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ABSTRACT: Animal movements exhibit an almost universal pattern
of fat-tailed step-size distributions, mixing short and very long steps.
The Lévy flight foraging hypothesis (LFFH) suggests a single optimal
food search strategy to explain this pattern, yet mixed movement
distributions are biologically more plausible and often convincingly
fit movement data. To confront alternative explanations for these
patterns, we tracked vultures of three species in two very different
ecosystems using high-resolution global positioning system/acceler-
ometer tags accompanied by behavioral, genetic, and morphological
data. The Lévy distribution fitted the data sets reasonably well, match-
ing expectations based on their sparsely distributed food resources;
yet the fit of mixed models was considerably better, suggesting dis-
tinct movement modes operating at three different scales. Specifically,
long-range forays (LRFs)—rare, short-term, large-scale circular jour-
neys that greatly exceed the typical foraging range and contribute to
the tail-fatness of the movement distribution in all three species—
do not match an optimal foraging strategy suggested by the LFFH.
We also found no support for preferred weather conditions or pop-
ulation genetic structure as alternative explanations, so the hypothesis
that LRFs represent failed breeding dispersal attempts to find mates
remains our most plausible explanation at this time. We conclude
that inference about the mechanisms underlying animal movements
should be confronted with complementary data, and suggest that
mixed behavioral modes likely explain commonly observed fat-tailed
movement distributions.

Keywords: movement ecology, Lévy flight foraging hypothesis, sex-
biased dispersal, fat-tailed step-size distribution, wildlife bioteleme-
try, 3-D accelerometers.
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Introduction

Movement of organisms plays a key role in a wide range
of evolutionary and ecological processes and receives in-
creasing attention (Holyoak et al. 2008; Nathan et al.
20084; Giuggioli and Bartumeus 2010). Long-range move-
ments may be infrequent during an individual’s lifetime,
but such movements are of particular interest as key driv-
ers of metapopulation dynamics, colonization, population
spread, and biological invasions (Nathan et al. 2008b).
Movement patterns are typically shaped by complex in-
teractions among various internal and external factors. Yet
our ability to dissect the different factors and identify the
underlying mechanisms are often hampered by method-
ological limitations (Nathan et al. 20084, 2012).
Long-range movements, well beyond the spatial scale of
typical movements, occur in many animals, giving rise to
probability density functions of observed step sizes with
fatter tails than Gaussian or Exponential distributions.
Consequently, distributions generated from Lévy flights or
composite Brownian walks commonly provide better fits
to step-size data (Bartumeus et al. 2005; Sims et al. 2008;
Santos et al. 2009; Bazazi et al. 2012; Humphries et al.
2012; Jansen et al. 2012). The generality of fat-tailed dis-
tributions across a large variety of animals, environments,
and movement types (Viswanathan et al. 1999; Sims et al.
2008; James et al. 2011; Humphries et al. 2012) has led
to formulation of the Lévy flight foraging hypothesis
(LFFH). The LFFH asserts that Lévy-like step-size distri-
butions reflect an optimal search strategy in which a for-
ager switches between exponentially bounded (Brownian)
and highly directional (ballistic) movement modes, thus
allowing for both efficient short-step local searches and
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long-step displacement far beyond the intensively searched
zone (Viswanathan et al. 1999; Lomholt et al. 2008; Bén-
ichou et al. 2011; Bazazi et al. 2012). The ongoing debate
on the LFFH refers to various methodological concerns
(Edwards et al. 2007; Edwards 2011; James et al. 2011)
and to the validity of the model for real-life conditions,
where external factors affect the search pattern (Benhamou
2007; Reynolds 2008; Petrovskii et al. 2011; Jansen et al.
2012; Palyulin et al. 2014). Some of the LFFH’s initial
prerequisites have now been relaxed (e.g., resource dis-
tribution; Lomholt et al. 2008) and applied for study sys-
tems ranging from albatrosses to Escherichia coli (Bénichou
et al. 2011). Recently, however, it was suggested that the
LFFH reflects intrinsic behavior in the absence of external
information (Bazazi et al. 2012; Salvador et al. 2014).

The need to carefully infer mechanisms from patterns
is well established in ecology (Levin 1992). A good fit of
an observed step-size distribution for a fat-tailed function
might not necessarily entail support for the LFFH (Ben-
hamou 2007; James et al. 2011; Jansen et al. 2012), because
other mechanisms, separately or jointly, can give rise to
the same pattern (Benhamou 2007; Petrovskii et al. 2011;
Jansen et al. 2012). To date, studies arguing for (or against)
the LFFH have seldom provided independent evidence to
support (or refute) this hypothesis (but see Humphries et
al. 2012). The active debate on this topic emphasized the
need to develop in-depth understanding of the mecha-
nisms and motivation underlying animal movements in
general (Nathan et al. 20084) and fat-tailed step-size dis-
tributions in particular. Here we propose that this chal-
lenge can be addressed by analyzing independent data sets
complementary to the movement data in a manner that
examines evidence for or against alternative mechanisms.
We illustrate this approach by focusing on a particular
type of long-range movement known as long-range forays
(LRFs), which effectively contribute to the fatness of step-
size distributions.

LRFs are relatively short-term spatially extended move-
ments in which individuals depart from their regular for-
aging area, travel to remote locations, and return to the
original core area (here we document LRFs of a few hun-
dred kilometers over periods of days to weeks, but both
temporal and spatial scale may differ significantly among
study systems). LRFs are typically studied in the context
of foraging, suggested to reflect an adaptive exploratory
strategy (Conradt et al. 2003) for exploiting remote food
patches (e.g., Viswanathan et al. 1999; Reynolds 2008;
Humphries et al. 2012; Lopez-Lopez et al. 2013) and pos-
sibly other resources. Nevertheless, LRFs might also be
part of fundamentally different movement phenomena,
such as migration and dispersal. LRFs resemble migratory
journeys in having a loop pattern and differ in lacking
intraspecific synchronization and distinct temporal struc-

ture characterizing migration; these differences, however,
are not sufficient to discriminate LRFs from migration,
because LRFs might reflect age- and sex-biased (partial)
migration (Lundberg 1988). The lack of intraspecific syn-
chronization, in turn, is typical of both LRFs and dispersal
events, but successful dispersal generates a unidirectional
path from a natal or breeding site to a new breeding lo-
cation (Greenwood and Harvey 1982) rather than a loop
pattern. Individuals returning to their original natal/breed-
ing site after failed dispersal attempt, however, could gen-
erate a similar loop pattern.

Old World vultures are obligate scavengers that cover
vast areas while searching for spatiotemporally unpre-
dictable sparsely distributed carcasses. Vultures use ther-
mals and orographic winds for energetically inexpensive
soaring flight (Mundy et al. 1992; Ruxton and Houston
2004) and rely on social information sharing for food
finding (Jackson et al. 2008; Monsarrat et al. 2013). Re-
cently, vultures were suggested as yet another example of
the LFFH, with long movements interpreted as an adaptive
search for scarce resources (Lopez-Lopez et al. 2013): fixed
time intervals, rather than reorientation steps used in this
analysis, however, confound interpretation of the results.
Natal dispersal of vultures, like other raptors, is well known
(Kenward et al. 2001; Le Gouar et al. 2008). Adult vultures
are typically considered local residents, and their long-
range movements, and particularly LRFs, have been
scarcely documented and investigated.

The goal of this study is to explore movement patterns
in free-ranging vultures, particularly long-range move-
ments and LRFs, and to assess potential underlying mech-
anisms. In testing the LFFH, we fitted several models (sin-
gle and mixed-probability density functions) to the
observed step-sized distributions of movement data from
adults of three vulture species tracked in two very different
ecosystems, all of which were found to perform LRFs. To
elucidate possible mechanisms underlying this distinct be-
havior, we focused on our largest and most inclusive data
set and used complementary behavioral, morphological,
genetic, and meteorological data to assess the evidence for
or against the following mechanisms that could generate
LRFs: (i) optimal foraging behavior, (ii) sexual dimor-
phism in wing loading, (iii) meteorological conditions fa-
voring soaring flight, (iv) genetic differentiation, and (v)
search for mates and other conspecifics.

Material and Methods
Field Work (Vulture Trapping and Data Collection)

Eurasian griffon vultures (Gyps fulvus, Hablizl 1783; EGVs)
were tracked in Israel and surrounding countries. Their
activity concentrated mostly in four subregions that differ
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substantially in terrain structure and food availability: the
Judean and Negev deserts in southern Israel (where sup-
plementary food is provided), the northeastern parts of
the country and southwestern Jordan (Dana nature reserve
district; fig. 1a). Each EGV typically foraged and roosted
mostly in one of these subregions with rather infrequent
crossings among them. During the field seasons of 2008—
2011, 53 adult birds were captured using walk-in traps
located in the Judean and Negev deserts (31°N, 35°E) and
equipped with high-resolution global positioning system
(GPS) and accelerometer (ACC) tags (hereafter GPS-ACC
tags). Contrasting with the intensive management system
in Israel, the white-backed vultures (Gyps africanus Sal-
vadori, 1865; WBV) and lappet-faced vultures (Torgos
tracheliotus Forster, 1796; LFV) that we studied in Namibia
foraged for carcasses of free-ranging ungulates in a more
natural setup within and outside the Etosha National Park
(19°S, 15°E). These species were trapped at the park using
leg-hold traps around bait carcasses during two field sea-
sons in 2008 and 2009, and 19 GPS-ACC tags were de-
ployed on adult birds (five of which were on LFVs).

