds were captured in different Spanish
provinces, except for two Short-toed Eagles in Italy
(Supplementary Table 1). Six Egyptian Vultures were captured
between 2007 and 2009 (see Garcia-Ripollés et al., 2010 for
details), 14 Booted Eagles between 2011 and 2014 (see Mellone
et al., 2013, 2015; Urios et al., 2017), seven Short-toed Eagles
between 2008 and 2010 (see Pavon et al., 2010; Mellone et al.,
2011), and 12 central European migratory Red Kites trapped in
Spanish wintering grounds between 2013 and 2015. Egyptian
Vultures and Booted Eagles were all adult individuals, whereas
Red Kites were in general adults but three were first winter
individuals (Supplementary Table 1). Short-toed Eagles were
nestlings tagged in their nests when they were 55-60 days old. In
all cases, GPS satellite transmitters were attached to the back of
the animals using a tubular Teflon harness, which was tied with a
cotton thread to ensure that the harness falls from the bird at the
end of the tag’s life (Garcelon, 1985). Equipment’s weight was less
than 3% of bird’s body mass, which is within the recommended
limits (Kenward, 2001).

Egyptian Vultures’ and Short-toed Snake Eagles’ transmitters
(45 g solar-powered GPS tags from Microwave Telemetry Inc.)
were programmed to register locations every 2 h for both
breeding and wintering period, Booted Eagles™ tags (22-g PTT-
100 solar-powered Argos/GPS from Microwave Telemetry Inc.,
n=9;20-23-g SAKER GPS-GSM from Ecotone Telemetry, n = 4;
22-g Quantum 4000 Enhanced GPS data-logger from Telemetry
Solutions, n = 1) to record locations every hour, and Red Kites’
tags every 1-2 h depending on the dates (22-g PTT-100 solar-
powered Argos/GPS from Microwave Telemetry Inc., n = 3; 35-g
GPS-GSM transmitter from North Star Science and Technology,
n = 2) or only on an hourly basis (20-21-g SAKER GPS-GSM
from Ecotone Telemetry, n = 7). Only locations recorded between
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6:00 and 21:00 h (Greenwich Mean Time) were considered for
this study, excluding nocturnal movements since all four species
are diurnal. Relocations were filtered to exclude possible errors
(i.e., 0-0 coordinates) as well as those corresponding to spring
and autumn migrations. Thereby, only locations corresponding
to the breeding/summering and wintering periods were selected.
Following Lopez-Lopez et al. (2013), we defined a step as
an interval in which any or both of the coordinates in two
consecutive samples differed. The step length was calculated as
the Euclidean distance between two consecutive positions, and
due to the nominal accuracy of the GPS, distances below 25 m
were eliminated. The last step of the day finishes at 21:00 h and
the first step of the next day starts at 6:00 h. All steps used for the
analysis were calculated with the same time lapse between fixes (1,
2, or 3 h depending on the data available for each season). With
this time lapse, the splicing of the segments in the same direction
is something exceptional during foraging, so each step can be
considered independent of the others. Therefore, the distribution
of move-step-length was obtained for each dataset (i.e., species-
individual-year-period). In case of the juvenile Short-toed Snake
Eagles, the period between the tagging and the onset of the first
autumn migration was not taken into account for the analysis,
since they were linked to the nest. Unlike Egyptian Vultures,
Booted Eagles and Red Kites, which spent the summer months
in Europe, Short-toed Snake Eagles did not breed and spent the
spring-summer period in staging areas located in northern Africa
(Mellone et al., 2011).

Model Fitting

We followed the methodology described in Lopez-Lopez et al.
(2013) to fit the distribution of each dataset to Lévy and
Brownian strategies. The Lévy flight was tested using the
probability density function of a truncated Pareto distribution
(TP), and the Brownian movement using the probability density
function of a truncated exponential distribution (TEXP) and
also a hyper-exponential distribution composed of two weighted
exponential functions (a composite Brownian walk, CBW) (see
Supplementary Material).

We used the Maximum Likelihood Estimation (MLE) to
estimate the parameters of power-law distributions (White
et al., 2008). We increased iteratively the values of xXuin
[Xmax was defined as the maximum value observed in the
move-step-lengths distribution dataset (Jansen et al, 2012)]
taken from each dataset (species-individual-year-period) and
we estimated the parameters of the equations of the three
different models (Clauset et al., 2009). Therefore, we obtained
as many sub-sets with different number of step lengths as
different values of Xy, although we stopped the fitting
algorithm when it reached the percentile 80% of the data
to allow that a substantial amount of data was fitted to the
tail of the candidate distribution (Humphries et al., 2010,
2012).

