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Abstract 23 

 24 

Many large birds rely on thermal soaring flight to travel cross-country. As such, 25 

they are under selective pressure to minimise the time spent gaining altitude in 26 

thermal updrafts. Birds should be able to maximise their climb rates by 27 

maintaining a position close to the thermal core through careful selection of bank 28 

angle and airspeed, however, there have been few direct measurements of either 29 

parameter. Here we apply a novel methodology to quantify the bank angles 30 

selected by soaring birds using on-board magnetometers. We couple these data 31 

with airspeed measurements to parameterise the soaring envelope of two species 32 

of Gyps vulture, from which it is possible to predict “optimal” bank angles. Our 33 

results show that these large birds respond to the challenges of gaining altitude in 34 

the initial phase of the climb, where thermal updrafts are weak and narrow, by 35 

adopting relatively high, and conserved, bank angles (25-35°). The angle of bank 36 

decreased with increasing altitude, in a manner that was broadly consistent with 37 

a strategy of maximising the rate of climb. However, the lift coefficients estimated 38 

in our study were lower than those predicted by theoretical models  and wind-39 

tunnel studies. Overall, our results highlight how the relevant currency for soaring 40 

performance changes within individual climbs; when thermal radius is limiting, birds 41 

vary bank angle and maintain a constant airspeed, but speed increases later in the climb 42 

in order to respond to decreasing air density.  43 

 44 

Introduction  45 

 46 

Many large soaring birds rely on thermal updrafts to cover the large distances required 47 

to search for food (Ruxton & Houston 2004) or complete long migrations (Alerstam et 48 

al., 2003; Judy Shamoun-Baranes et al., 2003; Leshem & Yom-Tov 1996). For the 49 

heaviest of these birds, movement across the landscape is completely dependent on 50 

their ability to exploit such sources of energy rather than use flapping flight, due to the 51 

way that the costs of powered flight scale with body mass (Hedenström & Alerstam 52 

1995; Hedenström 1993). Thermal soaring can be broken down into two different 53 

phases; the climb within an updraft, and the glide to the next. In order to maximise the 54 

cross-country speed (the overall speed they achieve over ground), birds should 55 
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minimise the time in both phases, using different strategies to increase their speed in 56 

the glide and their climb rate when soaring. Whilst a wide range of studies has examined 57 

the speeds that birds select in inter-thermal glides, and how they vary according to 58 

factors such as environmental conditions and experience (Horvitz et al., 2014; Taylor 59 

et al., 2016; Harel, Duriez, et al., 2016; Vansteelant et al., 2017), very few studies have 60 

examined how individuals maximise their climb rate within a thermal. 61 

 62 

The climb rates that can be achieved within thermal updrafts are determined by (i) the 63 

morphology of the bird (Pennycuick 2008), (ii) the thermal environment that the bird 64 

is soaring within, and (iii) the bird’s behavioural response to this environment 65 

(Pennycuick 2008; Akos et al., 2010). When it comes to morphology (point (i)), 66 

aeronautical models can be used to predict how fast a bird will sink in still air, which 67 

changes both with speed (in a manner described by the glide polar) and bank angle (as 68 

described by the circling envelope). In order to maximise its climb rate, a bird should 69 

fly at its “minimum sink” speed. There are also predictions about the bank angles that 70 

birds should adopt. Pennycuick modelled the circling envelopes for soaring birds and 71 

calculated the optimal angle of bank for vultures as approximately 24° (Pennycuick 72 

1971; flight software (Pennycuick 2009)). Indeed such angles have been observed from 73 

gliders (e.g. Shannon et al., 2002) and in Himalayan vultures (Gyps himalayensis) 74 

flying at low altitudes (Sherub et al., 2016). However, the predicted 24° is arrived at by 75 

assuming that birds are aiming to minimise both their turn radius, (and thus remain near 76 

the ‘core’ of the thermal with the strongest uplift) and their sink rate. While this is 77 

reasonable when considering how birds should behave on average i.e. that is when 78 

considered across thermals, it does not account for the fact that the thermal environment 79 