Vulture Long-Range Forays and Lévy Walks 000

The GPS-ACC tags (160 g; E-OBS, Munich, Germany)
were fitted in a backpack configuration and set to a 12-h
duty cycle starting at 7:00 a.m. to correspond with the
vulture diurnal activity pattern. Samples were taken every
10 min using two independent sensors: (i) a GPS device,
providing the three-dimensional position, and the ground
speed for each data point; (ii) an ACC measuring accel-
eration in three perpendicular axes, in bouts of 16-24 s
at a frequency of 3.3 Hz for each axis. The ACC data allow
estimation of energy expenditure using the overall dy-
namic body acceleration index (ODBA; Green et al. 2009).
In addition, when combined with the corresponding GPS
data and analyzed using a supervised, artificial neural net-
work machine-learning algorithm trained with field data,
the ACC data allow identification of vultures’ behavior,
specifically of feeding events. Collected GPS-ACC data
were stored onboard until downloaded through UHF com-
munication to a handheld receiver. For additional infor-
mation regarding the study system, fieldwork, and sam-
pling protocols, see previous publications (Nathan et al.
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Figure 1: Kernel density estimation for all Eurasian griffon vultures (EGVs) in Israel (a and b) and for all lappet-faced vultures and white-
backed vultures in Namibia (¢ and d). Color bars indicate increasing usage density, and X- and Y-axes show latitude and longitude,
respectively, in degrees. Note the different spatial scales. Left panels (a, ¢) are for all non-long-range-foray (LRF) movements within home
ranges, and right panels (b, d) are LRF movements. Blue polygons (a) indicate EGV subregions of activity, and white X symbols (b) indicate
grid cell of known EGV colonies. The Etosha saltpan and the borders of Etosha National Park are shown by black polygons (c).
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2012; Spiegel et al. 20134, 2013b) and appendix A (apps.
A and B are available online).

Wing Morphology Measurements. During the last two sea-
sons, wing measurements were taken from GPS-tagged
EGVs by photographing the spread wing against a scaling
board. Wing area was determined using Image] software
(http://rsb.info.nih.gov/ij/) and used to calculate wing
loading given the mass (converted to weight) measurement
of the same day for each individual.

Data Analysis (Movement, Genetic, Climatic,
and Behavioral Data)

Because LFVs and WBVs shared the same region and had
similar daily movement distances (Spiegel et al. 2013a)
that differed substantially from the EGV movements, their
tracks were combined to a single data set (hereafter, LFV-
WBYV). LRFs were defined as movements exceeding a min-
imal threshold value between mode roost location and the
most distant roost (see in fig. Al; figs. Al, A2 are available
online). LRFs were found in all three species and included
directional outbound “commuting phase” away from the
regular home range, a relatively short “wandering phase”
in a remote area, and an inbound commuting phase. The
EGV and LFV-WBYV data sets were split into two subsets:
LRF days only and non-LRF days. The utilization-distri-
bution function was estimated separately for these two
subsets using Worton’s (1989) kernel methods for these
two subsets (fig. 1). For EGVs, the monthly frequency of
crossings among all four subregions was compared against
crossings to a fifth subregion that include all LRF roosts,
covering southeastern Jordan, Sinai, and western Saudi
Arabia.

Step-Size Distributions. Step sizes between reorientations
were calculated for each data set and subset using the
nonlocal turning method that defines reorientations as
turns where the cumulative change of direction from the
previous turning event exceeds & = 60°. This method is
commonly used because it provides a more reliable iden-
tification than local turns (Reynolds et al. 2007; Plank et
al. 2013). Sensitivity analysis for the range 40° < 6 < 90°
ensured selected value did not affect our model-fitting
results (table B2; tables B1-B6 are available online). Min-
imal step size was set to 25 m to account for GPS position
errors (Lopez-Lopez et al. 2013), and maximal step size
was set to 500 km, which is above the maximal observed
daily travel distance (482 km). Five alternative models were
fitted for both data sets and subsets (LRFs and non-LRFs):
truncated exponential distribution (TEXP); truncated Pa-
reto distribution (Lévy walk; TP), and three different com-
posite Brownian walk models composed of two (CBW2),

three (CBW3), and four (CBW4) weighted exponential
distributions. Parameter values were obtained through nu-
merical solution of the maximum likelihood estimation
function, following the procedures described in Jansen et
al. (2012). Weighted Akaike information criterion (wAIC)
was used to rank the information loss by the different
models (Burnham and Anderson 2002; Jansen et al. 2012;
Plank et al. 2013), and goodness-of-fit was estimated for
the best model using a G-test with William’s correction
and an initial bin size of 1 km (Sokal and Rohlf 1995; see
Edwards 2011 for detailed binning and testing protocol).

Weather Data Annotation. To test whether the seasonal
patterns of LRF departures were coordinated with favor-
able soaring conditions, we analyzed the weather condi-
tions encountered by EGVs along their LRF commuting
flights. Data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) was incorporated using the
Environmental-Data Automated Track Annotation (Env-
DATA) system (Dodge et al. 2013). Thermal uplift (w*)
and tailwind assistance were calculated for GPS fixes of
flying vultures with respect to vulture’s current step head-
ing direction (Shamoun-Baranes et al. 2007). Conditions
encountered en route (all LRFs occurred during Septem-
ber—January) were contrasted with “pseudo-LRFs” (gen-
erated by time-shifting actual LRFs to randomly selected
departure dates in spring and summer; see app. A).

Genetic Work. We tested for genetic differences between
LRF and other individuals using 11 neutral markers (mi-
crosatellites) obtained in 2011 for 125 EGV individuals in
our Israeli system. Genetic differences would help support
an explanation that LRFs are related to partial migration
or a different origin for individuals performing this be-
havior. The data set included nontracked EGVs (IL,
n = 105) and GPS-tracked individuals that did (LRE
n = 7) or did not perform LRFs during their tracking
duration (non-LRE, n = 13). EGVs from Spain were used
as an outgroup (SP, n = 16). See appendix A for further
information on DNA extraction, sex determination, mi-
crosatellite selection, and data analysis tools.

Behavioral and Energy Expenditure Analyses. To explore
possible mechanisms underlying LRF behavior, we com-
pared several measures described below of individual EGV's
among four different classes: LRF birds during (i) the LRF
commuting phase (combining both outbound and in-
bound parts), (ii) the LRF wandering phase, (iii) a 2-week
period starting after the bird returned from an LRF, and
(iv) a randomly selected non-LRF bird during the same
dates of the wandering phase. Specifically, we compared
daily travel distance and a proxy for energy balance esti-
mated by dividing feeding frequency (energy input, pro-
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portion of days with feeding events; measured in events
day") by mean daily ODBA (energy output; measured in
units of g). We also examined differences in roost fidelity—
the probability of a vulture to return in two consecutive
nights to the same roost site (defined as grid cells of 0.03°%
i.e., ~9-km’ area). Comparisons were done through a one-
way ANOVA with the Tukey-Kramer correction for mul-
tiple comparisons post hoc tests.

Results

For the EGV data set, GPS-ACC data were retrieved from
47 EGVs (22 males, 24 females, 1 unknown sex; i.e., female
fraction = 0.52) with mean (= SE) tracks of 339 * 36
days (range, 30-1,264 days) reflecting a total of 507,711
GPS data points and 15,966 vulture-days. Females were
more likely to leave the study area, resulting in shorter
tracks (268 = 55 vs. 421 *+ 66 days, T,,=2.19, P =
.033). In Namibia, tracks longer than 14 days were ob-
tained for three male LFVs (track durations: 160, 377, and
512 days) and 10 WBVs (254 = 56 days; range, 47-534
days; 5 males, 4 females, 1 unknown sex) reflecting a total
of 245,889 GPS data points collected over 3,479 days.

