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Abstract

Aerodynamic theory postulates that gliding airspeed, a major flight performance component for
soaring avian migrants, scales with bird size and wing morphology. We tested this prediction, and
the role of gliding altitude and soaring conditions, using atmospheric simulations and radar tracks
of 1346 birds from 12 species. Gliding airspeed did not scale with bird size and wing morphology,
and unexpectedly converged to a narrow range. To explain this discrepancy, we propose that soar-
ing-gliding birds adjust their gliding airspeed according to the risk of grounding or switching to
costly flapping flight. Introducing the Risk Aversion Flight Index (RAFI, the ratio of actual to
theoretical risk-averse gliding airspeed), we found that inter- and intraspecific variation in RAFI
positively correlated with wing loading, and negatively correlated with convective thermal condi-
tions and gliding altitude, respectively. We propose that risk-sensitive behaviour modulates the
evolution (morphology) and ecology (response to environmental conditions) of bird soaring flight.
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INTRODUCTION

Bird airspeed (horizontal speed relative to air) is arguably the
most important component of flight performance shaping aerial
movements of all kinds including long-distance migration
(Pennycuick 2008). However, little is known about how evolu-
tionary and ecological factors modulate the airspeed of free-
ranging migrating birds. More than 300 bird species of various
taxonomic groups undertake long migratory journeys using
soaring-gliding flight mode (Del Hoyo et al. 1992). This mode
of flight is composed of alternating phases of soaring, in which
the bird ascends by circling within rising air columns, usually
created by the heating of the surface (hereafter, ‘thermals’), and
gliding, in which the bird progresses towards its destination
while losing height until it encounters another thermal and
ascends within it. Thermals may be recognised by clouds often
created above them, and by observing other circling birds
nearby (Pennycuick 1978). According to aerodynamic theory,
both the gliding airspeed (Va) and the sink rate (Vz, the rate of
altitude loss) of a gliding bird are determined by the bird’s glid-
ing angle, a relationship known as the glide polar (Reichmann
1978; Pennycuick 2008; Fig. 1a). Birds may fly at specific glid-
ing airspeed within the range determined by their glide polar by
controlling their angle of descent through adjustments of their
body posture and wing flexion (Tucker 1987).
Two points on the glide polar represent alternative behavio-

ural strategies along the Va spectrum (MacCready 1958;

Pennycuick 1972) with implications for flight performance
(Figs 1a and S1). The first, the best glide speed (Vbg), repre-
sents the highest ratio of Va to Vz, maximising the gliding dis-
tance. The second, the optimal (‘speed-to-fly’) speed (Vopt), is
derived from the MacCready theory (MacCready 1958).
According to this theory, gliding at Vopt maximises bird cross-
country speed (overall flight speed with respect to the desired
destination) by adjusting the gliding airspeed to the rate of
ascent at the preceding soaring phase. Thus, Vbg is indepen-
dent of the rate of ascent, whereas Vopt increases with ascent
rate. The MacCready theory suggests that, everything else
being equal, a bird (or a glider) aiming to maximise its cross-
country speed should glide at Vopt.
Yet, the MacCready theory does not take into account the

stochastic nature of thermals, assuming that thermals are
always available and that bird climb rate will be similar for
two consecutive thermals. Since gliding at Vopt involves a
greater rate of descent and thus higher probability of reaching
the ground before encountering a thermal for ascent (Penny-
cuick 2008; Fig. 2), gliding at Vopt entails a greater risk of
forced landing or switching to a more energy-consuming flap-
ping flight (hereafter, ‘grounding/flapping risk’). Due to the
stochastic distribution of convective thermals in time and
space (Pennycuick 1978; Bradbury 2000), gliding birds should
consider the grounding/flapping risk of not encountering a
thermal during the gliding phase (Fig. 2). A risk-averse bird is
expected to glide at Vbg to increase its gliding duration, at the
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cost of a slower progress, whereas a risk-prone bird would
glide at Vopt to progress more rapidly to its destination, at a
higher grounding/flapping risk. Grounding/flapping risk is