(point (ii) above) changes with altitude. At low altitudes, thermal updrafts are both weak 80 

and narrow and we predict that birds should select higher bank angles, with their 81 

accompanying higher sink rates, allowing them to exploit stronger uplift closer to the 82 

thermal core.  83 

 84 

Overall therefore, it is unclear how birds behave given the trade-off between the need 85 

to circle tightly, and climb rapidly. This is particularly pertinent in marginal conditions 86 

e.g. in the morning when thermals are relatively weak (Spiegel, Getz, et al., 2013; 87 

Shannon et al., 2002). The aim of this study was to obtain direct and continuous 88 

measurements of bank angle in order to (1) compare these values with theoretica l 89 
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predictions and (2) ascertain whether and how birds vary their bank angle through the 90 

thermal climb. Few studies have quantified bank angle directly, although some in-flight 91 

angular measurements have previously been recorded incidentally using on-board 92 

cameras, for example to quantify the lateral displacement of the tail in the flight 93 

manoeuvers of a Steppe eagle, Aquila nipalensis (Gillies et al., 2011). Turning radii can 94 

also be derived using GPS data (adjusted for wind drift) or measures of airspeed (Treep 95 

et al., 2016; Weinzierl et al., 2016; Horvitz et al., 2014; Sherub et al., 2016). However, 96 

deriving bank angle from these measures of turn radius assumes that birds adopt the 97 

angles that are required for theoretically ideal circling flight (cf. Pennycuick 2008). 98 

Here, we use a novel method to quantify bank angle directly, based on an on-board 99 

magnetometer, and combine this with measurements of airspeed and circling radii to 100 

examine individual variation in soaring behaviour through the thermal climb.  101 

 102 

Materials and methods 103 

 104 

Study system 105 

Data were collected from four individual vultures (Himalayan griffon vulture, Gyps 106 

himalayensis, n = 2, European griffon vulture, Gyps fulvus, n = 2, all > 2 years) at the 107 

Rocher des Aigles falconry centre, Rocamadour, France. Here, vultures were released 108 

from their perches to fly freely three times a day (at 11:30, 13:00 and 14:00 local time) 109 

in a protocol repeated over three days of data collection, totalling 9 flights for each 110 

vulture (see Table 1 for a summary). This protocol provided an opportunity to quantify 111 

the flight performance of birds in semi-captive conditions, in a site with relatively good 112 

thermal soaring conditions (see Duriez et al., 2014 for details). Wing loading (kg/m2) 113 

was derived from measurements of body mass (kg), and total wing area (m2) (the latter 114 

was calculated from photographs of fully-extended wings on a scaled background), as 115 

turning radius increases with wing loading (Akos et al., 2010, Pennycuick 1971).  116 

 117 

Device deployment 118 

Vultures were fitted with Daily Diary loggers (DD, recording at 40 Hz) and GPS units 119 

(recording position at 4 Hz), which were attached with a Teflon leg-loop harness (Fig. 120 

1) at the beginning of data collection (weight approx. 90 g ~ 1.2% body weight). The 121 

harness remained in place for the following 5 days. The harness held an aluminium 122 

plate, which was positioned on the lower back, and aligned with the spine. Devices 123 
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were attached to the plate using Velcro and were deployed prior to the first flight of the 124 

day and were removed at the end of each day. The permit for equipping vultures with 125 

loggers was provided as part of the licence of O. Duriez from the Research Centre for 126 

Bird Population Studies (CRBPO) of the Natural History Museum (MNHN, Paris). 127 

Birds were handled by their usual trainer, under the permit of the Rocher des Aigles.  128 

 129 

Daily Diary units (Wilson et al., 2008) were programmed to record the following 130 

parameters at 40 Hz; acceleration (g) in three axes, geomagnetic field strength (gauss), 131 

also in three axes, barometric pressure (Pa) and temperature. The DD also incorporated 132 

a differential pressure sensor, with dynamic pressure recorded through a forward-facing 133 

Pitot tube (brass with a bore diameter of 2.5 mm) that extended outside the housing to 134 

measure uninterrupted airflow (see Williams et al., 2015 for details).  135 

 136 

Derivation of angle using the magnetometer 137 

Acceleration and barometric pressure data were used to identify the times of take-off 138 

and landing (barometric pressure also being used to calculate altitude, see below). It is 139 

important to note that while accelerometers could be used to measure postural rotation 140 

in many terrestrial systems, they cannot be used to measure bank angle in flight, and in 141 

particular soaring flight, due to the centripetal acceleration (see Williams et al., 2015). 142 