LRFs

EGYV activity in the study region is concentrated in a few
connected but distinct sub-regions in the mountainous
parts of Israel and southwestern Jordan (fig. 1a). Five
EGVs (four females) made six LRFs to the northern and
western parts of Saudi Arabia (the southern parts of Asir
Ridge), reaching as far as 1,094 + 283 km from the home
range center (337-1,724 km). These forays started with an
outbound commuting phase of a long directional flight
heading southeast to the destination area, lasting 9.2 *
2.3 days (2—17 days). At the destination area, individuals
traveled around for 46.0 + 9.1 days (8-66 days) during
the wandering phase, before the inbound commuting
phase of 8.5 + 2.5 days (2—17 days). One additional female
made two LRFs to Sinai (Egypt), where she circled the
entire peninsula in a 6-day journey and repeated a very
similar track 10 days after returning home (fig. 1b). An-
other tagged female was trapped in December 2010 in
Saudi Arabia, presumably ~700 km from the center of its
home range, but the GPS-ACC data were not obtained.
None of these EGVs was breeding during the LRF year.
Wing tag observations or GPS tracks suggest that during
the year preceding the LRF at least four birds bred in Israel,
and at least one bird bred in Israel in the year following
the LRE

Activity areas of adult LFV and WBV were more scat-
tered across the plains of northern Namibia, often reaching
as far as central Namibia (fig. 1¢). Two WBVs undertook

Vulture Long-Range Forays and Lévy Walks 000

LRFs, commuting as far as 650 km to southern Namibia
and wandering around for 71 and 31 days before return
(fig. 1d). One LFV commuted south for ~7 days and
reached an area ~1,000 km from its home range center.
After 6 days, it commuted back to its home range in 4
days. The same individual repeated a similar LRF jour-
ney twice more at 3-week intervals. Altogether, LRFs
accounted for 384 and 191 days (2.8% and 5.5% of the
overall tracking period) in the EGV and LFV-WBV
data sets, respectively. The GPS tracks are deposited in
https://www.movebank.org/ data depository (doi: 10.5441
/001/1.8¢56f72s).

Step-Size Distributions

A total of 4,531 steps out of 165,306 and 2,071 steps
out of 44,198 were performed during LRFs in the EGV
and LFV-WBYV data sets, respectively, with step size ranging
from 25 m (set as minimal step) to 291 and 456 km. Table
B1 summarizes the values for selected parameters and the
fit of the models. CBW4 provided the best fit in all cases
(WAIC = 1 vs. 0 for all alternative models), followed by
CBW3 with slightly lower AIC values (fig. 2), and good-
ness-of-fit comparison found no significant difference be-
tween this model and all but one of the observed data sets
(table B1). CBW2 and TP distribution (Lévy walk) ranked
third and fourth, but TP was better in the LRF subset of
LFV-WBYV (fig. 2b). TEXP always gave the worst fit. Be-
cause the higher ranking of CBW4 over CBW3 is due to
better fits at smaller rather than larger scales (see fitted
movement scales in table B1), in the interests of simplicity
and because of our focus on processes causing fat-tails,
we center our discussion around the CBWS3 fits to our
data. Identifying typical movement scales (1/\ for CBWs)
reveals that vulture’s movement is a mixture of three dif-
ferent spatial scales: small scale movements with mean step
size of 4683 m for the different subsets, an intermediate
scale with a mean of 2.1-4.6 km, and a large scale with a
mean of 12.1-31.6 km. The CBW4 identified the same
three scales but gave a better fit by adding another move-
ment scale of less than 1 km (table B1). The distinct sig-
nature of the LRF subsets of both data sets was apparent
in the high mean values of the two larger-scale movements
(or three for CBW4) compared with the non-LRF subsets
(e.g., for the largest scale, EGV: 21.5 vs. 12.1 km; LFV-
WBV: 31.6 vs. 17.8 km) and the overall high mean step
length of 5.6 and 7.5 km vs. 3.5 and 4.2 km, respectively.

Seasonality and Weather

Seasonal patterns of EGV LRFs differed markedly from
those of other subregional crossings (fig. 3a). Although
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Figure 2: Model fit for vultures’ empirical step-size distributions (green circles). A truncated exponential probability density function (dashed
black line), truncated Pareto probability density function (dotted black line), two composite Brownian walks (blue dash-dotted line), three
composite Brownian walks (red solid line), and four composite Brownian walks (solid black line) are shown. EGV, Eurasian griffin vulture;
LFV, lappet-faced vulture; LRF, long-range foray; WBYV, white-backed vulture.

the latter occurred mostly during the summer months
(with a peak in June) and were very infrequent during
winter, when some of the tagged EGVs incubated their
egg, LRF events occurred during the fall and early winter
(September—January), with departures mostly during Oc-
tober and return flights until February. Tailwind assistance
was similar for observed and “pseudo-LRF” events
(0.62 = 0.56 vs. 2.34 = 1.35 km h™', T, = —148, P =
.19; fig. 3b). Because summer in the region is dry and hot,
thermal uplift was lower during observed LRF events com-
pared to pseudo ones (1.31 = 0.12 vs. 1.75 + 0.10 m s,
T, = —3.32, P = .016; fig. 3¢), suggesting that the LRFs
commenced despite unfavorable soaring conditions.

Genetic Analysis

Microsatellite analysis revealed no significant genetic struc-
ture for EGVs among vultures arranged in three different
groups (LRE non-LRE and IL; see genetic diversities in
Israel and Spain; tables B3 and B4, respectively), which
suggests that LRF individuals do not differ from other
vultures sampled in Israel (table B5). This result is also
supported by the principal component analysis, in which
the first three axes explain 58.0% of the genetic variation

(21.6%, 19.7%, and 16.7% for X, Y, and Z, respectively)
and no spatial aggregation of individuals within or between
groups is observed (see fig. A2).

Behavioral Analysis

For the EGV data set, the daily travel distance was sig-
nificantly higher during LRF commuting and wandering
compared with the after-return period or non-LRF indi-
viduals (F,,, = 15.7, P<.001; fig. 4a), emphasizing the
uniqueness of LRFs in comparison to regular movements.
The energy balance proxy was lower during the com-
muting phase compared with all other categories, although
the difference from the LRF wandering phase is not sig-
nificant (E ,, = 4.9, P = .001; fig. 4¢). Because lower val-
ues indicate higher energy expenditure in relation to feed-
ing frequency, these results suggest that vultures experience
unfavorable energetic balance during LRFs, in addition to
the longer time spent airborne. By definition, the prob-
ability of two consecutive nights in the same roost is zero
during the commuting phase (except for a few rare cases
of back-tracking during commuting). However, this prob-
ability was also very low during the LRF wandering phase
(F,,, = 114sin, P = .001; fig. 4e), suggesting that EGVs
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Figure 3: Seasonal dynamics and the effect of climatic conditions on long-range forays (LRFs) of Eurasian griffon vultures. a, The proportions
of crossings among subregions (fig. 1a) in each month are shown by the solid blue line, whereas the proportions of crossing to the LRF
subregion are shown by the dashed red line (see text for details). Error bars represent SE of intraspecific (or between events) variation. In
contrast to subregional crossings that were most frequent in the summer, LRFs occurred mostly during fall and early winter. Tailwind
assistance (b) and thermal uplift strength (¢) across the LRF track are compared between two cases: during the LRF outbound commuting
phase (True), and during randomly selected dates at the same locations (Pseudo). Boxes are the lower and upper quartiles, the median is
shown by the red line, whiskers indicate the range of 1.5 interquartile distances, and the red cross indicates one outlier. The asterisk indicates

a significant difference.

also alternate between roosts more frequently during LRF
while wandering in the destination area, as opposed to the
high roost fidelity in the home range. For the LFV-WBV
data set, daily travel distance during LRF commuting was
higher than in other phases, although post hoc comparison
suggests that this difference is significant only when com-
pared with the wandering phase (F, ,, = 4.5, P = .02; fig.
4b). None of the differences in energy balance or roost
use were significant for this data set (F,,, = 1.9, P =
.16; fig. 4d; E |, = 2.0, P = .15; fig. 4f).

Wing Morphology

Wing loading data were obtained for 8 female and 15 male
EGVs, including 3 of the LRF individuals. Wing area did
not differ between sexes (0.792 * 0.019 vs. 0.791 =
0.011 m?, Ty_,; = 0.14, P = 4), but females were heavier
(8.51 + 0.19 vs. 785 + 0.16 kg; Ty_,, = 2.9, P<.01),
hence had a significantly higher (8%) wing loading
(10.77 = 0.30 vs. 9.96 + 020 kg m3 Ty, = 2.3,
P = .039). Although the sample size of LRF EGVs is too
small for a proper comparison, these birds had wing load-
ing of 11.5, 11.3, and 10.6 kg m ™2, which are typical values
for this species.

Discussion

Analyses of extensive high-resolution GPS tracking data
sets obtained from free-ranging adult vultures in two very
different ecosystems reveal that vulture movements pro-
duce a fat-tailed step-size distribution (fig. 2). In all three
species, we found evidence for long-range forays (LRFs;
fig. 1) that contribute significantly to the fatness of these
step-size distributions (table B1). These LRFs were in the
form of rather infrequent return trips that include direc-
tional outbound commuting phase away from the regular
home range, a relatively short wandering phase in a remote
area, and an inbound commuting phase. Using indepen-
dent complementary behavioral, morphological, genetic,
and meteorological data, we rejected the following alter-
native mechanisms as explanations for LRFs: (i) optimal
foraging was rejected, because LRF individuals flew longer
distances, expended more energy, and ate less frequently
(fig. 4); (ii) wing-loading measurements do not support
morphological differences facilitating LRF behavior; (iii)
wind conditions and thermal availability during LRF
events were less favorable for soaring compared to other
parts of the year (fig. 3); (iv) genetic analysis suggests that
LRF individuals cannot be regarded as immigrants and are
genetically indistinguishable from non-LRF individuals
(fig. A2). In contrast, female sex bias, distinct seasonal
pattern, and frequent roost alternation during LRFs wan-
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Figure 4: Comparison of vulture behavior during and after long-
range forays (LRFs) for the Eurasian griffon vulture (EGV) and the
lappet-faced vulture and white-backed vulture (LFV-WBV) data sets.
The upper panels (a, b) represent the daily travel distance. The middle
panels (¢, d) show a proxy of energy balance (feeding frequency
divided by overall dynamic body acceleration index; see text). The
lower panels (e, f) represent the probability of using the same roost
for two consecutive nights. Each metric is calculated for two distinct
phases of LRF (commuting and wandering), compared with the post-
LRF period calculated for 2 weeks immediately after return, and to
a randomly selected non-LRF individual during the same period of
the LRF wandering phase (non-LRF). Error bars represent SE, and
capital letters are statistically different groups using one-way ANOVA
with correction for multiple comparisons.

dering phase suggest that female EGVs search for a mate
at remote colonies before the breeding season; hence their
LRFs might represent unsuccessful breeding dispersal
attempts.