especially important for heavier birds for which the cost of
flapping is considerably higher (Pennycuick 2008). Also, the
grounding/flapping risk is probably crucial during enduring
long-distance migration due to the poor body condition of
many migrants, giving rise to strong selection pressures to
minimise the cost of transport (Alerstam & Lindstr€om 1990;
Alerstam 1991; Hedenstr€om 1993). Previous studies have
placed the recorded Va of migrating birds in reference to the
two endpoint values, Vbg and Vopt (Pennycuick 1972, 1978;
Bruderer et al. 1995; Liechti et al. 1996; Spaar & Bruderer
1997), or to Vopt alone (e.g. �Akos et al. 2008). Yet, these stud-
ies have not accounted for the factors explaining the variance
in Va among species and individuals, overlooking evolutionary
and ecological factors that may shape the gliding airspeed of
migrating birds.
To discern the factors affecting the gliding flight perfor-

mance of migratory birds, we combined high-resolution (1 s
sampling interval, 1–10 m accuracy depending on distance)
radar tracking (Bruderer et al. 1995; Liechti et al. 1996; Spaar
& Bruderer 1997; Fig. 1b), glide polar calculations for each
bird based on species size and morphology, and numerical
atmospheric simulations by the Regional Atmospheric Model-
ing System (RAMS, Pielke et al. 1992; Walko et al. 2000;
Cotton et al. 2003). We used RAMS to estimate the wind

(a)

(b)

Figure 1 Risk Aversion Flight Index (RAFI) computation and examples. (a) RAFI calculation flow chart: glide polar calculations using biometric traits (i),

wind vector (w) and climb rate (Vc) (ii) to compute Vbg and Vopt. Gliding airspeed (Va) is retrieved by subtracting the wind vector (w) from the bird’s

vector (iii) to calculate RAFI based on Va position along the Vbg to Vopt spectrum (iv). (b) Examples of recorded flight tracks. Blue lines and left ordinates

represent birds gliding closer to Vbg, (high RAFI); red lines and right ordinates represent birds gliding closer to Vopt (lower RAFI). Open squares (zero

value on the abscissa) represent the switching point between circling and gliding, and open circles represent bird location at 20 s intervals before and after

this point. Solid lines represent equal duration of gliding for the two birds, and dashed blue line is the remaining recorded gliding of the Vbg bird.

(a) (b)

(c) (d)

Figure 2 Illustration of risk-sensitive gliding flight of migrating birds. (a)

Two birds soar to the top of a convective thermal and start gliding from the

same height at either Vopt (red) or Vbg (blue). (b) The Vopt bird glides faster,

gaining more distance but losing more height. (c) The Vopt bird reaches the

ground before finding a thermal suitable for ascent and must therefore

either land or switch to energetically costly flapping flight. (d) The Vbg bird

finds a thermal suitable for ascent and starts circling to gain height.
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vectors that each individual bird encountered during flight,
focusing on distinct events of soaring followed by gliding
(Figs 1 and 2). Our sample is composed of 1346 migrating
birds of 12 different species that vary substantially in their
body mass and wing morphology (Bruderer & Boldt 2001;
Bruderer et al. 2010; Table 1).
To assess risk-sensitive gliding flight with respect to the

grounding/flapping risk, we introduce the Risk Aversion
Flight Index (RAFI; Fig. 1a), which represents the relative
position of the bird’s actual gliding airspeed on the theorised
Vbg to Vopt spectrum (i.e. RAFI = (Vopt � Va)/(Vopt � Vbg),
see Materials and Methods). The highest theorised index value
(RAFI = 1) represents a risk-averse bird gliding at Vbg, a rela-
tively slow flight lowering the grounding/flapping risk. The
lowest theoretical value (RAFI = 0) represents a risk-prone
bird gliding at Vopt, a fast flight associated with high ground-
ing/flapping risk (Figs 1a and 2).
In the following, we contrasted two sets of alternative pre-

dictions, the first derived from bird aerodynamic theory and
current knowledge, the second from our risk-sensitive flight
hypothesis. For instance, prediction 1a, derived from
aerodynamics theory was contrasted with its alternative pre-
diction 1b, derived from our hypothesis. We thus predict
that: (1a) mean species’ Va will increase with wing loading
because both Vbg and Vopt increase with wing loading (He-
denstr€om & Alerstam 1998; Pennycuick 2008); alternatively,
(1b) RAFI will be lower (i.e. Va closer to Vopt) for birds with
lower wing loading and high (i.e. Va closer to Vbg) for birds
with high wing loading, resulting in no increase in species’
Va with wing loading; (2a) mean species’ Va will fit either
Vbg or Vopt following past studies (Pennycuick 1972, 1978;
Bruderer et al. 1995; Liechti et al. 1996; Spaar & Bruderer
1997; �Akos et al. 2008); alternatively, (2b) due to the risk-
sensitive response predicted in 1b, mean species’ Va will not
necessarily fit either Vbg or Vopt but will vary in a predictable
manner between Vbg (minimum) to Vopt (maximum); (3a) Va