Thermal soaring flight was defined by a sustained increase in altitude (measured as a 143 

decrease in air), the presence of a consistent sine wave in the x- and z-axes of the 144 

TriMag data, indicating circling behaviour (Williams et al., 2015) and the distinct lack 145 

of flapping (as would be indicated by peaks in dynamic acceleration). Complete turns 146 

were selected from all thermal soaring periods; where individual turns were defined as 147 

the period between two consecutive peaks in the x-axis.  148 

 149 

Estimates of bank angle were derived from the TriMag data as follows, assuming that 150 

the bank of the body reflected the bank angle adopted by the wings (this was supported 151 

by preliminary work with a camera showing the bank of the wing was consistent 152 

relative to the body, Fig. S3). Data from each of the 3 magnetometer channels can be 153 

plotted in 3D space and normalised to a spherical surface defined as the m-sphere 154 

(Williams et al., 2017). Plotting a single 360° rotation for a given bank angle produces 155 

an individual ring on the m-sphere (Fig. 2). The centroid of this ring, that is, the x, y 156 

and z coordinates of the central point of the ring on the surface of the sphere, gives the 157 



Thermal soaring birds modulate bank angle  

average bank angle over the course of the complete turn. This was determined by 158 

calculating the difference between the dot product of the x, y and z coordinates of a 159 

given centroid, and the point of 0° bank (i.e. (0, -1, 0)) using: 160 

 161 

𝜃 = (
180

𝜋
) ∗ acos⁡[

(0𝑥⁡+⁡−1𝑦⁡+⁡0𝑧)

(𝑥2+𝑦2+𝑧2)√(02+−12+02)
]   Eqn 1 162 

 163 

where x, y and z are the coordinates of the TriMag centroid for a complete turn. 164 

 165 

Plotting the distribution of bank angles estimated using the TriMag approach 166 

highlighted skews in the data, suggesting the tags were not perfectly aligned with the 167 

sagittal plane of the bird. The exact orientation of the device was not known, and is 168 

likely to have differed slightly between birds and days of attachment, causing an 169 

overestimation of bank in one direction of turn and an underestimation in the other. 170 

Consequently, the data were re-aligned so that the crossing point between turns of 171 

opposing direction corresponded to a 0° angle of bank. This therefore assumed that 172 

turns of opposing direction had similar ranges in bank angle, analogous to the 173 

transformations of Gillies et al., (2011). Centroid angles were recalculated for all flights 174 

following realignment. All subsequent analyses of bank angle were made using the re-175 

aligned TriMag data. The processing and analysis of TriMag data were performed with 176 

the custom built software DDMT (Wildbytes Technology Ltd., Swansea University). 177 

 178 

Derivation of soaring parameters 179 

The radius of each complete turn was calculated from the average airspeed of the turn 180 

and turn duration. Previous studies have measured turn radius using GPS corrected for 181 

wind drift (e.g. Weinzierl et al 2016, Treep et al 2016). By using the airspeed, we can 182 

derive radius from the reference frame of the bird, removing the effect of drift on its 183 

path. To derive the airspeed, we needed to convert the differential pressure output from 184 

volts to true airspeed (Vt) in meters per second. This relationship was derived by 185 

selecting 5-second straight- line sections of gliding flight and calculating the airspeed 186 

(Va) in these periods according to the triangle of velocities, using the equation: 187 

 188 

 𝑉𝑎
2 = 𝑉𝑔

2 + 𝑉𝑤
2 +2𝑉𝑔𝑉𝑤 cos𝛾   Eqn 2 189 

 190 
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where Vg and Vw are the groundspeed (from the 4 Hz GPS) and wind speed vectors 191 

respectively, and ϒ is the angle between them. The wind vector was specific to each 192 

glide, being estimated from drift in the previous thermal just minutes beforehand (via 193 

the GPS track by taking the straight- line distance between the corresponding points of 194 

complete turns, and dividing by time, see Treep et al., 2016). We used separate linear 195 

regressions to calibrate Vt for each bird. These predicted Vt from Va, as well as Va in 196 

interaction with day (where significant), to account for the fact that the position of the 197 

logger could vary between days. This approach allowed us to determine the airspeed, 198 