LRFs and Their Explanations in Vultures
and Other Animals

Vultures are known for their large home ranges and long
daily movements (Mundy et al. 1992; Monsarrat et al.
2013; Lambertucci et al. 2014). Yet, the LRFs described
here are essentially different from the typical day-to-day
behavior. Similar LRFs to those reported here have been
documented for adult EGVs in Spain and France (Garcia-
Ripollés et al. 2011; Monsarrat et al. 2013) and for LFV

and WBYV in southern and Eastern Africa (Kendall and
Virani 2012) and also for other animals, including wolves
in Canada (Mech and Cluff 2011) and female loggerhead
turtles in Greece (Schofield et al. 2010). Although Conradt
et al. (2003) discussed infrequent dispersal LRF behavior
in butterflies, most studies have considered LRFs as move-
ments aimed to obtain favorable resources (e.g., Pinaud
and Weimerskirch 2005; Garcia-Ripollés et al. 2011; Lopez-
Lépez et al. 2013). However, the underlying assumption
that these LRFs are beneficial in terms of energetic intake
rate has rarely been tested (Humpbhries et al. 2012). Here
we explore a few alternative mechanisms by using various
complementary data sets.

Although all of the above-mentioned LRF-like examples
refer to adult animals, there are also examples of similar
long movement executed by juveniles, including immature
birds of several vulture species (e.g., WBVs, black and
bearded vultures; Gavashelishvili et al. 2012; Margalida et
al. 2013; Phipps et al. 2013). Similarly, in an ongoing study
of EGVs in Israel, we find that almost all juveniles perform
long migratory movements to wintering grounds in East-
ern Africa or Southern Saudi Arabia, possibly to explore
potential natal dispersal sites. These movements resemble
the LRFs of adults in their spatial scale and in the timing
of departure, but not in duration and frequency. This sug-
gests that adults performing LRFs might have previous
information on vulture colonies at these remote areas.
Thus, in contrast to a “true navigation” context (naviga-
tion in unfamiliar areas), LRFs might represent a memory-
based navigation. This is supported also by the observed
similar (and high) directionality during both outbound
and inbound commuting phases and by the documented
examples of reoccurring LRFs to the same destinations.
Indeed, all LRF wandering phases occurred within hot-
spots of EGV breeding colonies at Saudi Arabia (fig. 1b;
Jennins 2010). It is possible that the two LRFs around the
Sinai Peninsula (by the same bird, 3 weeks apart) may
represent incomplete attempts to cross the Gulf of Suez
on the way to known sites in eastern Africa.

Vultures are known to form mixed-aged flocks (Mundy
et al. 1992), and in two cases we documented joint flight
of two GPS-tagged EGVs, an adult and a juvenile, for some
part of the LRF commuting. Therefore, it might be possible
that LRFs are part of a postfledging “training” in which
adult (female) vultures escort young birds on exploratory
forays across large spatial scales (van de Casteele and Mat-
thysen 2006), yet such advanced behavior has not yet been
described in any vulture species. LRFs might also represent
investment in sampling habitat suitability in remote areas
as a strategy for coping with environmental unpredicta-
bility (Stephens and Krebs 1986; Klaassen et al. 2006), or
a search for a unique resource (e.g., a salt or a nutrient)
missing in the regular diet (Stephens and Krebs 1986), but
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these alternative explanations do not match such features
of LRF as the observed sex bias and seasonality.

The variation in the spatial extension and wandering
phase duration (a few days to 2 months) between different
LRFs might suggest that different forays have different
motivations. Yet this finding does not rule out the hy-
pothesis that vultures (females in EGVs) commute to re-
mote colonies in search of potential mates, presumably to
commence a breeding cycle in these sites. Although this
hypothesis cannot be exhaustively tested with the available
data, it is supported by three lines of evidence. First, in
contrast to other subregional movements that peak during
the summer when soaring conditions are most favorable,
LRF individuals departed mostly during fall and travelled
vast areas during winter, when such conditions are much
less favorable (fig. 3). Second, in contrast to the high roost
fidelity characterizing EGVs in their home range, LRF in-
dividuals have frequently altered their roost during the
LRF wandering phase (fig. 4e), possibly in search of re-
ceptive males. It is possible that some of the departing
female EGVs have settled at the destination site, turning
these journeys into successful breeding dispersal events
(Greenwood and Harvey 1982). Such incidences cannot
be detected by tracking devices used in this study, which
require short-range UHF download, but this suggestion
could explain the shorter tracking durations and higher
loss rate of tagged females. In this scenario, females that
failed to establish a breeding pair at the remote area are
expected to return to their home range, where abundant
food resources are provided in artificial feeding stations,
thus turning unsuccessful breeding dispersal attempts into
LRFs. The rarity of LRF events might be explained by the
high costs associated with this behavior, which include
direct energetic costs, cost of missed breeding opportu-
nities, and risks associated with leaving a familiar home
range.

Interestingly, despite apparent balanced sex ratio and
sex-indifferent survival in the EGV population (Schohat
et al. 2012), this hypothesis concurs with the relatively low
number of breeding attempts (compared with the popu-
lation size), the low breeding success of EGV in Israel, and
the unexplained observations of the rather frequent un-
attended egg laying in the well monitored Gamla breeding
colony. The evidence for reciprocal LRFs, in which EGV
from Saudi Arabia, where colonies also suffer from massive
reductions (Jennins 2010), visit Israel, may also support
this hypothesis (see app. A). The scenario proposed here
(which is based on incomplete evidence) calls for further
investigation of the effective male shortage in Israel and
Jordan (e.g., fertility tests and more elaborate drug tests
of supplied carcasses) and the fate of adult EGVs under-
taking long-range movements. Although complementary
data are more limited for the LFVs and WBVs, the se-
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quence of three LRFs performed by the same LFV within
2 months is also likely to reflect social motivation rather
than other explanations.

Overall, despite their infrequency, LRF movements
might be disproportionately important for various eco-
logical processes at the population level and explain the
wide-scale connectivity among broadly spaced vulture
populations reported here and elsewhere (Le Gouar et al.
2007). LRFs also highlight the importance of developing
large-scale conservation plans to preserve the decreasing
vulture populations. Because EGV routinely cross inter-
national borders, especially during LRFs (Egypt, Israel, Jor-
dan, and Saudi Arabia), effective conservation plans that
account for their movement scale demand comprehensive
international collaborations.

Animal Movement Distribution as a
Product of Mixed Behaviors

The fact that the LRFs we observed appear to contrast
optimal foraging expectations (regardless of the validity of
the mate-search hypothesis) highlights the need to proceed
beyond phenomenological curve fitting toward more
mechanistic analyses of movement. Studies addressing the
question of whether animal movement conforms to Lévy
walk or other fat-tailed distributions and the adequacy of
different curve-fitting methodologies statistics (Edwards
2011; James et al. 2011) should explicitly acknowledge the
fundamental difficulty of inferring mechanisms from pat-
terns. In the spirit of Karl Popper in solving the inverse
problem of identifying the mechanisms that produced a
particular set of observed data, one can only disprove pos-
sible explanations that do not fit the facts well and identify
the best explanation for the observed data among the en-
semble under study, recognizing that many other mech-
anisms might also be acting in concert.