will be higher when thermal intensity, or the height of the
bird at the end of the soaring phase (which may be the out-
come of thermal intensity), are higher and will follow Vopt

according to the MacCready theory. Accordingly, RAFI will
be zero, or near zero (bird gliding airspeed will be equal to
Vopt), regardless of thermal intensity or the height of the bird
at the end of the soaring phase; alternatively, (3b) RAFI will
decrease (bird gliding airspeed will become closer to Vopt)
with thermal intensity and the height of the bird at the end
of the soaring phase. In addition, following recent evidence
(Nilsson et al. 2013) that, unlike other bird groups, thermal
soaring birds do not migrate faster in spring than they do in
autumn, we also predict that (4) RAFI will not differ
between the seasons. Finally, as winds can strongly influence
bird flight behaviour (Liechti 2006), we also tested the effects
of tailwind assistance and cross-winds on RAFI. Such effects
are likely to be complex; for instance, wind assistance may
enable faster glide between thermals, but concomitantly may
break down thermals due to air mixing and thus may reduce
thermal availability (Kerlinger 1989; Duerr et al. 2012).
Therefore, we do not provide a priori predictions for wind
effects on RAFI.

MATERIALS AND METHODS

Study sites

Flight tracks of migrating birds were collected at two sites:
Sede Boqer (N 30°51026″ E 34°48002″) and Idan (N
30°49010″ E 35°16000″), both of which are located in the
Negev Desert of southern Israel, ~ 45 km apart, within a
main soaring bird migration flyway (Bruderer et al. 1995;
Spaar & Bruderer 1996, 1997). The two study sites differ
from one another topographically. The Idan site (�160 m
ASL) is located on an open and relatively wide plateau
within the Arava Valley, whereas the Sede Boqer site is
located in a region of complex terrain neighbouring the
wide gorge of Wadi Zin within the Negev highlands (470 m
ASL).

Tracking radar

‘Superfledermaus’ radars, which are capable of tracking
small migrating birds from a distance of 5 km and up to
8 km for larger birds, were used for bird tracking (Bruderer
et al. 1995). The maximal distance error of these radars is
� 10 m and the maximal azimuth and elevation error is
� 0.06º (Bruderer & Boldt 2001). Each radar was connected
to a computer using custom-made software that registered
the three-dimensional position of the tracked bird every sec-
ond. To identify the species of bird, an experienced obser-
ver identified the tracked target through a 12.49
magnifying telescope that was mounted parallel to the radar
antenna. Birds were tracked during a total of 171 tracking
days in the two sites during the spring and fall of 1991
and 1992.

Atmospheric simulations

Atmospheric data were simulated by the RAMS (Pielke
et al. 1992; Walko et al. 2000; Cotton et al. 2003), which
has been widely employed for atmospheric studies at various
temporal and spatial scales, from seconds and several metres
to decades and an entire continent. Our RAMS application
contained four nested grids, with a finest grid cell size of
250 m 9 250 m (Fig. S2). The temporal resolution of the
simulation output was one minute. For model input, we
used the European Centre for Medium-Range Weather Fore-
casts (ECMWF) mandatory-level reanalysis, produced every
6 h at a 2.5° spatial resolution worldwide, and a 250 m reso-
lution digital elevation model produced by the Hebrew Uni-
versity GIS centre. See Sapir et al. (2011) for validation data
of our RAMS simulations. We made use of three parameters
of the RAMS output in our analyses. The first two, wind U
(west-east) and V (south-north) components were used to
calculate gliding airspeed (Fig. 1). The third, turbulence
kinetic energy (TKE), was used as a proxy of thermal inten-
sity. TKE in the mid-section of the planetary boundary layer
is a commonly used proxy for convective updraft intensity
(Mandel et al. 2008; Sapir et al. 2011) because convective air
movement is characterised by highly turbulent flow (Stull
1988).
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Identifying thermal circling during soaring and gliding

