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SUMMARY

Thermal soaring enables birds to perform cost-efficient flights. Although aerodynamic rules dictate the
costs of flight, soaring species vary strongly in their morphologies and behavioral strategies. To quantify
morphology-related differences in behavioral cross-country strategies, we analyzed a large dataset consist-
ing of over a hundred individuals from 12 soaring species recorded with high-frequency tracking devices. We
quantified their performance during thermalling and gliding flights and their overall cross-country behavior.
Our results confirmed aerodynamic theory across the species; species with higher wing loading typically flew
faster and consequently turned on a larger radius than lighter ones. Furthermore, the combination of circling
radius and minimum sink speed determines the maximum benefits soaring birds obtain from thermals.
Notably, we observed a spectrum of strategies regarding the adaptivity to thermal strength and uncovered
a universal rule for cross-country strategies for all analyzed species which can provide inspiration for tech-

nical applications, like autopilot for robotic gliders.

INTRODUCTION

Flying is energetically costly but many species have adapted
their morphology and behavior to cope with the different require-
ments of this aerial lifestyle. Large, heavy bird species have
developed energy-efficient flight modes, such as soaring-gliding
flight'? because the energetic costs of flapping wings increase
with body mass.®> The aerodynamic theory behind soaring is
well established, and soaring birds exhibit a strong ecological,
behavioral, and morphological diversity® (Table S1 and S2).
During soaring, birds gain altitude when circling in thermal
convective updrafts (commonly referred to as thermals: localized
regions of rising, buoyant air heated by sunlight”-¥). Thermalling
is followed by gliding flight (inter-thermal flight), where birds
descend while traveling horizontal distances.”'® During this
gliding phase, birds can adjust their gliding angle (i.e., steepness
of the descending glide) which determines their horizontal
(gliding) airspeed and their vertical (sinking) speed. This relation-
ship is also known as the glide polar.'""'? Previous studies have
shown that the performance of a glider (bird or aircraft) depends
strongly on its wing shape.'""'*>"'® For example, species with
long, narrow wings (high aspect ratio wings) can be more effi-
cient at gliding with their higher lift to drag ratio, while species
with higher wing loading (ratio between body mass and wing
area) can achieve increased flight speed.®'*'® More specifically,

(1) the horizontal speed that ensures the maximal horizontal
travel distance from a given height depends (VEest &%) on the
wing loading,® (2) the glider’s lift to drag ratio is a function of
the wing’s aspect ratio,'>'” and (3) its turning radius during ther-
malling is directly proportional to wing loading.'? Thus, all these
morphological factors drive flight performance but disentangling
the importance of each factor separately and for different spe-
cies is challenging.

Previous studies of soaring flight used motor gliders, ra-
dars,®'92" or multi camera videography techniques®*2* to
examine the flight performance of free-flying birds. Currently
modern bio-logging techniques allow us to obtain not just
high-precision measurements of the birds’ positions and move-
ments in three dimensions but enable us to accurately measure
the morphological features of each individual bird and species
when attaching the devices.”° Here, we compiled a large
tracking dataset, that contains detailed flight records of 12 bird
species, belonging to 5 families with different lifestyles (Accipitri-
dae, Cathartidae, Falconidae, Threskiornithidae, and Ciconiidae;
species details in Table S1). The dataset includes scavengers
(3 [old-world] vultures and 1 [new-world] condor that look for
food on the ground from high flight height), predators (searching
for mobile prey that attack in the air [1 large falcon], on the
ground [3 eagles], or at water surface [1 sea eagle]), and three
species foraging on insects or small mammals that migrate
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long distances (1 small falcon, 1 stork, and 1 ibis). Despite these
behavioral differences, all species rely heavily on soaring flight
and most have broad, elongated wings (relative to their body
mass) with relatively similar aspect ratios (between 6.27 and
8.46). In addition, they differ in wingspan, wing loading and
body mass (by almost two orders of magnitude, see Table S2),
likely generating interspecific variations in flight behavior.®*°
Although our main goal is to compare different species, we
also investigated individual trajectories of Gyps fulvus, where
the large number of tracked individuals allowed us to examine
intraspecific variations in flight behavior and compare them
with the general species-level findings.

We compared the soaring and gliding behaviors of the
different species by focusing on the performance and optimiza-
tion of cross-country flights under different thermal conditions.
We quantitatively characterized the species’ flight performance
and cross-country optimization strategies and compared
the experimental results to the theoretical expectations of Pen-
nycuick’s flight tool'> and the MacCready theory.®’ The
MacCready theory states that the best speed during inter-ther-
mal flight is indicated by the glide polar based on the expected
climb rate of the upcoming thermal. In our interpretation, gliders
aim to cover a given horizontal distance by series of gliding and
thermalling in the shortest possible time.®’** We note that
neither MacCready theory nor the present analyses consider
geographical or topographical factors. We explored the potential
use of three cross-country strategies that are optimized for
different goals: (1) a strategy based on MacCready’s theory
that guarantees a maximal cross-country speed by adjusting
gliding (horizontal) speed to thermal strength (ascending speed)
according to the species’ respective polar curve; (2) a strategy
that maximizes travel distance from a given height using a gliding
speed independent of thermal strength (i.e., choosing a horizon-
tal speed corresponding to the best glide); or (3) a mixed strategy
that combines the previous two. We predict that most species
adapt their cross-country strategies according to the prevailing
thermalling conditions.>**> A previous study, using a similar
comparative approach, explored how gliding airspeed relates
to the species’ morphology while also testing whether this rela-
tionship also depends upon the risk of not finding a new ther-
mal.?" Yet, their flight data came from radar tracks only, without
detailed individual morphological variations. In addition, their
framework relied heavily on Pennycuick’s equations'? and could
not cope with birds behaving outside of the expected optimal
range (which could be very narrow in the case of weak thermals).
Thus, here using high-frequency flight recordings, we tested the
validity of these previous theoretical predictions from Penny-
cuick to then analyze cross-country strategies based on
observed flight parameters (Figure 1).