In this vein, we argue that LFFH-like expectations, that
a single mechanism could explain movements at multiple
scales covered by a fat-tailed step-size distribution, should
be confronted by alternative explanations that fat-tailed
step-size distributions are derived from multiple mecha-
nisms operating at different spatial scales (Benhamou
2007; Jansen et al. 2012), with the most plausible mech-
anism(s) at each scale awaiting identification. Investigating
such alternative explanations requires the use of evidence
independent of the movement track to contrast scale-
invariant single-mechanism hypotheses (such as LFFH)
with hypotheses arguing for multiple mechanisms oper-
ating across different scales. The LFFH may still serve as
an adaptive template for intrinsic motives governing re-
orientations (or stops) in search without any extrinsic in-
formation (Bazazi et al. 2012; Salvador et al. 2014). Overall,
the required paradigm shift advocated in this study for

This content downloaded from 169.237.62.224 on Mon, 12 Jan 2015 12:37:30 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

000 The American Naturalist

animal movement research resembles the shift undertaken 2003. Foray search: an effective systematic dispersal strategy in
over the last decade in plant dispersal research, which fragmented landscapes. American Naturalist 161:905-915.
i = - .
moved from phenomenologlcal approaches that assumea Dodge, S., G. Bohrer, R. Weinzierl, S. .C. Davidson, R. Kays, D.
. . . Douglas, S. Cruz, et al. 2013. The environmental-data automated
a single dispersal vector to mechanistic approaches that

. L . A track annotation (Env-DATA) system: linking animal tracks with
incorporated the joint and often sequential operation of environmental data. Movement Ecology 1:3.

multiple vectors (Nathan et al. 2008b). =+ Edwards, A. M. 2011. Overturning conclusions of Lévy flight move-
ment patterns by fishing boats and foraging animals. Ecology 92:
1247-1257.
=+ Edwards, A. M., R. A. Phillips, N. W. Watkins, M. P. Freeman, E. J.
Murphy, V. Afanasyev, S. V Buldyrev, et al. 2007. Revisiting Lévy
Acknowledgments flight search patterns of wandering albatrosses, bumblebees and

o .. . . deer. Nature 449:1044-1048.
We thank the Namibian Ministry of Environment anc—s Garcia-Ripollés, C., P. Lépez-Lopez, and V. Urios. 2011. Ranging

Tourism, the Israeli Nature Protection Authority, and the behaviour of non-breeding Eurasian griffon vultures Gyps fulvus:
Hebrew University ethics committee for study permits and a GPS-telemetry study. Acta Ornithologica 46:127-134.

the Etosha Ecologica] Institute for logistica] support. W™ Gavashelishvili, A., M. McGrady, M. Ghasabian, and K. L. Bildstein.
are grateful to many people who helped during fieldwork, 2012. Movements and habitat use by immat.ure cinereous vultures
including S. Bellan, W. Kilian, S. Kotting, M. Kiisters, G (Aegypius monachus) from the Caucasus. Bird Study 59:1-14.

Shatumbu, W. Turner, and W. Versfeld (Namibia); A. Atar, Gluggloh_, L., and E B.artumeus. 2010. Anlmal. n?ov.ement, search
strategies and behavioural ecology: a cross-disciplinary way for-

A. Basbusa-Rashaide, O. Goelman, Y. Miller, Y. Sinai, O. ward. Journal of Animal Ecology 79:906-909.

Yahalomi, A. Zabari, and D. Zackai (Israel). G. Bohrer, S = Green, J. A., L. G. Halsey, R. P. Wilson, and P. B. Frappell. 2009.
Dodge, and the Movebank personnel helped with envi- Estimating energy expenditure of animals using the accelerometry
ronmental data annotation; Y. Bartan, N. Horvitz, and technique: activity, inactivity and comparison with the heart-rate
other members of the Movement Ecology Laboratory technique. Journal of Experimental Biology 212:471-482.
helped at various phases of the research; and Elena Kme—-. Gre?nwood, P. I., and P. H. Har‘Vtay. 1982. The natal e?nd breeding
tova (Green Balkans) provided feather samples. We ac- dlsper‘sal of birds. Annual Review of Ecology, Evolution, and Sys-
knowledge funding from the National Institutes of Healtlk tematics 13:1-21.

. . =+ Holyoak, M., R. Casagrandi, R. Nathan, E. Revilla, and O. Spiegel.
(GMO083863 to WM.G.), from the US-Israel Bi-national 2008. Trends and missing parts in the study of movement ecology.

Science Foundation (BSF) and the special BSF Multiplier Proceedings of the National Academy of Sciences of the USA 105:

Grant Award from the Rosalinde and Arthur Gilbert Foun- 19060-19065.

dation (BSF 255/2008 to R.N. and W.M.G.), from thc™* Humphries, N. E., H. Weimerskirch, N. Queiroz, E. J. Southall, and
Golda Meir postdoctoral fellowship of the Hebrew Uni- D. W. Sims. 2012. Foraging success of biological Lévy flights re-
Versity of Jerusalem (to A.C.-C.), from the Eshkol fellow- corded in situ. Proceedings of the National Academy of Sciences

. . .. . . f the USA 109:7169-7174.
ship of the Israeli Ministry of Science and Rothschild fel- °
p Y =+ Jackson, A. L., G. D. Ruxton, and D. C. Houston. 2008. The effect

lowship (to O.S.), and from the Adelina and Massimo f social facilitati . . i .
k . . X of social facilitation on foraging success in vultures: a modelling
Della Pergola Chair of Life Sciences and the Minerva Cen- study. Biology Letters 4:311-313.
ter for Movement Ecology (to R.N.). = James, A, M. J. Plank, and A. M. Edwards. 2011. Assessing Lévy
walks as models of animal foraging. Journal of the Royal Society
Interface 8:1233-1247.

Literature Cited =* Jansen, V. A. A., A. Mashanova, and S. Petrovskii. 2012. Comment
on “Lévy walks evolve through interaction between movement and
=+ Bartumeus, F., M. G. E. da Luz, G. M. Viswanathan, and J. Catalan. environmental complexity.” Science 335:918-919.
2005. Animal search strategies: a quantitative random-walk anal-  Jennins, M. C. 2010. Atlas of the breeding birds of Arabia. Vol. 25.
ysis. Ecology 86:3078-3087. Fauna of Arabia. King Abdulaziz City for Science and Technology,
=+ Bazazi, S., F. Bartumeus, J. J. Hale, and I. D. Couzin. 2012. Inter- Riyadh.
mittent motion in desert locusts: behavioural complexity in simplc™ Kendall, C. J., and M. Z. Virani. 2012. Assessing mortality of African
environments. PLoS Computational Biology 8:61002498. vultures using wing tags and GSM-GPS transmitters. Journal of
=* Benhamou, S. 2007. How many animals really do the Lévy walk? Raptor Research 46:135-140.
Ecology 88:1962-1969. =+ Kenward, R. E., S. S. Walls, and K. H. Hodder. 2001. Life path analysis:
=+ Bénichou, O., C. Loverdo, M. Moreau, and R. Voituriez. 2011. In- scaling indicates priming effects of social and habitat factors on
termittent search strategies. Reviews of Modern Physics 83:81— dispersal distances. Journal of Animal Ecology 70:1-13.
129. =+ Klaassen, R. H. G., B. A. Nolet, J. A. van Gils, and S. Bauer. 2006.
Burnham, K. P, and D. R. Anderson. 2002. Model selection and Optimal movement between patches under incomplete informa-
multimodel inference: a practical information-theoretic approach. tion about the spatial distribution of food items. Theoretical Pop-
Springer, New York. ulation Biology 70:452—463.

=+ Conradt, L., P. A. Zollner, T. J. Roper, K. Frank, and C. D. Thomas =* Lambertucci, S. A., P. A. E. Alarcon, E. Hiraldo, J. A. Sanchez-Zapata,

This content downloaded from 169.237.62.224 on Mon, 12 Jan 2015 12:37:30 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

Vulture Long-Range Forays and Lévy Walks 000

G. Blanco, and J. A. Donézar. 2014. Apex scavenger movements in a long-ranging central place predator. Journal of Animal Ecology
call for transboundary conservation policies. Biological Conser- 74:852-863.
vation 170:145-150. Plank, M. J., M. Auger-Methe, and E. A. Codling. 2013. Lévy or not?
=+ Le Gouar, P, F. Rigal, M. C. Boisselier-Dubayle, F. Sarrazin, C. Arthur, analysing positional data from animal movement paths. Pages 33—
J. P. Choisy, O. Hatzofe, et al. 2007. Genetic variation in a network 52 in M. A. Lewis, P. K. Maini, and S. V. Petrovskii, eds. Dispersal,
of natural and reintroduced populations of griffon vulture (Gyps individual movement and spatial ecology. Vol. 2071. Lecture Notes
fulvus) in Europe. Conservation Genetics 9:349-359. in Mathematics. Springer, Berlin.
=* Le Gouar, P, A. Robert, J.-P. P. Choisy, S. Henriquet, P. Lecuyer, C =* Reynolds, A. M. 2008. Optimal random Lévy-loop searching: new
Tessier, F. Sarrazin, et al. 2008. Roles of survival and dispersal in insights into the searching behaviours of central-place foragers.
reintroduction success of griffon vulture (Gyps fulvus). Ecological Europhysics Letters 82:20001.
Applications 18:859-872. =+ Reynolds, A. M., A. D. Smith, R. Menzel, U. Greggers, D. R. Reynolds,
=* Levin, S. A. 1992. The problem of pattern and scale in ecology. and J. R. Riley. 2007. Displaced honey bees perform optimal scale-
Ecology 73:1943-1967. free search flights. Ecology 88:1955-1961.
=+ Lombholt, M. A., T. Koren, R. Metzler, and J. Klafter. 2008. Lév,™* Ruxton, G. D., and D. C. Houston. 2004. Obligate vertebrate scav-
strategies in intermittent search processes are advantageous. Pro- engers must be large soaring fliers. Journal of Theoretical Biology
ceedings of the National Academy of Sciences of the USA 105: 228:431-436.