We defined a part of a track as a soaring phase if it included
continuous change in heading angle in one direction during at
least two full circles, if at least 80% of the bird’s vertical 1 s
steps were upward and at least 80% of the horizontal 1 s
steps showed a circling pattern for at least 20 s. Similarly, a
gliding phase was recognised if 80% of the 1 s steps were
downwards without circling for at least 20 s. Because RAFI
calculations necessitate computing the theoretical Vopt during
gliding based on the climb rate at the preceding thermal soar-
ing phase, we only used tracks consisting of soaring immedi-
ately followed by gliding. We calculated bird circling radius
during soaring using three consecutive coordinates during a
single circle and averaged all radii calculated during a single
soaring phase.

Calculating bird air and ground speed

The ground speed of a bird during time interval t2 – t1 was
calculated as the horizontal displacement divided by time

Vg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx2 � x1Þ2 þ ðy2 � y1Þ2

q
t2 � t1

; ð1Þ

where xt and yt are the x and y coordinates of the bird at time
t, respectively, and assuming that t2 � t1 is small enough (1 s
in this study). The gliding airspeed (V0

a) was calculated by
subtracting the wind vector from the ground speed vector
(Fig. 1A)

V0
a ¼ Vg � w; ð2Þ

where w, the wind vector, is considered constant between t1
and t2 (i.e. winds experienced by the bird do not vary
between t1 and t2). Because the 1346 bird tracks we analy-
sed encompass different flight altitudes, we used the equiva-
lent gliding airspeed of the bird to make them comparable
(Pennycuick 2008). Equivalent gliding airspeed is calculated
by dividing the gliding airspeed by the square root of the
ratio of air density at bird position to the air density at sea
level:

Va ¼ V0
a

ffiffiffiffiffi
q
q0

r
; ð3Þ

where q is the air density at the altitude of the bird and q0 is
the air density at sea level. We use only the equivalent gliding
airspeed Va throughout the paper.

Calculating bird glide polar, Vbg, Vopt and RAFI

We calculated the birds’ theoretical Vbg and Vopt using
equations given in Pennycuick (2008) and species’ morphol-
ogy (Table 1). We compared our results with those obtained
for the same input values from the Flight (version 1.23)
software (http:/www.bristol.ac.uk/biology/media/pennycuick.
c/flight_123.zip) and found no differences. RAFI is com-
puted as the relative position of the bird’s actual gliding
airspeed (Va) on the interval between its theorised Vbg and
Vopt (Fig. 1a):

RAFI ¼ Vopt � Va

Vopt � Vbg
: ð4Þ

Species-specific RAFI values are the means of all the RAFI
values calculated from the tracks of all individuals of a certain
species. We note that birds can glide faster than Vopt or slower
than Vbg but such rare cases involving extreme slow or fast
airspeeds likely cancel each other and have little, if any, effect
on mean species’ Va.

Data analysis

We applied regressions using linear (y = ax + b) and loga-
rithmic (y = a log x + b) models to test the relationships
between morphological traits (body mass, wing area, wing-
span, aspect ratio that is the square of the wingspan divided
by the wing area and wing loading that is the body mass
divided by the wing area), and RAFI, Va and circling radius.
The regressions were computed using the phylogenetically
controlled generalised least squares method (Garland & Ives
2000) to minimise the effects of phylogenetic bias. Phyloge-
netic data were taken from Griffiths et al. (2007) and Hackett
et al. (2008). The best model was selected based on the lowest
Akaike information criterion value, modified for small sample
sizes (Burnham & Anderson 2002). Pearson correlation was
used to test the correlation between the five morphological
traits. To study how intraspecific variation in morphological
traits may affect these relationships, we calculated mean Va

by bootstrapping RAFI through incorporation of realistic
estimates of intraspecific variation in bird biometric attributes.
Testing the relationships between RAFI and both TKE and
the height where birds started to glide (hereafter gliding
height) was done by an analysis of covariance (ANCOVA)
that included both categorical (species) and continuous (TKE
or gliding height) explanatory variables. An ANCOVA was
also applied to examine the effects of bird species and TKE
on bird climb rate during soaring, and the effects of tailwind
assistance and cross-winds on RAFI. We used a two-way
ANOVA to test the effects of bird species and season (spring
or fall) on RAFI. All statistical analyses were done in Matlab
version 7.14 (MathWorks Inc, Natick, MA, USA).