Vt, at 40 Hz through the entire flight.  199 

 200 

The climb rate (m/s) per turn was taken as the difference in altitude from the start to 201 

the end point of the turn, divided by turn duration; where altitude was derived from the 202 

barometric pressure (smoothed over 10 seconds), assuming standard atmospheric 203 

conditions. The daily mean sea level pressure was taken from the nearest weather 204 

station at Lunegarde, 20 km from the study site.  205 

 206 

Each individual’s circling envelope was parameterised using measured angles of bank 207 

(𝜃) and turn radii (r), and the lift coefficient (Cl), estimated by rearranging: 208 

 209 

𝑟 =
2𝑚

(𝐶𝑙∗𝜌∗𝑆∗sin 𝜃)
     Eqn 3 210 

 211 

where m is the mass of the bird (kg), ρ is the air density in 100 m bins following normal 212 

conditions, and S is the wing area. Using the median Cl for the bird, we then compared 213 

the envelope derived from empirical data to that predicted by Pennycuick’s model in 214 

Flight (Pennycuick 2009). To validate our median lift coefficient we also calculated the 215 

Cl in terms of the induced drag (Di) using the following equations: 216 

 217 

𝐷𝑖 = 𝑚𝑔(𝑠𝑖𝑛𝜑) −
1

2
𝑝𝑉𝑡

2𝐷0𝑆    Eqn 4 218 

 219 

𝐶𝑙 = √
2𝐷𝑖𝜋AR

𝑆𝑉𝑡
2𝑝𝑘

     Eqn 5 220 

 221 

where mg is the weight of the bird, 𝜑 is the assumed angle of attack at 15 degrees, ρ is 222 
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mean air density, Vt is the mean true airspeed, D0 is the profile drag at Pennycuick ’s 223 

constant of 0.114 (Pennycuick 1971), k is the induced power factor at 1.2 (a commonly 224 

used conservative value (see Klein Heerenbrink et al., 2015) that accounts for the wings 225 

not being perfectly elliptical) and AR is the aspect ratio.  226 

  227 

Data analyses 228 

Kruskal-Wallis tests were used to assess individual variation in bank angle and 229 

associated climb rate across flights. We examined variation in airspeed with altitude 230 

using a linear mixed effects model (LMM) with the random effects of day nested within 231 

individual ID. Individual variation in bank angle and climb rate was examined in 232 

relation to altitude. Initial inspection of the data suggested that, for each vulture, climb 233 

rate levelled off with altitude with a breakpoint in the height at which this occurred. We 234 

therefore performed a segmented analysis to identify breakpoints in the individua l-235 

specific linear relationships between the climb rate and altitude (R software, segmented 236 

package (Muggeo 2003)). Data were restricted to ≤ 1000 m for the segmented analys is 237 

as birds rarely exceeded this height. The relationship between climb rate and altitude 238 

was then compared before and after the identified breakpoint. We did not compare the 239 

results in terms of species or age (we did not believe individuals would dramatica lly 240 

differ in soaring performance due to age alone given that all birds were > 2 years; cf. 241 

Harel, Horvitz & Nathan, 2016), but focused on within- individual trends in climb rate 242 

and bank angle, thus allowing us to examine changes in soaring behaviour through the 243 

climb. However we did consider the effects of wing-loading on soaring behaviour, as 244 

wing loading is the main morphological factor that is known to have significant impact 245 

on the limits of the circling envelope. 246 

 247 

Finally, we examined climb rate in relation to distance from the thermal core using the 248 

empirically parameterised circling envelope and data collected from a single focal 249 

individual (this being the individual where the regression analyses of Vt by Va accounted 250 

for most variance). Assuming a normal distribution of vertical velocities we estimated 251 

the maximum climb rate that could be achieved for a given thermal region (i.e. height 252 

and radius); partitioning the thermal into low (200 – 400 m), mid (400 – 600 m) and 253 

high (600+ m) regions (high being altitudes above the individual’s breakpoint, see 254 

results). All analyses were performed in R 3.2.3. 255 

 256 
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Results 257 

Overall, 34 flights were recorded across the three days of data collection (G. 258 

himalayensis 9 flights each, G. fulvus 8 flights each, Table 1). Flights ranged from 5.28 259 

to 45.27 minutes (mean = 20.96 ± SD 9.63 minutes). Flights performed in the first 260 

release of the day at 11:30 tended to be longer and reach greater altitudes than those of 261 

subsequent releases (flight 1: 11:30, 27.04 ± 10.06 minutes, 609.84 ± 323.10 m; flight 262 