11055-11059. =+ Salvador, L. C. M., E. Bartumeus, S. A. Levin, and W. S. Ryu. 2014.
=* Lopez-Lopez, P, J. Benavent-Corai, C. Garcia-Ripollés, and V. Urios. Mechanistic analysis of the search behaviour of Caenorhabditis
2013. Scavengers on the move: behavioural changes in foraging elegans. Journal of the Royal Society Interface 11:20131092.

search patterns during the annual cycle. PloS ONE 8:e54352.  =* Santos, M. C., E. P. Raposo, G. M. Viswanathan, and M. G. E. da
=+ Lundberg, P. 1988. The evolution of partial migration in birds. Trends Luz. 2009. Can collective searches profit from Lévy walk strategies?
in Ecology and Evolution 3:172-175. Journal of Physics A 42:434017.
=* Margalida, A., M. Carrete, D. Hegglin, D. Serrano, R. Arenas, anc=* Schofield, G., V. J. Hobson, M. K. S. Lilley, K. A. Katselidis, C. M.
J. A. Dondzar. 2013. Uneven large-scale movement patterns in Bishop, P. Brown, and G. C. Hays. 2010. Inter-annual variability
wild and reintroduced pre-adult Bearded vultures: conservation in the home range of breeding turtles: implications for current
implications. PLoS ONE 8:e65857. and future conservation management. Biological Conservation

=+ Mech, L. D.,, and H. D. Cluff. 2011. Movements of wolves at the 143:722-730.
northern extreme of the species’ range, including during four  Schohat, E., O. Ovadia, and O. Hatzofe. 2012. Estimating griffon
months of darkness. PloS ONE 6:€25328. vulture (Gyps fulvus) survival in Israel based on mark-resight data.
=+ Monsarrat, S., S. Benhamou, F. Sarrazin, C. Bessa-Gomes, W. Bouten, Internal report of the Israeli Nature Protection Authority. [In
and O. Duriez. 2013. How predictability of feeding patches affects Hebrew.]
home range and foraging habitat selection in avian social scav ™ Shamoun-Baranes, J., E. van Loon, E. Liechti, and W. Bouten. 2007.

engers? PloS ONE 8:53077. Analyzing the effect of wind on flight: pitfalls and solutions. Jour-
Mundy, P, D. Bunchart, J. Ledger, and S. Piper. 1992. The vultures nal of Experimental Biology 210:82-90.

of Africa. Academic Press, London. =+ Sims, D. W, E. J. Southall, N. E. Humphries, G. C. Hays, C. J. A.
=+ Nathan, R., W. M. Getz, E. Revilla, M. Holyoak, R. Kadmon, D. Saltz, Bradshaw, J. W. Pitchford, A. James, et al. 2008. Scaling laws of

and P. E. Smouse. 20084. A movement ecology paradigm for uni- marine predator search behaviour. Nature 451:1098-1103.

fying organismal movement research. Proceedings of the National ~ Sokal, R. R., and E J. Rohlf. 1994. Biometry: the principles and

Academy of Sciences of the USA 105:19052—19059. practice of statistics in biological research. 3rd ed. W. H. Freeman,
=* Nathan, R., E. M. Schurr, O. Spiegel, O. Steinitz, A. Trakhtenbrot, New York.

and A. Tsoar. 2008b. Mechanisms of long-distance seed dispersal =* Spiegel, O., W. M. Getz, and R. Nathan. 2013a. Factors influencing

Trends in Ecology and Evolution 23:638—647. foraging search efficiency: why do scarce lappet-faced vultures out-
=#* Nathan, R., O. Spiegel, S. Fortmann-Roe, R. Harel, M. Wikelski, and perform ubiquitous white-backed vultures? American Naturalist

W. M. Getz. 2012. Using tri-axial acceleration data to identify 181:E102-E115.

behavioral modes of free-ranging animals: general concepts anc™* Spiegel, O., R. Harel, W. M. Getz, and R. Nathan. 2013b. Mixed

tools illustrated for griffon vultures. Journal of Experimental Bi- strategies of griffon vultures’ (Gyps fulvus) response to food dep-

ology 215:986-996. rivation lead to a hump-shaped movement pattern. Movement
=+* Palyulin, V. V., A. V. Chechkin, and R. Metzler. 2014. Lévy flights Ecology 1:5.

do not always optimize random blind search for sparse targets. ~ Stephens, D. W., and J. R. Krebs. 1986. Foraging theory. Princeton

Proceedings of the National Academy of Sciences of the USA 111: University Press, Princeton, NJ.
2931-2936. =* van de Casteele, T., and E. Matthysen. 2006. Natal dispersal and
=+ Petrovskii, S., A. Mashanova, and V. A. A. Jansen. 2011. Variation parental escorting predict relatedness between mates in a passerine

in individual walking behavior creates the impression of a Lévy bird. Molecular Ecology 15:2557-2565.
flight. Proceedings of the National Academy of Sciences of thc™ Viswanathan, G. M., S. V. Buldyrev, and S. Havlin. 1999. Optimizing

USA 108:8704—8707. the success of random searches. Nature 401:911-914.
=* Phipps, W. L., S. G. Willis, K. Wolter, and V. Naidoo. 2013. Foragin;,_' Worton, B. J. 1989. Kernel methods for estimating the utilization
ranges of immature African white-backed vultures (Gyps africanus) distribution in home-range studies. Ecology 70:164-168.
and their use of protected areas in southern Africa. PloS ONE 8:
e52813. Associate Editor: Robert Dudley
=* Pinaud, D., and H. Weimerskirch. 2005. Scale-dependent habitat use Editor: Susan Kalisz

This content downloaded from 169.237.62.224 on Mon, 12 Jan 2015 12:37:30 PM
All use subject to JISTOR Terms and Conditions



http://www.jstor.org/page/info/about/policies/terms.jsp

© 2014 by The University of Chicago. All rights reserved. DOI: 10.1086/679314

Appendix A from O. Spiegd & al., “Moving beyond Curve Fitting:
Usng Complementary Data to Assess Alternative Explanations for
L ong Movements of Three Vulture Species’

(Am. Nat., val. 185, no. 2, p. E00Q)

Methodological Details and Complementary Results
Supporting Fidd Work Information
Sudy System Description

Eurasian griffon vultures (Gyps fulvus, Hablizl 1783; EGVs) in the study area are concentrated mostly in four subregions
that differ substantially in terrain structure and food availability: the Judean and Negev deserts in southern Israel, the
northeastern parts of the country, and southwestern Jordan (Dana nature reserve district; fig. 1a). EGV’s yearly breeding
cycle starts with pair formation and nest construction at autumn (November-December) followed by egg laying during
winter (January-February) and incubation of 57 days. The long bi-parental care for the single nestling (up to ~140 days)
ends during late summer (July-August) after a post-fledgling dependency period. The Israeli Nature and Parks Authority
(INPA) runs a nationwide management program that includes population monitoring, food supplementation, and routine
autumn captures using walk-in traps located in the Judean and Negev deserts (31°N, 35°E). During the field seasons of
2008-2011 (in autumn), 53 adult birds (25 males; 27 females, one unknown) were equipped with bio-loggers that include
GPS and accelerometer sensors (hereafter, GPS-ACC tags).

In contrast to intensive management in Israel, white-backed vultures (Gyps africanus Salvadori, 1865; WBV) and
lappet-faced vultures (Torgos tracheliotus Forster, 1796; LFV) forage for carcasses of free-ranging ungulates in a more
natural setup within and outside the Etosha National Park, Namibia (19°S, 15°E). These species were trapped at the park
using leg-hold traps around bait carcasses during two field seasons in 2008 and 2009, and 19 GPS-ACC tags were
deployed on adult birds (5 on LFVs).

Tracking Device and Protocols

The GPS-ACC tags (160 g; E-OBS, Munich, Germany) were fitted in a backpack configuration and set to a 12-h duty
cycle starting at 7:00 a.m. to correspond with vulture diurnal activity pattern. Samples were taken every 10 min using
independent sensors: (i) a GPS device providing the three-dimensional position and the ground speed for each data point;
(i1) an ACC measuring acceleration at three perpendicular axes in bouts of 16-24 s at a frequency of 3.3 Hz for each
axis. Collected data are stored onboard until downloaded through UHF communication to a handheld receiver. Sampling
protocol changed slightly among sites, tags, and years, but these differences have minor importance for the analysis
presented here and were all unified by subsampling from the data when necessary. For further information regarding
fieldwork and sampling protocols see Nathan et al. (2012) and Spiegel et al. (2013a, 2013b).

Behavioral observation of tagged EGVs facilitates identification of animal behaviors from ACC and corresponding GPS
data using artificial neural networks supervised machine-learning algorithm (Nathan et al. 2012). This approach was used
to identify feeding events of EGVs for estimating their feeding frequency (Spiegel et al. 2013b) and assess their energy
expenditure using the overall dynamic body acceleration index (Halsey et al. 2008, 2009). Lower accessibility in the field
limited similar training data set for the African species; hence feeding event identification was based on the classification
rules derived for EGV. Considering the similar morphology and ecology of the three species, this approximation seems
plausible.