Maximum Likelihood Estimation equations used for fitting
(Supplementary Material) were solved numerically maximizing
the log-likelihood function of each model (Supplementary
Figure 1). The corrected 8-Kolmogorov-Smirnov (K-S) test
was used to test the goodness of fit (GOF) of the candidate

TABLE 1 | Steps used for the movement fitting to Lévy and Brownian foraging
strategies.

Breeding/summering period Wintering period

N° valid Steps/ N° valid Steps/
steps season steps season

Egyptian 6364 227 £ 141 17055 710 £183
Vulture
Booted Eagle 11396 380 + 301 10401 495 + 283
Short-toed 2870 478 + 68 8518 774 £ 355
Snake Eagle
Red Kite 11296 706 £ 723 5909 394 + 453

The number of valid steps for each species and the steps per season according to
breeding or wintering period are shown.

distributions (Sokal and Rohlf, 1994), a method that tested the
maximum distance between the observed and the estimated
cumulative distribution function (equations used for these
calculations are available in Supplementary Material).

For the selection of the best parameters for each model, we
excluded combinations of parameters that did not fit in statistical
terms using the K-S test (McGill, 2003; Edwards, 2008) and we
selected the best fit among the different sub-sets of data within
each dataset (species-individual-year-period) for each one of the
candidate distributions (see Lopez-Lopez et al., 2013 for more
details about the procedure).

Once the best fits for each tested model were obtained, in
case there was more than one that gave significant results,
we used model selection criteria to select the best model.
We selected the two models that showed the best/lowest
corrected GOF index and we obtained the Akaike weights
(AICw; Burnham and Anderson, 2002; Johnson and Omland,
2004; see Supplementary Material) for each model and its
competing model (calculated fitting the other model to the same
sub-set of data). Then, we applied a truth-table (Humphries
et al., 2012; Supplementary Figure 1) to evaluate the trade-
off between goodness of fit and the number of steps used for
fitting the model.

Statistical Analysis

We tested the differences between frequencies of foraging
patterns within the two studied periods (breeding and wintering)
for each species using a one-way contingency table with
Yates’s chi-squared test. We also evaluated the differences in
the frequencies of foraging patterns between breeding and
wintering periods for each species using chi-squared tests
in two-way contingency tables, and likewise we tested the
differences among species within each period. The effect
of individuals was controlled creating a null distribution
of the test statistic (¥%s,) with Monte Carlo simulations
(Gotelli and Ellison, 2004) permuting 10000 times the
winning models between periods within each individual
(Anderson and Ter Braak, 2003). P-value was calculated as
the percentage of times that x2,,, was strictly greater than
¥2sim (Gotelli and Ellison, 2004). Mann-Whitney test (data
failed test for normality) was used to compare the descriptive
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variables between periods according to the species. The
model fitting and selection were performed with MATLAB
version 7.7.0 and the statistical analyses with IBM SPSS
Statistics version 22.0.

RESULTS

The number of tracking seasons and locations for each
individual is detailed in the Supplementary Table 2. The
number of tracking season oscillated between 5 and 13
seasons for the Egyptian Vulture individuals, between 3 and
10 seasons for Booted Eagles, between 1 and 5 for Short-
toed Snake Eagles, and between 1 and 7 for Red Kites.
Overall, we recorded 44310 locations for Egyptian Vultures
(average = 852 % 548 locations/season), 44938 for Booted Eagles
(average = 881 + 567 locations/season), 20011 for Short-toed
Snake Eagles (average = 1177 =+ 585 locations/season), and 22952
(average = 740 £ 769 locations/season) for Red Kites.

We obtained a total of 74489 valid steps (Table 1). The number
of steps per season differed significantly between periods for the
Egyptian Vulture (Mann-Whitney test: Z = —5.580, p < 0.001)
and Booted Eagle (Z = —2.115, p = 0.034), but not for the Short-
toed Snake Eagle (Z = —1.608, p = 0.108) and the Red Kite
(Z=—1.305, p = 0.192).