2: 13:00, 19.21 ± 6.01 minutes, 424.62 ± 150.38 m; flight 3: 14:30, 14.44 ± 8.82 263 

minutes, 445.86 ± 193.48 m). A total of 1155 complete thermal turns were isolated for 264 

bank angle analyses (per individual: 289 ± 70, Table 1). Angles differed significantly 265 

between all four individuals (Kruskal-Wallis 𝑥2  = 262.650, df = 3, p<0.001), with 266 

median bank angles ranging between 25 and 35° (Table 1). Regression analyses found 267 

a significant relationship between Va (measured from the triangle of velocities) and the 268 

raw differential pressure values for each bird, from which conversion equations were 269 

derived (Focal Bird A, 𝑉𝑎 = 0.0047 ∗ Pitot⁡ − ⁡28.33, in a regression with adj.R2 of 0.71 270 

; The remaining birds are presented in SupMat1, S1, S2). Vt did not change through the 271 

climb when examined in relation to altitude (LMM X2 = 1.436, df = 5,1, p = 0.231) 272 

allowing us to assume a direct relationship between time to complete the turn and its 273 

radius (individual airspeeds reported in Table 1). 274 

 275 

Overall, birds decreased their bank angle (r = -0.467, N = 1155, p<0.001, Spearman’s 276 

rank correlation) and increased their turning radius (r= 0.676, N =1155, p<0.001, 277 

Spearman’s rank correlation) with altitude (Fig. 3), in a manner consistent with a 278 

movement along the circling envelope. There was also a general increase in climb rate 279 

with altitude, with l significant break in this relationship for each of the four individua ls 280 

(Table S1, the average breakpoint was 560 ± 41 m across all birds). The relationship 281 

between climb rate and altitude was highly conserved before the breakpoint (e.g. for 282 

the bird shown in Fig. 3: r = 0.637, N = 218, p < 0.001), but variable, and with a lack 283 

of correlation, after the breakpoint (r = -0.025, N = 116, p = 0.792, Table 2).  284 

 285 

The birds occupied a space within their theoretical circling envelope as predicted by the 286 

theoretical maximal lift coefficient (Fig. 4A). In fact, the overall agreement was very 287 

good, in terms of the empirical data being apparently bounded by the theoretica l 288 

envelope. However, there was some variation in sink rate for a given combination of 289 

circling radius and bank angle, with birds operating below their theoretical optima (i.e. 290 



Thermal soaring birds modulate bank angle  

at a lower lift coefficient). This decrease in performance did not seem to be related to 291 

the wind vector (Fig. 4B) or the time or day of the flight. Instead, it is likely to reflect 292 

the relatively high airspeeds adopted by these birds, which were typically 13-14 m/s, 293 

compared to the predicted minimum sink speeds of up to 9 m/s. 294 

 295 

The lift coefficients that birds generally operated at were lower than the theoretical Cl 296 

at minimum sink (ranging from 1.37 to 1.47), irrespective of the method used. When 297 

the empirical values of bank angle and turn radius were used, average lift coefficients 298 

were estimated to be 0.73 and 0.83 for the Gyps fulvus individuals and 0.79 and 0.82 299 

for the Gyps himalayensis. The Cl calculated from the biometric data, average airspeed 300 

and Pennycuick’s drag constants, was equally low e.g. 0.81, for the focal bird (Fig. 4A). 301 

The consequences of the lower Cl, mean that this individual had an average limit ing 302 

turn radius of 13.68 m, compared to a radius of 7.9 m with a theoretical Cl of 1.37.  303 