Sep-Sze Distribution Fitting

Five alternative models were fitted to the observed data. Maximal likelihood estimation was used to numerically find
values for distribution’s parameters, and the fits were compared with weighted AIC using Burnham and Anderson
(Burnham and Anderson 2002) weights W = g>"AIcmin=AIC) Thege weights were always 1 for the best-fitting model
(CBW4) and close to zero for the remaining models (table B1). The minimal and maximal step sizes were set to a = 25
m, b = 500 km for all functions based on the empirical data. For further details on the functions, see Garcia-Ripollés et
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al. (2011) and Jansen et al. (2012). For the CBWSs, we present also the inverse A value, which represents the typical scale
of movement.

Tracking Data Analysis
LRF Definition

We combined the LFV and WBYV that share the same region and have similar movement patterns into one data set
(hereafter LFV-WBYV) and surveyed this united data set and the EGV’s data set for LRFs. Based on the distribution of
distances between the roost locations and the center of the joint home range (the central location of all roosts of all birds
in each data set), we defined LRFs as movements exceeding a threshold distance. Threshold values of 400 km and 300
km were used for the LFV-WBYV and the EGYV, respectively, reflecting differences in typical individual home range sizes
between the two data sets (fig. Al).

Weather Data Annotation

Climatic conditions encountered by EGV along their LRF commuting flights were annotated for weather data using the
Environmental-Data Automated Track Annotation (Env-DATA) system. Weather data were obtained from the European
Centre for Medium-Range Weather Forecasts (Dodge et al. 2013). Thermal uplift (w*) and tailwind assistance were
calculated for GPS fixes of flying vultures with respect to vulture’s current step heading direction (Shamoun-Baranes et
al. 2007; Bohrer et al. 2011; Kemp et al. 2012). To control for autocorrelation between GPS fixes within each LRF event,
the differences were averaged over all points of the event. A pairwise comparison was done between conditions
encountered en route (with all LRFs occurring during the period September—January) and condition during LRFs “pseudo
LRF events,” which are time-shifted LRFs, generated at randomly selected dates throughout the complementary period
(February—August).

Laboratory Protocols and Analyses of Genetic Data

Genetic structure between LRF and other individuals was tested using analysis of 11 neutral markers (microsatellites) on
a data set of EGVs from Israel in 2011 (N = 141). Most of the EGVs trapped in Israel were not tracked by GPS
telemetry (IL, n = 105). GPS tracked EGVs included LRF individuals (LRE n = 7) and non-LRF ones (non-LRE n =
13). EGVs from Spain were used as an outgroup (SP, n = 16). The distribution of genetic variance between these 4
groups (LRE non-LRE IL, and SP) was assessed by principal coordinates analysis (also known as multidimensional
scaling) and an analysis of molecular variance (AMOVA).

DNA was extracted using a standard phenol-chloroform protocol after digesting samples in a Longmire’s buffer (Tris-
HCI, pH 8, 0.1 M; EDTA-Na 0.1 M, NaCl 0.01 M; SDS 0.5%). Sex of individuals was determined by amplification of
DNA fragments from the chromobox-helicase-DNA-binding protein located in the Z and W sexual chromosomes using
2550F/2718R primers (Fridolfsson and Ellegren 1999; Kocijan et al. 2011). Each polymerase chain reaction (PCR)
reaction required 0.25 uM of 2550F/2718R primers, 3 mM MgCl2, 1 x Ready Mix Solution Taq, and 2 uLL DNA
template (25-50 ng) on a final volume of 15 pL. PCR results for sex determination were screened loading 3 uL. of PCR
products and run in a 2% agarose gel containing RedSafe Nucleic Acid Staining solution. Overall, 141 samples were
genotyped using primers and PCR conditions described by Gautschi et al. (2000; microsatellites BV14, BV17, BV20,
BV11, BV6, BV12 and BV13) and by Mira et al. (2002; microsatellites Gf3F3, Gf11A4, Gf9C1, and Gf3H3).

PCR products were run on an Applied Biosystems 3730 Genetic Analyzer and scored with GeneMapper software
version 4.0 (Applied Biosystems). Hardy Weinberg Equilibrium test per locus and overall loci was estimated using
GENEPOP 3.3 (Rousset 2008). Allelic richness per locus per population was calculated using FSTAT version 2.9.3
(Goudet 1995), and genetic diversity (expected and observed heterozigosities) and overall Wright’s Fy; were estimated
using GENETIX 4.05.2 (Belkhir et al. 2004). Principal component analysis and AMOVA were run through GENEALEX
6.4 (Peakall and Smouse 2012).

Supporting Results

An LRF from Yemen to Isra€l

For EGV, one additional track collected in the past by O. Hatzofe using a different biotelemetry device was not included
in the main text because of the low quality of the tracking data. This track refers to an adult female EGV (roughly 7
years old) captured in southern Israel on July 23, 2002, and tracked until November 24, 2003, using an Argos platform
transmitting terminal tag (Microwave Telemetry, Columbia, MD). During the first half of August 2002, after traveling
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around Israel for 1 week, this bird commuted to Yemen within 1 week and stayed there for the following 9 months. In
the first half of May 2003, this bird commuted back to Israel within 1 week, stayed there for 5 weeks during the early
summer (June—July), and then headed back south, until the transmitter stopped signaling from central Saudi Arabia.
Although the accuracy and intensity of the tracking data are not comparable to those reported in the current study, this
track likely demonstrates an LRF in the opposite direction. That is, the core home range of this individual was
presumably in Saudi Arabia and Yemen, and the LRF was for 2 short visits in Israel. The low accuracy of this tracking
data does not allow reliable identification of specific roosts, but inspection of the general track revealed similarity in the
low roost fidelity during the wandering phase. During this wandering phase in Israel, the bird alternated among three
subregions (Golan, Negev, Judean Desert), similar to the low roost fidelity of the LRF individuals reported in the current
study during their wandering phase in Saudi Arabia.

Supporting Results of Genetic Analyses

Amplification success was high in all 11 polymorphic loci (mean, 0.96; range, 0.85-1.00). None of the loci deviated from
Hardy-Weinberg equilibrium (HWE) in the overall sample set or when excluding the outgroup (SP), nor when considering
each group independently (LRE non-LRE IL, and SP; see “Material and Methods”; HWE test, all loci x5, = 57.530, P >
.05; see table B3 for further details). The only significant difference on pairwise Fgy; values was found between EGVs
from IL and SP (F; = 0.01814, P < .001; see table B5). The hierarchical analysis of genetic structure (AMOVA)
revealed that 98% of the genetic variation is assigned within groups and provided further support to this result (table B6).
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Figure ALl: A histogram of the distances between centroid roost location (the center of the joint home range) and the most distant roost
in nonoverlapping monthly intervals for the Eurasian griffon vulture data set (upper panel) and the lappet-faced vulture and white-backed
vulture data set (lower panel). The dashed lines represent two different thresholds used to distinguish LRFs from other movements (300
and 400 km, respectively), reflecting difference in species movement patterns between the two study sites.
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Figure A2: Population genetic structure of griffon vultures. The ordination bi-plot represents the genetic associations among 141 birds,
including 7 global positioning system (GPS)-tagged birds that executed long-range forays (LRFs, open triangles), 13 GPS-tagged non-
LRF birds (non-LRE open circles), 105 non-GPS-tagged birds (IL, filled circles), all based on material collected from vultures in Israel.
Also included are 16 birds from Spain (SP, open squares). None of these groups form a distinct cluster, the Israeli vultures (LRE non-
LRE and IL) showed a weak genetic structure (¢, = 0.016; P = .01; see table B6), and the LRF birds cannot be distinguished from
other birds. PCA = principal component analysis.
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Table B1. Step-size distribution fitting of five alternative models and their goodness-of-fit statistics

EGV LFV and WBV
All data LRF data Non-LRF data All data LRF data Non-LRF data

TP (Levy) fit:*

u 1.117 1.072 1.118 1.06 1.063 1.059
TEXP fit:"

A .00018 .0001 .00018 .00013 .0001 .00012

1/ N 5,556 10,000 5,556 7,692 10,000 8,333
CBW?2 fit:¢

N .00621 .00621 .00621 .009237 .00621 .009237

A .000117 7.88E-05 .000117 .000117 7.88E-05 .000117

1/N, 161 161 161 108 161 108

1/N, 8,532 12,690 8,532 8,532 12,690 8,532

P 292 292 292 167333 230 167

P, 708 708 708 .832667 770 .833
CBW3 fit:*

N 012115 012115 012115 .017783 .021544 .017783

A .000464 .000383 .000464 .000261 .000215 .000316

A 8.25E-05 4.64E-05 8.25E-05 5.62E-05 3.16E-05 5.62E-05

1/N, 83 83 83 56 46 56

1/N, 2,154 2,610 2,154 3,831 4,642 3,162

/N 12,115 21,544 12,115 17,783 31,623 17,783

P 215 215 215 143714 144 144

P, 429 358 429 571857 .643 .501

P, .356 427 .356 .284429 213 .356
CBWH4 fit:®

N .019573 021544 .034807 .034807 .026102 .034807

A .002154 .002371 .00619 .005623 .001 .00619

A .000287 .000237 .000422 .000287 .000147 .000287

A 6.81E-05 4.22E-05 7.5E-05 6.19E-05 2.61E-05 5.62E-05

/N, 51 46 29 29 38 29

/N, 464 422 162 178 1,000 162

/N 3,481 4,217 2,371 3481 6813 3,481

/N, 14,678 23,714 13,335 16,156 38,312 17,783

P 144 144 .072 .072357 144 .072

P, 144 144 144 .072357 144 .072

P, 429 358 429 .5005 572 .501

P, 283 .355 .355 .354786 141 .355
AIC:

TP fit 92,115 89,361 92,196 98,954 41,149 93,373

TEXP fit 93,748 92,893 93,713 98,672 42,108 93,796

CBW?2 fit 90,498 88,676 90,527 96,527 40,755 91,586

CBWS3 fit 89,842 87,790 89,877 95,845 40,176 90,716

CBW4 fit 89,790 87,723 89,832 95,788 40,121 90,679
Weighted AIC:

CBW4 fit 1 1 1 1 1 1
Goodness of fit (G, P):

CBW4 fit 51.1,, .27 96, -009 56.9,s, .15 70.2y, 43 34.14, .65 54.14, .85

Note: Maximal likelihood estimation was used to numerically find values for distribution’s parameters, and the fits were compared using weighted
AIC. The minimal and maximal step sizes were set to & = 25 m, b = 500 km for all functions based on the empirical data. For further details on the
functions, see SI and reference therein. For the composite Brownian walk models (CBWs), we present (in bold) the inverse \ value, which represents the
typical scale of movement. Goodness-of-fit was calculated using a G-test with William’s correction. All P values < .00001. AIC = Akaice information
criterion; CBW = composite Brownian walk; EGV = Eurasian griffon vultures; LFV = lappet-faced vultures; LRF = long-range foray; TEXP =
truncated exponential distribution; TP = truncated Pareto distribution; WBV = white-backed vultures.

A—p - (P —a ) X 1<p<3.
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Table B2. Sensitivity analysis for the effect of turning angle (8) on curve-fitting results
Turning angle
40 50 60 70 80 90
Levy fit:
I 1.061 1.061 1.06 1.059 1.058 1.057
TEXP fit:
A .00014 .00014 .00013 .00013 .00012 .00012
17N 7,143 7,143 7,692 7,692 8,333 8,333
CBW?2 fit:
N .009237 .009237 .009237 .009237 .009237 .004175
N .000117 .000117 .000117 .000117 .000117 7.88E-05
/N, 108 108 108 108 108 240
/N, 8,532 8,532 8,532 8,532 8,532 12,690
P, 167333 167333 167333 .167333 .167333 .229708
P, 832667 .832667 .832667 .832667 .832667 770292
CBWS3 fit
N 014678 .017783 .017783 .017783 .017783 .017783
N 000261 .000261 .000261 .000316 .000316 .000316
N 6.81E-05 5.62E-05 5.62E-05 5.62E-05 5.62E-05 5.62E-05
/N, 68 56 56 56 56 56
/N, 3,831 3,831 3,831 3,162 3,162 3,162
/N 14,678 17,783 17,783 17,783 17,783 17,783
P 143714 143714 143714 143714 143714 143714
P, .5005 571857 .571857 .5005 .5005 .5005
P, .355786 .284429 .284429 .355786 .355786 .355786
CBW4 fit
N .034807 .034807 .034807 .034807 .034807 .034807
N 004642 .005109 .005623 .005623 .00619 .00619
s .000237 .000237 .000287 .000287 .000287 .000287
N 6.19E-05 5.62E-05 6.19E-05 5.62E-05 5.62E-05 5.11E-05
/N 29 29 29 29 29 29
/N, 215 196 178 178 162 162
1/, 4,217 4,217 3,481 3,481 3,481 3,481
/N, 16,156 17,783 16,156 17,783 17,783 19,573
o} .072357 .072357 .072357 072357 072357 .072357
P, .072357 .072357 .072357 .072357 .072357 .072357
P, 571857 571857 .5005 .5005 .5005 .5005
Py .283429 .283429 .354786 .354786 .354786 .354786
AIC:
TP fit 92,190 99,405 98,954 99,163 97,742 99,160
TEXP fit 91,203 98,780 98,672 99,252 98,003 99,672
CBW2 fit 89,458 96,740 96,527 96,979 95,743 97,312
CBWS3 fit 88,984 96,136 95,845 96,191 94,877 96,355
CBW4 fit 88,923 96,080 95,788 96,142 94,833 96,309
Weighted AIC:
CBW4 fit 1 1 1 1 1 1

Note: The step-size distribution fitting analysis were repeated separately for range 40°<6<90° for each subset. The selected value of § =
60° is highlighted in bold. Here we present results for the lappet-face vulture and white-backed vulture data set. See table B1 for models and
parameters. AIC = Akaice information criterion, CBW = composite Brownian walk; TEXP = truncated exponential distribution; TP =
truncated Pareto distribution.

Table B3. Genetic diversity of griffon vultures in Israel

LRF (n = 7) Non-LRF (n = 13) IL (n = 105)

HWE H. H, K AR HWE H, H, K AR HWE H, H, K AR

BVII 32 5 57 5 456 04 66 8 5 384 58 67 1 6 426
BVI2 33 8 86 7 667 85 94 | 14 872 .07 91 .88 19 7.84
BVI3 NI 0 0 0 .00 1 16 17 3 200 1 11 11 4 1.60
BV14 1 38 43 3 285 1 28 31 3 244 09 45 45 4 2.82
BV17 4 53 29 2 200 .58 47 38 2 199 1 38 38 2 1.97
BV20 1 48 33 2 200 52 57 44 3 290 30 60 63 5 3.35
BV6 NI 17 171 2 200 1 16 17 2 176 1 19 17 2 1.67
Gfl1A4 38 8 71 6 506 72 8 92 9 683 .71 87 90 12 6.69
Gf3F3 71 115 471 1 69 69 5 390 53 .79 81 8 5.09
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Gf3H3 NI .14 14 2 1.86 .29 .39 31 3 2.65 .83 27 29 4 2.27
GfoCl1 47 .88 g1 6 5.84 11 .80 .69 8 5.73 45 .88 86 13 6.71
Overall .85 52 45 373 359 71 .55 .54 5.1818  3.89 73 .55 .56 7.18  4.02

Note: AR = allelic richness (corrected to n = 6); H, = expected heterozygosity (nonbiased); H, = observed heterozygosity; HWE = Hardy-Weinberg
equilibrium test; IL = individual with patagial tags (no global positioning system); K = number of alleles; LRF = global positioning system—tagged
individual who performed a long-range foray during tracking; non-LRF = global positioning system—tagged individual who did not perform a long-range
foray during tracking; NI = no information (i.e., those HWE tests in which loci showed a single allele in the population). There were no differences in Hy,
H,, or AR between groups (one-way ANOVA, all P>.05).

Table B4. Genetic diversity of griffon vul-

tures in Spain (n = 16)
HWE H, Ho K AR
BVl1l1 .26 .58 .69 5 3.78
BVI12 .19 .85 .62 8 6.39
BV13 1 23 25 3 2.15
BV14 1 .28 31 3 2.24
BV17 1 Sl .56 2 2.00
BV20 54 .56 44 4 2.75
BV6 NI .06 .06 2 1.38
Gfl1A4 .90 .83 75 6 5.11
Gf3F3 .19 .76 .69 7 4.99
Gf3H3 1 31 .38 2 1.96
Gf9C1 32 .90 .86 10 7.21
Overall .88 .53 51 472  3.63
Note: AR = allelic richness (corrected to n = 6);

H; = expected heterozygosity (nonbiased); H, = observed
heterozygosity; HWE = Hardy-Weinberg equilibrium test;
K = number of alleles; NI = no information (i.e., those
HWE tests in which loci showed a single allele in the pop-
ulation). There were no differences in Hg, H,, or AR be-
tween groups (one-way ANOVA, all P>.05).

Table B5. Pairwise Fg, between global po-
sitioning system (GPS)-tagged individuals
that performed long-range forays (LRFs),
GPS-tagged individuals that did not perform
LRFs (non-LRF), and non-GPS-tagged (IL)
individuals from Israel and Spain (SP; upper
diagonal) and significance of Fg; after 1,000
permutations (lower diagonal)

LRF  Non-LRF IL Sp
LRF —.00744  —.00339 —.00471
GPS NS .00081 .00821
IL NS NS .01814
Sp NS NS o

Note: NS = nonsignificant.
**P<.001.

Table B6. Analysis of molecular variance between global
positioning system (GPS)-tagged individuals that performed
long-range forays (LRFs), GPS-tagged individuals that did
not perform LRFs, and non-GPS-tagged individuals from Is-
rael and Spain

Estimated
Source df SS MS variance Percentage
Among groups 3 27.1 9.039 110 2
Within groups 137 939.2 6.855 6.855 98
Total 140  966.3  15.894 6.965 100

Note: Overall ¢, = .016 (P = .01). df = degrees of freedom; MS = mean
squares; SS = sum of squares.
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