The frequency of foraging search patterns varied among
species: for the Egyptian Vulture, 14.3% of trajectories fitted
a Lévy pattern, 46.4% fitted a Brownian pattern and 39.3%
did not fit any pattern during the breeding period (n = 28),
whereas during the wintering period (n = 24) most trajectories
fitted a Brownian pattern (91.7%) (Figure 1). These differences
between both periods were significant (p = 0.002), in the
same way that within the wintering period (p < 0.0001), but
not within the breeding period (p = 0.096). In the case of
Booted Eagles, both during the breeding (n = 30) and wintering
(n =21) periods there were a combination of patterns (Figure 1),
without significant differences between them (p = 0.402) or
within them (p = 0.365 and p = 0.961, respectively). In the
case of Short-toed Snake Eagles, both during the summering
(n = 6) and wintering (n = 11) periods the fit was much
larger to a Lévy strategy: 66.7 and 63.6% of trajectories,
respectively (Figure 1), without significant differences between
both periods (p = 0.288); the differences were consistent within
the wintering period (p = 0.041) but not for the summering
(p = 0.378). For the Red Kite, the results were similar to
those found for the Booted Eagle, with a combination of
patterns for both periods [without significant differences between
them (p = 0.245)]. There was larger fit to Lévy strategy
[43.8% during the breeding (n = 16) and 66.7% during the
wintering period (n = 15)] but also some fit to Brownian
pattern (Figure 1). In this latter case, differences were significant
within the wintering period (p = 0.007), but not during the
breeding period (p = 0.541). Overall, considering the four
species, significant differences for the search strategies were found
among them for the wintering period (p < 0.0001), but not
for the summer period (p = 0.063), when a combination of
patterns was observed.

DISCUSSION

The distribution and abundance of food resources can determine
the different foraging search strategies (Humphries et al., 2010;
Sims et al., 2012). Lévy’s flights would optimize the search for
scarce and unpredictable resources, with the combination of
short displacements and long distance relocation movements,
and the Brownian pattern of more abundant and regularly
distributed resources (Viswanathan et al, 1996; Shlesinger,
2009; Humphries et al., 2010; Reyna-Hurtado et al., 2018). So,
considering these resources, the different diet could also influence
the search patterns.

Our results showed that movement patterns vary in relation
to the species and period considered (Figure 2), since there
is a change in the environmental conditions. Our results for
the Egyptian Vulture confirm those obtained by Lopez-Lopez
et al. (2013), but now with a larger sample. Egyptian vulture’s
movement patterns are influenced by its scavenging behavior,
which is fundamentally based on carrion, although occasionally
it can feed on small prey (Ferguson-Lees and Christie, 2001)
and also by the different environmental context between its
breeding and wintering areas (Anadon et al, 2010). Human
dominated landscapes with the occurrence of predictable sources
of food (i.e., vulture restaurants, legal and illegal dumping sites
associated to intensive farming) prevail in the Iberian Peninsula.
This could explain the combination of patterns observed during
the breeding season, while in the Sahel, with a lower degree of
human alteration of landscapes, the availability of food due to
extensive livestock farming (Zwarts et al., 2009) eases finding
food resources during wintering, hence being the Brownian
pattern the preferred option (Lopez-Lopez et al., 2013).

In case of the Short-toed Eagle, we found a very different
behavior that can be explained by its diet independently of
the environmental context: both during summer, when the
immature individuals range across northern Africa (Mellone
et al., 2011), and in the wintering period in the Sahel, there
was a predominant fit to the Lévy motion. This species has a
more specialized diet, mostly based on snakes (Del Hoyo et al,,
1994; Gil and Pleguezuelos, 2001), so facing such unpredictable
resources in both environments (northern Africa and the Sahel),
the Lévy pattern would maximize the encounters with them. It
is necessary to take into account that the studied individuals
were juvenile/immature individuals. Therefore, the Lévy search
seems an optimal foraging strategy due to their lack of experience,
which allows them to cover larger geographic areas in search
for food with long distance steps in combination with short
displacements to explore the terrain. Notwithstanding, some
individuals (#80421, #80424) followed a Lévy strategy also during
consecutive seasons in both periods (Supplementary Table 3)
when they were in their 2nd-3rd calendar year, occupying the
same area as the previous year, so inexperience would not be the
only factor that would explain the preference for this pattern.

With regards to the Booted Eagle and the Red Kite, the
two generalist species, results were different. Booted Eagles
tracked here breed in the Iberian Peninsula and winter in the
Sahel region (Lopez-Lopez et al., 2016; Vidal-Mateo and Urios,
2017). Interestingly, Booted eagles exhibit a combination of
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FIGURE 1 | Frequency of Lévy and Brownian foraging search patterns of four raptor species (Egyptian Vulture, Booted Eagle, Short-toed Snake Eagle, and Red Kite)
tracked by GPS satellite telemetry during the breeding/summering (A) and wintering season (B). Egyptian Vultures, Booted Eagles, and Short-toed Snakes Eagles
had their wintering quarters in the African Sahel and the breeding/summering areas in the Iberian Peninsula (except the juvenile Short-toed Snake Eagles that spent
the summer in northern Africa), whereas Red Kites spent the wintering season in the Iberian Peninsula and the breeding/summering season in Central Europe.