 304 

Discussion  305 

 306 

In this study we use novel techniques to measure bank angle and turn radius using 307 

animal-attached loggers. Our method of obtaining bank angle capitalises on the 308 

inherently three-dimensional nature of magnetometry data, which can be normalised to 309 

the surface of a sphere (when measurements are made in all 3 axes). We show that, for 310 

a complete turn in thermal soaring, the rotation in heading defines a circular ring on the 311 

sphere, and the position of this ring is determined by the animal’s posture (Williams et 312 

al., 2017). As vultures show relatively little variation in pitch during thermal soaring, 313 

changes in the position of the circle result from rotation in the roll axis. The use of 3-314 

dimensional magnetometry data therefore allows us to quantify bank angle for 315 

prolonged periods of time, with the advantages of minimal calibration and post 316 

processing in comparison to camera methods (used here to validate the magnetometry 317 

method in preliminary analyses). Gyroscopes in on-board devices can also be used to 318 

measure angular movement (e.g. Martín López et al., 2016; Noda et al., 2014; Wilson 319 

et al., 2013), in practice however, gyroscopes are not well suited to continuous data 320 

collection on free-living animals, due to their relatively high current draw (a problem 321 

that also limits the use of cameras).  322 

 323 
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Early work by Pennycuick (1971) proposed that Gyps vultures should adopt bank 324 

angles of between 20 and 40°. Our measurements generally align with these theoretica l 325 

predictions, in terms of the median bank angles adopted. Nonetheless, birds were 326 

somewhat conservative in the maximum angles they used. That is, while they tended to 327 

select angles up to 35°, they could, according to the theoretical circling envelope,  328 

increase their bank angles by a further ~5° before incurring substantial penalties in sink 329 

rate. Adopting tight turning radii may be associated with the risk that small control 330 

inputs could cause a bird to ‘overbank’ and move into an area of performance space 331 

with high sink rates, thus compromising climb performance. This is the first work that 332 

does not assume that these birds are operating at the limits of their performance, but 333 

rather, examines the distribution of data within the circling envelope to investiga te 334 

within- individual variation in performance, an approach that could be developed further 335 

to provide insight into individual strategies or interspecific variation. It is interesting to 336 

note that the adult female maintained average climb rates at least 25% greater than other 337 

birds, as well as the lowest variance in bank angle overall. This increased performance 338 

and consistency may be an indicator of soaring skill acquired through greater 339 

experience (cf. Harel, Horvitz & Nathan, 2016).  340 

 341 

Thermal updrafts tend to be narrower and weaker when close to the ground, expanding 342 

as they rise. Optimising soaring performance at low altitudes is therefore critical in 343 

order to gain sufficient altitude to glide to the next thermal (Pennycuick 2008). Indeed, 344 

it has been recognised since the 1960s (e.g. Kruuk 1967) that the activity rhythms of 345 

soaring birds are determined by the mass of the bird in relation to the strength of thermal 346 

updrafts, with larger birds only able to gain altitude later in the day when thermals are 347 

stronger (cf. Spiegel, Getz, et al., 2013). Birds in this study displayed marked changes 348 

in bank angle with altitude, decreasing from around 30° to 22° in the first few hundred 349 

metres of the climb, and increasing their turn radii in a manner generally consistent with 350 

the circling envelope (i.e. the optimal solution for climbing performance). The 351 

relatively tight relationship between bank angle, climb rate and altitude in the first few 352 

hundred metres, demonstrates the importance of changes in bank angle in enabling 353 

soaring birds to gain altitude when close to the ground. 354 

 355 

Our finding that birds modulate radius by changing bank angle is in contrast to that of 356 

a recent study on Himalayan griffon vultures soaring in excess of 6000 m (Sherub et 357 
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al., 2016). While the Himalayan griffons also increased their radius with altitude, they 358 

achieve this by increasing their airspeed (keeping bank angle constant). This increase 359 

in radius and airspeed is necessary to compensate for the decreasing air density over a 360 

dramatic altitudinal range. Interestingly therefore, soaring birds appear to vary their 361 

circling radius by two different mechanisms according to the flight altitude. This dual 362 

strategy demonstrates the complexity involved in maximising height gain and leads to 363 

the question of when and how birds should switch strategy through the climb. With 364 

little height above the ground, the priority has to be maximising the climb rate. It seems 365 

most likely that birds increase their airspeed at, or above, the point when thermal radius 366 

is no longer the primary constraint.  367 

 368 

In our system there was a breakpoint in the relationship between climb rate and altitude 369 

at some 560 m. As turn radius increases, birds experience diminishing returns in sink 370 

rate. Vertical velocity above the breakpoint is therefore less likely to be linked to 371 

variation in bank angle, but rather the thermal conditions, which may also vary between 372 

days. Since the birds used here do not roam far during their flights, it could also be that 373 

they have no need to gain height beyond that required to return to their home 374 

destination. Nonetheless, we see no clear advantage in maintaining, rather than 375 

increasing altitude, should the thermal structure allow (though see Shannon et al., 376 