RESULTS

Empirical and theoretical glide polar curves

To determine how these foraging specializations (e.qg., aerial for-
agers vs. large, heavy scavengers; see Table S1) and the con-
nected morphological differences (Table S2) relate to the gliding
performance of these different species, we first created
empirical (effective and observed) polar curves of the 12 species
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using high-frequency GPS trajectories during soaring-gliding
flight, which also may include occasional or even frequent
flapping bouts, following a second-order approximation32
(f(x) = ax?®+bx+c) (Table S1 and Supplementary Dataset; Fig-
ure S1). Note that Griffon vultures (G. fulvus) data originated from
two different sources: (1) free-flying adults that were raised in
captivity and trained with falconry techniques® and (2) free-
flying wild birds of various ages.*® The two datasets provided
distinctive polar curves (mean absolute difference = 0.66 m/s,
p = 0.64) which is why we decided to analyze them separately.

First, we experimentally validated previous theoretical approx-
imations by examining how similar the empirical, data-based po-
lar curves (although those may include flapping bouts as well) are
to the polar curves resulting from Pennycuick’s equations using
the default flight tool settings for each species (i.e., default
curves from Flight software, version 1.25; https://booksite.
elsevier.com/9780123742995/).'> We first noticed that these
species-specific Pennycuick polar curves were similar between
each species. To quantify the similarity, we calculated the mean
absolute difference of the glide polars and found little variation
between the species (mean = 0.09 m/s, standard deviation
[SD] = 0.05 m/s, Figure S2A). Moreover, the polar curves based
on Pennycuick’s flight tool with default values (default curves)
did not fit well the empirical data (Figure S2B). The mean abso-
lute difference between the default curves and observed data
points was not smaller compared to what was expected by
chance when comparing to polar curves of different species
((Agefaur) = 0.98 m/s, n = 12, randomization test, p = 0.5581, Fig-
ure S2B). Although Pennycuick also suggested that these for-
mulas should not be used with the default parameter settings,'?
many research studies only rely on the default values.*”~*’ Thus,
we searched the literature'*54° for more realistic physical prop-
erties of the different species (i.e., the body drag coefficient, wing
profile coefficient, and maximum lift coefficient). Using these up-
dated parameters (shown in Table S3) the estimated glide polars
(“improved” Pennycuick curves) became more diverse between
the species (larger difference between the curves: mean =
0.24 m/s, SD = 0.14 m/s, Figure S2A) and more similar to the
observed data points ({(Aimprovea) = 0.47 m/s) but still did not
fit significantly better than what was expected by chance
(n = 12, randomization test, p = 0.5547). Yet, the empirical
curves provided significantly better fit to the observed data
points ((Aempirica) = 0.19 m/s, n = 12, randomization test, p =
0.0488) with a large variation between the species (difference be-
tween the curves: mean = 0.58 m/s, SD = 0.27 m/s, Figure S2A)
which is why we used those for the remaining analyses.

Two main parameters, defined by the glide polar curve, are
crucial for understanding flight performances: (1) “minimum
sink” which provides maximum gliding time from a given height
(it results in a minimal rate for losing height) and (2) the “best
glide” providing maximum horizontal travel distance from a given
height. The best glide is defined where the glide ratio (ratio be-
tween the horizontal and vertical speed) is the highest and can
be determined by drawing a tangent from the origin. Figure 2
shows the empirical polar curves for the 12 species, highlighting
the minimum sink point (indicated by circles) and the maximum
glide ratio point (indicated by triangles) for each species. Note
that despite F. naumanni and C. ciconia exhibiting a similar
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Figure 1. Overview of our study

High-frequency GPS datasets of 12 bird species were collected to understand unpowered flight mechanics and behavior (A) and their connections to
morphological traits (B), and phylogenetic relatedness (C).

(A) Example trajectories for three individuals from different species. Color-coding indicates vertical speed: positive values from yellow to red for climbing, and
negative values from yellow to blue for sinking.

(B) Visualization of the wing shapes of all species in our study showcasing a large variation in wingspan (depicted on the pictures). Outline colors indicate the
taxonomic group the species belongs to (shown on C).

(C) Phylogenetic tree of bird species (Tobias et al.>*) marked with different colors representing the families of the study species. Red circles show the last common
ancestors of different families. The phylogenetic trees were used to explicitly accommodate the phylogenetic non-independence among related taxa (see also
Tables S1 and S2).
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best glide ratio (also see Table S4 Gliding), they flew at different
airspeeds to achieve the best glide.