movement patterns in both periods. This species feeds mainly
on small and medium-sized birds, but also on small mammals,
and occasionally even insects (Cramp and Simmons, 1980;
Garcia-Dios, 2017), so that it could adapt its movements to
exploit different food resources according to their abundance.
Furthermore, many individuals shifted from one pattern to
another in successive periods depending on environmental
context (i.e., Iberian Peninsula or Sahel). Our results showed
high individual variation, with some individuals following the
same strategy during consecutive seasons within the same period
(e.g., #917224211 followed the Lévy motion during the breeding

period), while others shifted between the Brownian and Lévy
pattern (e.g., #68328 or #118180; Supplementary Table 3). This
variability has been observed in other animals, e.g., with marine
birds (Humphries et al., 2012). The cognitive abilities and the
capacity to recognize the suitable places used previously for
feeding can be determining in this variation of the individual
response (Hills, 2006; Gautestad, 2011; Lundy et al., 2012).
Similar results were found for the Red Kite, which exhibited a
combination of search patterns during breeding and wintering
periods, although in different environments than the other
studied species. In this case, Red Kites tracked here breed in
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(B) Booted Eagle] and Lévy pattern [(C) Short-toed Snake Eagle and (D) Red Kite].

FIGURE 2 | Lévy and Brownian trajectories. Examples of four tracks of raptors tracked by GPS satellite telemetry that fitted to the Brownian [(A) Egyptian Vulture;

Central Europe (Switzerland, Germany, and Poland) and winter
in the Iberian Peninsula. This species is a facultative scavenger
with a generalist diet, which feeds on small mammals, birds,
reptiles or amphibians, and even carrion in dumps (Cramp
and Simmons, 1980). Therefore, this ability to take advantage
of different resources according to their availability (Blanco
et al., 1990) could explain the observed variation in foraging
search patterns. Unlike specialist predators such as the Short-
toed Snake, Booted eagles and Red Kites have a generalist diet
and this would allow them to occupy different habitats to find
their food resources.

Animals can change their search strategies according to
the abundance and distribution of resources (Humphries
et al, 2010). Overall, our study provides empirical support
for the predominance of Lévy walk foraging strategy in
dietary specialists. However, the Brownian pattern occurs in
combination with a Lévy foraging strategy in more generalist
species, which exhibit a different functional response (typically
a Type II or Type III sensu Holling, 1959) in relation to food
density (Viswanathan et al., 1999) and with a preference for preys,
that can change according to their abundance (Chesson, 1984).
Other studies have reported this influence of feeding and food
availability, such as Reyna-Hurtado et al. (2018), with primates
according if they were frugivores or folivores. In this regard,
individual variation can play an important role, with memory and
cognitive abilities influencing resource search strategies, so not
only environmental conditions and prey density would explain
the shift from a Lévy to a Brownian search pattern (Hills, 2006;

Wolf et al., 2009; Fronhofer et al., 2013). Indeed, these four
species show a high level of wintering site fidelity with a good
knowledge of the areas they occupy (Nachtigall, 2008; Garcia-
Ripollés et al., 2010; Pavon et al., 2010; Lopez-Lopez et al., 2014;
Vidal-Mateo and Urios, 2017), and however, some individuals
shifted the search pattern in successive years of the same annual
period and others repeated the pattern (Supplementary Table 3).
There were also some periods that did not fit to any of the studied
patterns; these periods spanned months and therefore, although
we filtered the data to exclude the migratory movements and the
locations corresponding to resting times, other mixed or more
complex behaviors may be included in the displacements and not
only the search for resources (Edwards et al., 2007). In addition,
animals can use more complicated strategies that do not have
to be adjusted to the used models, which do not include all the
factors that can affect the movement (Auger-Méthé et al., 2016).
In a scenario of global change, animals are forced to adapt
their movements to the new conditions of the environment. As
well as changes in movement patterns can be observed over
the annual cycle depending on the environmental context, it is
expected to observe these changes in movements according to
possible alterations in the environment that affect the distribution
of resources. Consequently, changes in the abundance and
availability of resources could be reflected in movement patterns.
In species with movements that fit predominantly to a Lévy
pattern, the importance of preserving specific areas all over
their range where they can find their food resources is essential.
While, for those species that follow a Brownian search strategy,
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this measure would not be as effective. Finally, the analysis
of food search patterns can be used as an indirect indicator
to track changes in food availability across a broad range of
environmental conditions all over the annual cycle. This is
particularly important under the current context of global change
which is largely expected to affect migratory species that spend
their vital cycle in distant areas sometimes subject of different
conservation scenarios.
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