RESULTS

We found no support for some of the most basic scaling rela-
tionships of soaring-gliding flight derived from aerodynamic
theory, predicting that gliding airspeed increases with body
mass, wing loading or any other wing morphology parame-
ters. Mean Va was not significantly related to wing loading
(P = 0.71), body mass (P = 0.56) or any other morphological
attribute (P > 0.26 for all parameters). Moreover, the
expected range of mean Va of the different species based on
the species-specific glide polars when examining Vbg alone
(6.8 ms�1, 6.9–13.7 ms�1), Vopt alone (7.9 ms�1, 12.7–
20.6 ms�1) or the entire range of both Vbg and Vopt

(13.7 ms�1, 6.9–20.6 ms�1) is substantially (2.7–5 times) wider
than the observed mean Va range (2.7 ms�1, 12.5–15.2 ms�1).
Although our biometric data are averaged per species and not
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specific for each recorded individual, bootstrapping the data
with conservative estimates of intraspecific variance in body
mass and wing morphometrics revealed robustness of our
results to variability among individuals (Table S1; Fig. S3).
Therefore, despite their markedly different morphology and
size (Table 1), soaring-gliding bird species glide at similar glid-
ing airspeeds because high wing loading species tend to fly
close to their (relatively slow) Vbg, whereas low wing loading
species fly close to their (relatively fast) Vopt, resulting in nar-
row Va range (Fig. 3). These findings are in contrast to Pre-
dictions 1a and 2a.
We found that interspecific variation in RAFI was best

explained by wing loading under a logarithmic model
(R2 = 0.96, P < 0.001; Fig. 4A; Tables S2 and S3). This
implies that bird species with relatively high wing loading
glide in a risk-averse manner, and those with relatively low
wing loading would be risk prone. This finding supports Pre-
diction 1b. The relationships between the other four morpho-
logical variables and RAFI are given in Figure S4, and the
correlations between the five morphological traits are pro-
vided in Table S5. As previously suggested (Pennycuick 1972;
�Akos et al. 2010), we also found that birds with lower wing
loading can circle in a smaller radius during the soaring phase
(R2 = 0.77, P < 0.001; Fig. 4b; Table S4).

Figure 3 Convergence of gliding airspeed. Actual gliding airspeed (Va)

converged to a narrow range of 2.7 ms�1 (white range in the middle)

within the much larger theorised range of Vbg (best glide speed) and Vopt

(optimal ‘speed-to-fly’ speed) spanning 13.7 ms�1. For each species, the

mean Va is depicted by a black dot within a bar that indicates the species-

specific range between Vbg and Vopt (left and right bar tips, respectively).

Species abbreviations are given at the right of the figure (see Table 1).

(a) (b)

(c) (d)

Figure 4 Body mass, wing morphology and atmospheric conditions strongly affect the Risk Aversion Flight Index (RAFI). (a) Interspecific variation in

RAFI is explained by a logarithmic relationship with wing loading (R2 = 0.96, P < 0.001; Tables S2 and S3). (b) Interspecific variation in circling radius

while soaring is explained by a linear relationship with wing loading (R2 = 0.77, P < 0.001; Table S4). Intraspecific variation in RAFI is explained by (c)

thermal soaring conditions (turbulence kinetic energy, TKE, in the mid-section of the planetary boundary layer) and (d) the altitude in which gliding

started. RAFI decreases with increasing TKE and flight altitude at the start of the gliding phase (P < 0.001 in both cases; Tables S5 and S6). The black

area indicates 95% confidence bounds around the mean response calculated for all individuals of all species combined. Grey dashed lines are the species-

specific regression lines.
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To explore the ecological part of our risk-sensitive flight
hypothesis, we tested the intraspecific relationships between
RAFI and atmospheric conditions. Prior to these tests, we
examined the common assumption that bird ascent rate dur-
ing soaring is directly affected by thermal intensity (Pennycu-
ick 2008). We found that, irrespective of species, bird climb
rate is positively and highly significantly related to TKE
(P < 0.001; Table S6). RAFI values were negatively related to
both TKE and gliding height (P < 0.001 in both cases; Fig. 4c
and 4d; Tables S7 and S8), and the same was found for Va