These flight parameters allowed us to investigate the effects of
morphology on flight performance. Wing loading is expected
to have a crucial role both in terms of soaring and gliding effi-
ciencies. We studied in detail the functional relationship between
wing loading and glide polar characteristics (Figure 3) as previ-
ous theoretical and empirical studies of aerodynamics for
birds'>*° and aircrafts'*®' suggest relationships (see supple-
mental information Text for details). We found a positive relation-
ship between wing loading and horizontal speed both for best
glide ratio (phylogenetic generalized least squares [PGLS] re-
gressions, with coefficient of determination R? =0.36,n = 12,
p <0.0001, A < 0.0001, where A is phylogenetic signal estimated
by the PGLS model) and for minimum sink speed (R? = 0.25, n =
12, p < 0.0001, A < 0.0001; Figure 3B). Furthermore, during the
soaring phase, individuals with higher wing loading typically
flew faster and consequently turned with a larger radius,
compared to “lighter” species. We assumed that bank angle
(&; Pennycuick'® pp. 266) and air density (p; Figure S5) were
constant and equal to all birds. The relationships between
circling radius and other flight parameters, such as wing loading
(R? = 0.32, n = 12, p < 0.0001, % < 0.0001; Figure 3C), or the
average horizontal speed (R? = 0.70, n = 12, p < 0.0001,
X < 0.0001; Figure 3D) were previously reported,'®>? but here
we confirm this for a much larger number of species. Besides
wing loading, aspect ratio was also expected to affect flight
performance during gliding,'®"” but in our set of species, the
differences in aspect ratio (6.27-8.46) were relatively small
(as compared to, for example, the variation in wing loading,
2.1-9.1 kg/m?), thus not providing a large enough range to study
its effect (Figure S3).

Cross-country optimization strategy

When birds fly long distances (sometimes referred to as cross-
country flight), they rely on multiple thermals and glide between
them. Birds may have strategies where thermalling and gliding
flight are “linked” to achieve a specific optimized goal. For
example, these strategies could maximize the overall distance
traveled for a given period, which takes into account the
strengths of the thermals and aerodynamic constraints that
shape the glide polar curve. To investigate cross-country optimi-
zation strategies between species, we explored how inter-ther-
mal horizontal speed depends upon thermal strength. We used
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indicate the extrapolation of the parabola beyond
the range of the used data. (See also Figures S1,
S2, and S4; Table S83.).

a linear approximation vy, = A vIiemma 4 B to represent the rela-
tionship between horizontal speed during inter-thermal flight,
Vyy, and climb speed, v The slope of the fitted line (A)
represents thermal-strength adaptivity, i.e., how much the in-
ter-thermal horizontal speed depends on thermal strength (Fig-
ure 4A). The intercept (B) captures the preferred inter-thermal
gliding speed in zero thermal conditions.

We calculated the thermal-strength adaptivity (Aopservea) BY
fitting the model to the observed flight data to evaluate the
different species’ behavior and compare it to the optimum based
on MacCready theory (Amaccready)- Importantly, while Aopserved
only depended on the observed data without explicit assump-
tions about their polar curve, Apaccready COUld only be calculated
with the assumption that this polar curve was known. Here, we
used our estimated empirical polar curves to estimate the
speeds suggested by the MacCready formula.

Based on this comparison, we found that the behavior of the
species could be roughly divided into three different categories:
(1) AObserved >0and AObserved NAMaCCreadyv (2) AObserved >0and
AObserved < AMacCreadya and (3) AObserved ~0 (See Figures 4B—4D),
where we mean Aopserved > 0 When it is significantly larger than
0 as compared to the randomization test and Appserved ~0 Other-
wise (Tables 1 and S5, see more details in the following text).

We found large variations in Agpserveq 2CroSs species, meaning
that species adopt different strategies when choosing their inter-
thermal horizontal speed as a function of the strength of the
thermals. Six species (F. naumanni, F. peregrinus, A. rapax,
A. nipalensis, G. himalayensis, and adult G. fulvus) fall within
group 1, as their Aopserved Was relatively high (i.e., significantly
larger than 0 compared by randomization test, Table S5). This
means their gliding speeds depended strongly on thermal
strength. In addition, their cross-country optimization reached
close to the full potential suggested by the MacCready theory,
as shown by their Agpserved Cl0S€ t0 Apaccready (Figure 4A, taking
into account the accuracy of the parameter estimation).
F. naumanni applied the highest degree of optimization among
the species (Aobserved = 4.5). A. rapax had the second highest
slope (Aopserved = 3.2). Except for both eagles (A. rapax and
A. nipalensis), species chose similar, although somewhat lower,
B values to the MacCready optimum (Figure 4C), which means
taking a bit slower horizontal speed between thermals.

Vultures also seemed to be able to adjust their flight speed
according to their daily climb speed, and the optimization ten-
dency of G. himalayensis (Aopserved = 1.89, p = 0.002, Table
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Figure 3. Relationship between flight beh-

avior and morphological parameter, and
Vg comparison to theoretical predictions
Circles present the mean values for species (with
a two-letter abbreviation using the Latin name;
see Table S1). Line shows the no-intercept linear
fit to the data points accounting for phylogenetic
relatedness between the species using a phylo-
genetic generalized linear model (PGLM). Confi-
dence bands (slopes with plus and minus two
standard deviation) are indicated as the shaded
areas. As for PGLM only one data point is allowed
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each plot was derived from aerodynamic theory of
unpowered flight.