(P = 0.003 and P < 0.001 for TKE and gliding height respec-
tively). These findings contrast Prediction 3a and support Pre-
diction 3b. We found no significant seasonal effects on both
RAFI (P = 0.27; Table S9) and Va (P = 0.17; Table S9), sup-
porting Prediction 4. In addition, no effects of tailwind assis-
tance (P = 0.57) and cross-wind speed (P = 0.44) on RAFI
were found.
The joint effects of bird morphology (wing loading) and the

environment (TKE) on RAFI can be described by a simple
equation (RAFI = 4.5 + [�5.09 + 0.86log(wing loading)] 9
TKE0.06), as illustrated in Figure 5. This figure offers an
integrated, quantitative framework for the risk-sensitive
flight hypothesis, predicting flight behaviour for different
morphologies and environmental conditions. It also predicts

the conditions for which flight might be too slow to allow pro-
gress at desirable speed, especially for high wing loading birds.

DISCUSSION

Aerodynamic theory, which applies principles of fluid mechan-
ics to study the dynamics of the moving air and airborne
objects mostly for guiding human aviation research, has been
successfully applied also to study the flight of birds (Pennycu-
ick 1969, 1972, 2008) and other flying organisms (Vogel 1966;
Ellington 1984; Hedenstr€om et al. 2007). Focusing on soaring-
gliding migrating birds, we tested here some of the most basic
theoretical predictions relating gliding airspeed to bird body
mass and morphology, as well as to the theorised gliding air-
speeds derived from the glide polar, including the optimal
gliding speed predicted by the MacCready theory (MacCready
1958). Our tests revealed no support for some of the most
basic theoretical expectations, whereas predictions derived
from the risk-sensitive flight hypothesis introduced in this
study were strongly supported.
The gliding airspeed of birds can be portrayed by the glide

polar, predicting faster gliding for heavier birds and thus, due
to the strong correlation with body mass, also for birds with
higher wing loading. Although these theoretical relationships
have long been recognised, empirical examinations based on
comprehensive intra- and interspecific comparisons were lack-
ing, presumably due to the practical challenge of accurately
quantifying gliding airspeed (and not merely ground speed)
across complete soaring-gliding cycles for a large number of
individuals and species under variable real-life environmental
conditions. Our analysis of high-resolution tracks of full soar-
ing-gliding cycles consisting of 1346 migrating birds of 12 dif-
ferent species, combined with detailed atmospheric
simulations to quantify gliding airspeed, revealed that, in con-
trast to theory, gliding airspeed neither scales with body mass
nor with wing loading or other morphological parameters
examined. Rather, gliding airspeeds of 12 species converged to
a small range of 2.7 m s�1, between 12.5 and 15.2 m s�1, con-
siderably narrower than theoretical expectations (Fig. 3).
To explain this unexpected result, recall that the glide polar

does not predict one optimal gliding airspeed, but a range of
potentially optimal ones that might correspond to different
optimisation criteria. Although the two end points of this
range, Vbg (the best glide speed that represents the highest
ratio of gliding airspeed to sink rate, maximising the gliding
distance) and Vopt (the optimal ‘speed-to-fly’ speed that maxi-
mises overall flight speed with respect to the desired destina-
tion by adjusting the gliding airspeed to the rate of ascent at
the preceding soaring phase), are expected to increase with
body mass (or wing loading), and the mean gliding airspeeds
of all study species were included within their theoretical spe-
cies-specific range, birds may choose to glide at various airspe-
eds within this range, not necessarily at one of the two
endpoints or at some average value (cf. Pennycuick 1972,
1978; Bruderer et al. 1995; Liechti et al. 1996; Spaar & Bru-
derer 1997; �Akos et al. 2008). Because Vopt depends on the
rate of climb during the preceding soaring phase (MacCready
1958), gliding airspeeds convergence could have been
explained, at least partially, by the opposing effects of body