(A and B) Wing loading (W/S) determines the
speed at maximum glide ratio (A, R?=0.36,n=12,
p < 0.0001, A < 0.0001) and minimum sink rate
(vertical speed) (B, R? = 0.25, n = 12, p < 0.0001,
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drag coefficient (Cpo), air density (p), and Oswald
efficiency factor () also have an effect.
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(C and D) Scatterplots show the relationship be-
tween the radius of the turn in steady flight and

wing loading (W/S, on C, R2=0.32,n=12,p <0.0001, A < 0.0001) or the horizontal speed (V) in the thermal (D, R2=0.70,n=12, p <0.0001, A < 0.0001). A perfect
linear relationship would only be expected if all other factors, such as p, the lift coefficient (C,), and the bank angle () are held constant and are equal for all birds

(see more about this assumption in the study by Williams H.J. et al.>*

S5) was similar to adult G. fulvus of dataset 1 (Aopserved = 2.32,
p < 0.001, Table S5) but not for the mixed-aged birds of
dataset 2.

In contrast, two species (A. verreauxii and the mixed-aged da-
taset of G. fulvus) can be categorized as group 2 where birds
apply a thermal strength adaptive strategy (Aobserved > 0) When
choosing their inter-thermal speed, but the level of adaptivity is
considerably smaller than suggested by the MacCready theory
(Aobserved < AMaccready). We analyzed the two G. fulvus datasets
separately (Figure S4), and found that the thermal strength adap-
tivity was much higher for dataset 1 (A% opserved > AP opserved)-
Thus, birds of dataset 2 used suboptimal speeds compared to
MacCready while birds of dataset 1 used it close to optimal
AP opserved ~ A™Maccreaay). We investigated the differences
in detail later. For A. verreauxii respective Bopserved Values
were also much smaller as compared to the optimal
(BObserved < BMacCready)-

The third group contained only a single species from our data-
sets, C. ciconia. They did not apply an adaptive strategy for
choosing their cross-country speed based on thermal strength,
as their Aopserved Was close to zero. The data came from multiple
individuals that fly as a flock, so this could be an effect of a col-
lective decision on the flight speed selection.**

Finally, we explored whether there is a general relationship be-
tween the parameters Agpserved @aNd Bopserved 2CrOSs the species
to understand which thermal-strength dependent strategy birds
use. The adaptivity (Aopserved) Was strongly correlated to the
preferred no-thermal gliding speed (Bopserved)s Meaning that
the observed cross-country strategy birds apply has only one
free parameter (instead of two; negative correlation, R? = 0.86,

, and for additional information see Figure S4). (See also Figure S3; Tables S2, S4, and S6.).

n =8, p=0.001, A <0.0001, Figure 5B). This was also the case
when examining individual griffon vultures (determination coeffi-
cient, R% = 0.83, n = 10, F(1,8) = 38.59, p = 0.0002, Figure 5C).
Birds with lower inter-thermal gliding speed in zero thermal con-
ditions (Bopserved) Were using a highly adaptive strategy (high
values of Aopserved), @nd vice versa. Also, we found a strong cor-
relation between Bopserveq @and the horizontal speed at best glide
(R®=0.71,n =8, p = 0.086, A < 0.0001, Figure 5A). Thus, birds
seem to optimize their flight speed by typically using the “best
glide” when thermals are weak. Overall, the linear trend found
between Aopserved @Nd Bopserved (Figure 5B) defined a relation-
ship that was general throughout all studied species (and individ-
uals within species, Figure 5C), so represents a characterization
of the cross-country strategy (Figure 5D for the idealistic linear
relationship, then for real data on Figures 5E and 5F).

DISCUSSION

A comprehensive tracking dataset of birds freely flying has
enabled us to quantify how morphology and thermal conditions
affect flight performance and behavior in different soaring species.
The growing literature studying flight behavior of soaring birds by
using high-frequency GPS data®>°? allowed us to do a systematic
comparison, to assess previous theoretical predictions and to
discover a general rule describing cross-country optimization.
During flight, soaring birds exploit ascending currents to travel
large distances without or only a reduced amount of flapping
flight. Our results confirmed the aerodynamic theory, as we
show relationships between the wing loading and horizontal
speed at crucial points of the polar curve (i.e., maximum glide

iScience 28, 112090, March 21, 2025 5
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Figure 4. Evaluating cross-country optimization strategies for different species

(A) Large plot at top-left provides full overview of the analysis using data of G. himalayensis. Solid (red) line shows empirical polar curve at bottom half. Dashed
(red) line at top half represents the optimal soaring strategy using MacCready theory. Orange circles show daily individual means with error bars indicating the
standard error of the mean, the orange lines were fitted to the data, shaded areas depict confidence bands. We used a linear approximation of the optimal soaring
curve, for easier comparison to the real data. Note that the climb speed (y axis) is the independent variable used on the linear fit (slope A represents thermal-
strength adaptivity, and intercept (B) captures the preferred inter-thermal gliding speed in zero thermal conditions).