Figure 5 Ecological and evolutionary factors affecting the Risk Aversion

Flight Index (RAFI). Wing loading, varying at an evolutionary timescale,

and turbulence kinetic energy (TKE), varying at ecological/behavioural

timescales, effects on RAFI. The resulting regression equation is

RAFI = 4.5 + [�5.09 + 0.86log(wing loading)] 9 TKE0.06, fitted using all

1346 tracks. Regressed RAFI values are presented across the entire range,

from white (RAFI = 1; extremely risk averse) to black (RAFI = 0;

extremely risk prone). The TKE axis spans from 0 to the maximal

simulated value (3.4 m2 s�2). Wing loading spans from the minimal

(Montagu’s harrier, 2.055 kg m�2) to the maximal (Black stork,

6.000 kg m�2) values among the study species. The black lattice depict

RAFI values > 1, indicating conditions for which gliding airspeeds might

be too slow to attain desirable progress speed and consequently may be

avoided by soaring birds during migration, by either landing or flying at

Vbg despite the higher grounding/flapping risk involved.
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mass (or wing loading) on climb rate vs. gliding airspeed:
lighter birds climb faster but glide slower. Yet, we found no
support for this potential explanation, as the mean climb rate
was also not significantly correlated with body mass, wing
loading or any other morphological parameter (P > 0.26 for
all parameters; see data in Table 1). Furthermore, the
observed airspeed convergence range shifted to considerably
lower values (by 17% on average), and was also three times
narrower, compared to the expected Vopt range based on the
MacCready theory (Fig. 3). Assuming that migrating birds
attempt to maximise cross-country speed to minimise migra-
tion time (Alerstam & Lindstr€om 1990; Alerstam 1991;
Hedenstr€om 1993) and hence are expected to glide at Vopt,
why they do not fly as fast as they can?
This intriguing question, as well as the convergence of glid-

ing airspeeds more generally, can all be explained by the risk-
sensitive flight hypothesis introduced in this study. Although
the idea that birds may glide in a risk-sensitive manner is not
new (Pennycuick 1978; p. 175–176; Pennycuick 2008, p. 291–
292), this concept has been greatly neglected in bird flight
research, neither formalised nor quantitatively implemented in
bird aerodynamic theory, and also not yet empirically tested.
To formalise and test the risk-sensitive flight hypothesis, we
introduced a simple index, denoted as RAFI, quantifying the
level of risk aversion in bird gliding flight. Our hypothesis,
formally defined in the Introduction, postulates that soaring-
gliding birds choose their gliding airspeed considering the
grounding/flapping risk associated with a failure to detect ade-
quate thermals farther ahead. Among the two components of
this risk, grounding is a common cost for both birds and gli-
der pilots, whereas the cost of flapping is equivalent to acti-
vating the engine in motor gliders, entailing much higher
energy expenditure compared to gliding. Both risk compo-
nents depend on the joint effects of structural features (mass,
morphology and design) and environmental conditions, which
represent complementary evolutionary and ecological pro-
cesses shaping flight performance in soaring-gliding birds,
considered next.
Among the different bird structural features examined in this

study, wing loading – the ratio of body mass to wing area – best
explained variation in RAFI between species. This finding cor-
responds to the well-established significance of wing loading in
soaring flight (Reichmann 1978; Hedenstr€om & Alerstam 1998;
Pennycuick 2008). We found that birds from species with lower
wing loading soared in smaller circles (Pennycuick 1972; �Akos
et al. 2010), suggesting an ability to utilise the strong lift at the
centre of weak thermals, compared to birds from species with
high wing loading that are limited to stronger and/or wider
thermals (Fig. 4b). Furthermore, the cost of switching to flap-
ping flight (in case of a failure to find a suitable thermal during
the gliding phase) is disproportionately higher for heavier birds
in general (Pennycuick 2008) and in our 12 species as well, with
mechanical power (W) at Vmr (the maximum range airspeed for
flapping flyers) = 10.849 9 body mass (kg) �1.556
(R2 = 0.980, P < 0.001), and thus also greater for birds with
higher wing loading. Altogether, birds with higher wing loading
are more prone to the overall cost of the grounding/flapping
risk. Indeed, variation in wing loading and its two components
(body mass and wing area) may additionally reflect selective

pressures for other fitness components other than long-distance
migration such as reproductive success (Kullberg et al. 2002;
Neto & Gosler 2010).
The grounding/flapping risk does not solely depend on bird

morphology, but is also highly affected by environmental
conditions. We found that soaring migrants changed their
gliding airspeed in a risk-sensitive manner according to
instantaneous conditions they encountered en route. Specifi-
cally, birds glided safer (i.e. closer to Vbg) when thermals
were relatively weak (Fig. 4c) and when gliding started at
lower elevation (Fig. 4d). Interestingly, the effect of altitude
diminished above 1000 m height, suggesting that birds disre-
gard risk due to gliding height above this threshold height,
which may be perceived as an altitude allowing gliding birds
to remain airborne for sufficient duration to safely locate a
thermal during gliding. Whereas variation in wing loading is
considered to reflect a major evolutionary response most
notable at the interspecific level, variation in flight behaviour
with regards to atmospheric conditions is considered to reflect
a major ecological response of soaring organisms, most nota-
ble at the intraspecific level. Importantly, we show that both
types of responses are modulated by risk-sensitive behaviour.
We show that two factors, wing loading and TKE, can be

integrated in a quantitative way to predict variation in RAFI,
representing key evolutionary and ecological factors affecting
soaring-gliding flight (Fig. 5). Although other morphological
traits and environmental conditions may affect risk-sensitive
flight, we suggest that the strong effects of these two factors
render them sufficient to construct a parsimonious model for
the complex task of passive flight under substantial uncertain-
ties and risks. We found that for our data set, variation in
RAFI cannot be explained by tracking region (Idan or Sede
Boqer, differing substantially in topography), year, season
(spring vs. fall) or wind conditions (e.g. head-, tail- and cross-
wind). Although other potentially influencing factors and data
sets should be explored, we propose that this simple frame-
work can be extrapolated beyond the species and sites
included in our analysis.
Although the data set analysed in this study is substantially

more comprehensive and variable than any bird soaring data
set analysed in this context in terms of individuals, species,
duration, and is also exceptional in terms of data quality and
complementary atmospheric modelling, it still comes short-
handed in answering some important aspects of soaring flight
behaviour. For example, the lack of data on body mass and
morphology at the individual level precludes direct tests of how
intraspecific morphological differences affect risk-sensitive
flight behaviour. Yet, we do show that our main results are
robust to known variation in species’ morphology (Fig. S3). In
addition, the generality of the observed relationships should be
re-examined over wider environmental variability incorporating
also less or more extreme arid conditions than those experi-
enced by our birds over the Negev Desert of Israel. Migrating
birds crossing the Sahara, for instance, may be exceptionally
risk averse due to the severe consequences of the grounding/
flapping risk for bird survival (Klaassen et al. 2014). Further-
more, because radar data are inherently limited in their spatial
extent, we could not explore variation in RAFI throughout con-
tinuous cross-country flight consisting of consecutive soaring-
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gliding cycles. Analysis of longer tracks can help assess the scale
at which birds can safely project the forthcoming thermal con-
ditions from the conditions encountered in the current and pre-
vious soaring-gliding cycles. It can be predicted, for instance,
that birds choose gliding airspeed not solely based on the climb
rate (hence thermal intensity) they experienced in the last soar-
ing phase, but integrate the climb rates experienced thus far,
and perhaps respond to the trend, not just to the absolute val-
ues. Although we are not aware of an existing tracking system
that can simultaneously record flight paths of multiple individu-
als within a relatively large area in a sufficiently high resolution,
such data sets could elucidate if and how soaring-gliding perfor-
mance of other birds nearby, conspecifics or from other species,
affect the flight performance of individual birds. Moreover,
tracking flight behaviour throughout the annual cycle will
enable us to compare risk sensitivity in different ecological con-
texts, involving other movement types, such as central-place
foraging during breeding (Spiegel et al. 2013) and long-range
forays (Nathan et al. 2012).
In summary, our study illustrates the importance of com-

bining high-resolution animal tracking data and atmospheric
simulations for the study of the time and energy trade-offs
that are essential for understanding the ecology and evolution
of bird flight (Alerstam 1991; Hedenstr€om 1993; Hedenstr€om
& Alerstam 1998; Alerstam et al. 2007; Pennycuick 2008;
Bohrer et al. 2012) and of other major movement phenomena
of airborne organisms (Isard & Gage 2001; Nathan et al.
2005). Furthermore, by corroborating both the growing
attempts to understand intertwining evolutionary and ecologi-
cal processes (Kokko & L�opez-Sepulcre 2007; Schoener 2011)
and the linkage between various internal and external compo-
nents of the movement ecology of organisms (Nathan et al.
2008), our study shows how behaviour modulates the interface
between ecology (response to environmental variation) and
evolution (selection of morphological traits) in determining
the flight performance of soaring-gliding migratory birds.
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