(B) Schematic illustration of the linear fitting method. In (A) and (C) we chose an intuitive layout where vgjim, Which encodes vertical motion shown on the vertical
axis (y), and v,, which encodes horizontal motion shown on the horizontal axis (x). However, veimb is the independent variable (typically presented on the x axis)
and to obtain the intercept and slope of this relationship, we transposed this relationship. Thus, a vertical line on (C) corresponds to a line with 0 slope.

(C) Relationships between climb speed and inter-thermal horizontal speed for all species with at least 10 different flight days (see STAR Methods and panel A).
Empirical polar curves are not shown. The colors indicate the three observed cross-country optimization strategies: red - thermal strength-dependent strategy
according to MacCready, green line and diamond marker - thermal strength-dependent optimization sub-optimal to MacCready, blue (triangle) - choosing gliding
speed independent of thermal strength.

(D and E) Scatterplots showing A (and B) values for the species from the line fitted to flight data (Aopserved @Nd Bobserved: respectively) versus the value (Avaccready
and Buaccready, respectively) of optimal gliding strategy as calculated using the MacCready theory from the empirical polar fitted to the gliding data.

(F) Scatterplot indicating differences between the observed and the MacCready suggested parameters for A and B. (See also Figures S4 and S5.).

ratio and minimum sink speed). Furthermore, we found that spe- speed determines the maximum benefits soaring birds can
cies whose wing loading was higher typically flew faster, and  obtain from thermals. Since both flight aspects primarily depend
consequently turned on a larger radius, than lighter ones (Fig- on wing loading, species with lower wing loading outperform
ure 3C). The combination of circling radius and minimum sink  those with higher wing loading in the same thermal.
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Table 1. Metrics of gliding flight and thermal-strength adaptivity

Best glide ratio vy, at best glide Vxy at min sink v, at min sink Aobserved Bobserved

Species 1 m/s m/s m/s 1 m/s
Falco naumanni 11.8 5.81 3.57 -0.4 4.48 3.16
Falco peregrinus 10.8 12.36 10.1 —1.11 2.09 12.9
Haliaeetus leucocephalus 6.86 1341 6.36 —1.41 - -
Aquila nipalensis 14 7.92 5.56 —0.48 1.56 11.27
Aquila verreauxii 8.53 16.21 3.10 —-1.13 1.56 12.59
Aquila rapax 10.75 6.68 3.26 —0.46 3.22 8.75
Gyps fulvus (dataset 1) 8.36 141 11.07 —1.50 2.32 10.75
Gyps fulvus (dataset 2) 8.64 14.81 6.75 —1.24 0.83 13.65
Gyps himalayensis 7.98 14.18 9.17 —1.46 1.89 11.85
Gyps rueppellii 7.31 14.2 12.18 —1.80 - -
Vultur gryphus 10.31 13.07 11.7 —-1.20 - -
Geronticus eremita 18.91 9.1 6.85 -0.42 - -
Ciconia ciconia 11.26 16.07 4.34 —0.90 —0.26 14.53

Gliding parameters derived from the empirical glide polar and parameters of cross-country optimization strategy where Aopseneq is thermal-strength
adaptivity, and Bopservea Captures the preferred inter-thermal gliding speed in zero thermal conditions. Aopservea @Nd Bopservea are only calculated and
presented for 8 species with at least 10 different flight days (see STAR Methods).

These species-specific features and choices contribute to the
observed general cross-country trend. We explored how
different species adapt their cross-country strategies depending
on thermal strength (Figure 4). We found that the preferred no-
thermal gliding speed Bopserveq Was close to the maximum glide
ratio (that allows the birds to travel the farthest from a given alti-
tude), meaning that birds optimize gliding speed in relation to
their aerodynamic properties (Figure 5A). We observed a nega-
tive relationship between Agpserved @Nd Bopserved across all spe-
cies (and between individuals for a single species). We also show
that this thermal strength-dependent optimization strategy was
highly related to certain morphological parameters. More specif-
ically, species (individuals) with lower wing loading adopt a strat-
egy where their inter-thermal gliding speed depends more
strongly on thermal strength. Lower wing loading allows them
to circle closer to the core of the thermal (where it is the stron-
gest) and experience stronger lifts.>® Also, our results show
that the average horizontal speed in the thermals was correlated
to the horizontal speed at minimum sink speed (R? = 0.73), which
allows a bird to take advantage of even weak thermals. We found
that wing loading was a major deterministic morphological
feature that defines the horizontal speed at the minimum sink
speed (as seen in Figure 3B).

The combination of these two effects (i.e., the relationships of
wing loading to inter-thermal glide speed and minimum sink
speed) allows birds with lower wing loading to gain even higher
benefits in the thermal, reaching higher climb speeds. On the other
hand, these birds can afford to choose their inter-thermal speed
more boldly and thus travel at a higher speed in good thermalling
conditions. Our thermal-strength adaptivity (Aopserved) results
depend not on the glide polar and the related MacCready
speed-to-flight theory®' but only on horizontal speed selection
related to the daily average climb speed. MacCready theory
does not take into account other environmental parameters for
cross-country flights, such as the number of exploited thermals

per day or the distance between thermals. Following MacCready
theory causes a risk of being grounded or to avoid that, the need
for switching to costly flapping flight for birds.?’ Other environ-
mental factors®>®" could cause similar risks. For this reason,
birds that show a high degree of thermal-strength adaptivity
can be considered more risk-prone species. Furthermore, our re-
sults confirm the previous findings about F. peregrinus and
A. nipalensis that the relation between flight speed and updraft
strength is correlated and follows MacCready theory.*%3%62

Variation between bird species in morphological features and
flight style was related to the species’ behavior and ecological
needs.'"%*°” In general, birds’ wing shapes are generally
evolved to minimize the energy costs of flying at their typical
speed and flight mode®*®® but they still need to perform other
phases of flight, such as take-off and aerial attack, which are
related to their species-specific niches. For our species,
although all raptors rely heavily on thermals to facilitate low-
cost foraging flight, F. peregrinus requires more agility to capture
aerial prey. In contrast, eagle species employ powerful attacks
on prey on the ground and in the air. Similarly, all scavengers
need to maximize their flight distance to locate carcasses, and
a high capability for manoeuvrability is not necessary, as they
do not typically attack moving animals. C. ciconia and
G. eremita predominantly feed on the ground and perform
long-range migration. Thus, adapting to these species-specific
environments results in variations in the flight performance and
behavior of bird species. For this reason, maximizing the flight
range might not be the only purpose during the flight. There
might be several different optimizations by birds, such as keep-
ing the prey attack range, maximizing the flight duration or
migrating as a flock.

Apart from species differences, individual birds may also
exhibit variation in flight performance due to differences in life-
time stage (e.g., age, breeding status, and migration strategy).
For example, older soaring birds may tolerate larger amounts
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Figure 5. Relationship between the parameters of cross-country optimization strategy for all species and for individual Griffon vultures
To characterize cross-country behavior, we fitted for each species a line to the horizontal speed vy, during inter-thermal flight as a function of the climb speed
viermal (that relates to the strength of the thermals) as vyy = Agps Voo™ +Bops.

(A) Relationship between Bopserved @nd the horizontal speed at best glide.

(B) Relationship between Bopserved @aNd Aopserved fOr all species. Dashed line shows the PGLS linear fit to the data.

(C) As B, just for individual Griffon vultures, as dataset 2 was large enough to analyze the cross-country behavior individually.

(D) The linear relationship between Aops. and Bops. (@s shown on Figure 5B and 5C) means that the lines defined as vy = AObvaIfi‘;'g‘aHBObs, have special
characteristics. Here, we show the possible lines on the vm%g"a' and v,y diagram (as in Figure 4A) for different Aops. and Bops. Values indicated by their color
coding, ranging Aops. = 0 (no thermal adaptivity, dark blue) to Aops. = 5 (a highly adaptive strategy, yellow). The relationship between Agps. and Bops, means that
they are coupled, and thus the lines follow a pattern where each goes through a single point (marked with the dashed circle). The coordinates of this point are
determined by the coefficients of the linear fit shown on (B), (x = 15.55, y = 2.209). Note that the inter-thermal horizontal speed, v, (x axis) is a function of the climb
speed, vliemal (y axis).

(E and F) The cross-country strategy lines are shown for each species (on E) and for individual Griffon vultures (F), using the same axes and ranges as on (D). The
dashed circles show the point defined by the fitted line on (B) and (C), respectively. The color codes match the respective plots on (B) and (C). (See also Table S5.).

of flapping flight during migration to reach their breeding
grounds earlier.®® Alternatively, birds with different experi-
ences may differ in their skills to exploit thermals or soar under
challenging wind conditions.*® Here, we observed notable in-
ter-individual differences in the strategies of Griffon vultures.
Adult Griffon vultures vary in their flight speeds and flight
height according to the motivation and flight purpose (migra-
tion vs. foraging flight, outbound vs. inbound flight*°). Thus,
experience or developmental stage (e.g., developments of
flight muscles) may cause variations in thermal strength adap-
tivity and the related selection of horizontal speed in the
mixed-aged dataset of the Griffon vultures. It has been previ-
ously reported that adult vultures demonstrate superior abili-
ties compared to juveniles in utilizing thermals, even though
they have similar wing loading.®® A similar effect probably ap-
plies to inter-thermal speed selection, since experienced birds
use tailwind more efficiently®® and may assess the location of
the next thermals better. On the other hand, birds that take
advantage of the same thermal within a similar period can
use visual cues from birds ahead that already discovered the
thermal, allowing them to use the thermal core directly.”®""
This use of social information increases the efficiency of their
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net altitude gain in thermals, which may directly lead to
changes in their strategic choices. Moreover, during long-
range cross-country flights, visual cues can help them predict
the abundance and locations of thermals, which can signifi-
cantly influence their strategy.”” In addition to behavioral dif-
ferences, morphological traits can vary strongly within species
and even within individuals. For example, although wing fea-
tures show little variation within adults, body mass can fluc-
tuate substantially depending on whether the bird is carrying
a meal or not. In summary, although there are various factors
at individual- and species-level that can influence the flight
performance of soaring birds, our comparative analyses
discovered a general, empirical rule that describes the
cross-country strategies across all analyzed species.

Limitations of the study

Although GPS devices have successfully recorded flight tracks,
significant challenges remain when it comes to identifying flight
styles, for example distinguishing between flapping and non-
flapping flight. Specifically, our attempt to classify gliding and
soaring is not purely based on fixed-wing flight aerodynamics,
as it likely includes flapping flight. Additionally, we collected
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morphological data for the species from various sources, which
may influence the observed relationships between the flight
metrics and morphological traits. Nevertheless, when thinking
about future direction in this research field, we believe our
study has established a foundation for understanding the
cross-country strategies of soaring birds and with it ground-
work for technical developments like autonomous soaring
drones.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data for this study This study Zenodo: https://doi.org/10.5281/zenodo.12607007

All code for this study This study Github: https://github.com/gokselkeskin/adaptive-soaring-strategy
Software and algorithms

Python 3.9 Python Software Foundation https://www.python.org/

Flight 1.25 Pennycuick: Modelling the Flying Bird https://booksite.elsevier.com/9780123742995/

R Free Software https://www.r-project.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Datasets

GPS-tracking data recorded on freely flying birds allowed us to quantify the effects of morphology on flight performance and behav-
ioural strategies and a direct comparison among different species. We collected an extensive dataset from research groups around
the world studying thermalling birds in the wild (previously published and unpublished data sets), and carried out a comparative anal-
ysis of 12 bird species: Lesser Kestrel (Falco naumanni),’® Peregrine falcon (Falco peregrinus),®? Bald Eagle (Haliaeetus leucocepha-
lus), Verreaux’s eagle (Aquila verreauxii),>° Tawny eagle (Aquila rapax), Steppe Eagle (Aquila nipalensis),®” Eurasian Griffon vulture
(Gyps fulvus),*>*® Himalayan vulture (Gyps himalayensis),*® Riippell’s Vulture (Gyps Rtippellii), Andean condor (Vultur gryphus), White
stork (Ciconia ciconia),”*”*"* Northern bald ibis (Geronticus eremita).”’

METHOD DETAILS

Data preparation

Since the dataset was gathered from different devices and formats, we simplified the miscellaneous data in the same structure by
taking only timestamp, longitude, latitude, and altitude recordings as the first step. The geodesic coordinates provided by the GPS
were converted into metric coordinates using the locally flat approximation with an (x,y) = (0,0) origin at the beginning of data
belonging to each bird and day. These coordinates were smoothed by a Gaussian filter, with window sizes adjusted according to
the sampling rate of the GPS recordings (e.g., 5 points for 1 Hz, 50 points for 10 Hz) for each flight day of each individual in our custom
Python codes. The filter applied a moving average centred on each data point, with a standard deviation of 0.8 to control the weight
distribution within each window. Then we calculated the horizontal components of the velocity (vx,vy) and acceleration (ax, a,). High-
frequency GPS tracks contain all movement of birds, from take-off to landing, and may include flapping flight. For this reason, ther-
malling and gliding flight parts of the track were automatically identified based on curvature (x = (vxa, — vyax)/(v§+vf)1'5) and ver-
tical speed (v,) parameters (gliding: |<| < 0.01 m~" and v, < 0 m/s, thermalling: |«| > 0.01 m~" and v, > 0 m/s). Soaring occurred when
birds made consecutive turns and when the average vertical ground speed was positive. Therefore, thermalling parts were identified
as segments with positive vertical speeds and positive curvature. Since thermals drift with the wind, we removed the effects of wind
effect (for details®?) to obtain a more reliable estimate of circling radius. Thermalling parts lasting longer than (t = 30 seconds) were
defined as flying in thermal, and local wind velocity (speed and direction) was calculated using both horizontal components of the
bird’s velocity in the thermal as described in Akos et al.*? Additionally, this method allowed us to calculate daily average wind speed
as x- and y-components.

Evaluation of gliding and thermalling phases of flight

For each of these ascending phases, we determined circling radius, the mean instantaneous horizontal speed (circling velocity), the
mean instantaneous vertical speed (climbing rate). Gliding is a type of flight when the birds fly forward and lose height (typically flying
without flapping their wings, but even if they flap, they sink). So, we identified and extracted “effective” gliding parts using above
mentioned thresholds for vertical speed and curvature that define the “empirical” polar curve that we use in this manuscript, and
that is different from a traditional polar curve that defined for pure gliding. To estimate airspeed during gliding, we subtracted average
daily wind velocity (speed and direction, see above) from ground speed during gliding. If no thermals were detected on a given day, as
described above, we excluded that day from the analysis as in this study we focused on understanding the relationship between the
behaviour during thermalling and gliding. Hereafter, all horizontal speed represents the estimated airspeed. The empirical polar curve
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was fitted to the measured average sinking and horizontal velocities during gliding flight. We used a second-order approximation to
capture the main characteristic of the curves and fitted f(x) = ax? + bx + ¢ for determining the empirical glide polar. We used these
glide polars to identify the important gliding parameters of each species. The maximum glide ratio (the largest distance travelled from
a given height) was calculated by drawing a tangent from the origin, or when the polar curve is approximated with a quadratic formula

given above by \/c/a. The speed at minimum sink airspeed was calculated by converting the quadratic function to vertex form,

fix) =a(x — h)2 + k. Since the parabola is negative, the vertex represents the maximum point. The x-coordinate (the airspeed at min-
imum sink speed, h) is found using -b/2a, and the minimum sink speed (y-coordinate, k) is found by substituting the h back into the

original quadratic function. The airspeed at minimum sink (vX";’” Sink) denotes the horizontal speed at which the descent is minimum.
When choosing a horizontal airspeed higher than v)’ﬁ)”,’” Sink the rate of descent increases, but this increment is initially modest, causing
the glide ratio - the ratio of forward speed to descent — to keep rising. The glide ratio reaches its peak at the best-glide airspeed
(voest Gl%e). Above this critical value, the glide ratio steadily declines.

Cross-country strategy

Selection of inter-thermal gliding speed affects the overall cross-country speed which is the ratio between the distance travelled dur-
ing gliding divided by the total time (that includes both gliding and thermalling). By optimally selecting the inter-thermal gliding speed
birds (and any aircrafts) can maximise the distance covered within the same amount of time, which is an essential factor during migra-
tion for migratory birds or during long-ranging foraging flights (searching for prey or carrion efficiently) for birds of prey and scaven-
gers. To study the effect of thermal strength on inter-thermal horizontal speed, we selected species from our data set, which had
multiple days to present large enough range for a linear fit. We selected species that had at least 10 different daily flight trajectories
(allowing data coming from multiple individuals).

We used a linear approximation to represent the relationship between horizontal speed during inter-thermal flight, v, and climb
speed, ch,’IY,f,Z”a’ (that relates to the strength of the thermals). Before fitting a line, we removed the outliers using Gaussian distribution
and cut-off from two standard deviations. We estimated the observed strategy by fitting a line (f(x) = Ax + B) using the horizontal glide
airspeed (v,,) as f(x) that is the result of the bird’s decision-making, and the climb speed (VZ,’,.’,%""’”) as x that is the input variable for the
optimization. Here, parameter Aopservead Shows how adaptively the birds tune their inter-thermal speed to the climb speed, and a fit
with Aopserved = 0 wWould indicate that the birds use the same inter-thermal speed irrespective of thermal strength. Birds with high
values of Appserved fly between thermals much faster on days with strong thermals as opposed to weak thermals, while birds with
Aobserved Close to zero do not vary their inter-thermal speed based on thermal strength. The intercept of that line, Bopserved, Captures
the preferred gliding speed in zero thermal conditions, representing the lowest value for daily average horizontal speed during gliding
flight, thus we name it as preferred no-thermal gliding speed (which is the horizontal component).

Generating a theoretical glide polar using the Pennycuick’s flight tool

We used Pennycuick’s Flight tool version 1.25' to generate theoretical glide polars based on the morphological parameters. We set
environment and aerodynamics parameters to remain consistent across all species to demonstrate morphology-related differences.
All glide polars were created in the environmental conditions at an altitude of 1400 metres (highest mean altitude among all species),
and at the respective air density, 1.069 kg/m?. The wingspan reduction law was configured to ’minimise induced + profile drag,’ effec-
tively flattening the glide polar at higher speeds. We initially generated the glide polars using the default settings of the software,
which only differed in the induced drag factor (0.9). Later, we employed the value for the same parameter found in the Modelling Flying
Bird (1.1). In order to obtain more accurate estimations for the glide polars, we conducted literature research on body and wing profile
drag coefficients from experimental studies.*®*%"5"% From the newest wind tunnel research,*® we found a value of 0.25 for the body
drag coefficient and 0.025 for the wing profile drag coefficient by averaging the given range for the swift (Apus apus). These updates
on the drag coefficients allowed us to create closer glide polars to our empirical glide polars.

Phylogenetic analysis
We employed phylogenetic generalized least-squares regressions (PGLS)’"*"® to assess the effect of evolutionary relatedness on the
data, using 1000 phylogenetic trees provided by Birdtree.org, based on the Ericson phylogeny as the backbone.”® To focus on
the species relevant to our analysis, we constructed a phylogenetic subtree containing only the 12 species used in this study. Using
the function keep.tip from the R package phytools,*® we have pruned all the trees mentioned above. This approach ensured that the
phylogenetic relationships among the selected species were preserved, while unnecessary lineages were excluded from the anal-
ysis. Since we have two datasets from Griffon vultures, we could not include both in the PGLS analysis. Therefore, we selected
the Gf, Griffon vulture dataset, which had more data points (Table S1), for the regression models.

To ensure stable estimation of the phylogenetic signal () and improve numerical optimization during PGLS, we rescaled the branch
lengths of the phylogenetic tree using Grafen’s method.®’

We estimated Pagel’s A through maximum likelihood optimization””"® to measure the influence of evolutionary history on the data.
The ‘ape’, ‘phytools’ and ‘caper’ packages for R%*:%>:%3 were used for the analyses. PGLS regression was performed utilizing each
tree individually, and the average was taken from the resulting coefficients.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Randomization test

We applied a randomization test (see e.g.,%’), which presents a methodology for evaluating the significance of linear relationships
between variables. This approach entails maintaining the independent variable (x) constant while permuting the dependent variable
(y) numerous times. By fitting a linear model and assessing the goodness of fit, typically measured through R-squared, determination
coefficient (R?) metrics in our results, for the couples in each iteration, an empirical null distribution was built. Consequently, this
enabled the determination of the extent to which the observed association between x and y deviates from what would be expected
under random chance alone, yielding a reliable p-value for the significance of the linear relationship.
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