2002).  377 

 378 

While the variation in bank angle with altitude that we observed was consistent with a 379 

tendency to maximise the climb rate, the average lift coefficient was 52% of the 380 

theoretical maximum (it is also less than the Cl observed for a jackdaw soaring at its 381 

minimum sink speed in a wind tunnel e.g. Rosén & Hedenström, 2001). Our 382 

measurements of Cl could have been influenced by factors that fall into three main 383 

categories: i) methodological, ii) environmental and iii) behavioural (Fig. 5). In terms 384 

of the methodology, while a low lift coefficient may be the result of an overestima ted 385 

bank angle or turning radius (the latter could result from an over-estimated airspeed), 386 

the fact that our data did not cross the theoretical circling envelope supports the idea 387 

that they are accurate, as do our data checks, which resulted in an equally low lift 388 

coefficient. When it comes to behaviour, these birds were often recorded flying at 389 

airspeeds that were higher than the theoretically predicted minimum sink speeds (which 390 

is also likely linked to their conservative bank angles, see above). Actual flight speeds 391 
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were more similar to those recorded in inter-thermal glides in previous work (recorded 392 

at an average of 16.5 m/s by Harel, Duriez et al., (2016)), which could therefore explain 393 

the low Cl values. In terms of environmental parameters, we found no clear relationship 394 

between wind or time of day, and position within the envelope. However, while there 395 

was no evidence of the Cl varying with wind strength, it may be that wind affects 396 

soaring performance in a complex way (e.g. Harel, Horvitz & Nathan, 2016). 397 

 398 

Overall, we show that the constraints on soaring flight vary with altitude, and that this 399 

results in birds modulating their circling radius in relation to two different factors. At 400 

low altitudes, obligate soaring birds select relatively steep bank angles to maintain their 401 

position in a narrow region of strong uplift (Fig. 5). However, while the circling 402 

envelope appeared to be predicted well by theoretical models, we demonstrate that it 403 

cannot be assumed that soaring birds are operating at their theoretical optima, and that 404 

performance may be influenced by additional factors. Longer term data from free-405 

ranging individuals could provide insight into how the bank angles selected during the 406 

critical, near-ground phase of soaring may vary with experience (cf. Harel, Horvitz & 407 

Nathan, 2016) and state variables such as hunger (Nathan et al., 2012; Spiegel, Harel, 408 

et al., 2013), which may provide an incentive for birds to operate in more margina l 409 

conditions or select higher bank angles.   410 
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Figure legends 522 

 523 

 524 

Fig. 1. Griffon vulture in flight, wearing a leg loop harness and tags (Daily Diary; GPS) 525 

 526 

  527 
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 528 

Fig. 2. Tri-axial magnetometry data normalised to a spherical surface (the m-sphere). (A) 529 

Complete rotations of the magnetometer appear as circles on the sphere, with the line from the 530 

centre of the m-sphere to the centroid of each circle indicating the mean angle of bank in a 531 

given turn. (B) A calibration device was used to simulate a bird circling with fixed bank angles 532 

varying from -90 (yellow) to 90°s (light blue) at 10° intervals, indicative of left and right banked 533 

turns respectively. The m-print that corresponds to zero bank is at the bottom of the m-sphere. 534 

Units were calibrated using this device in the field, with the camera and GPS units also attached 535 

to the platform (as these could potentially influence the magnetometer data (cf. Bidder et al., 536 

2015)). 537 
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538 

Fig. 3. Trends in the angle of bank, turning radius and the achieved climb rate, binned 539 

according to altitude ASL (100 m bin width) for the Gyps himalayensis subadult. The 540 

shaded region highlights the low altitude region below the modelled breakpoint for this bird 541 

(515.91 ± 22.86 m) where an increase in climb rate occurred as birds decreased their bank angle   542 

(n = 334). This trend does not hold beyond the breakpoint in any bird (Table S1).  543 
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 544 

Fig. 4. The circling envelope for vulture  A, the Gyps himalayensis subadult, (A) 545 

parameterised using empirical data (grey dots) of bank angle and turning radius (n = 334). With 546 

increasing radius and decreasing bank angle the birds own sink rate decreases (labelled as 547 

negative vertical velocity). The bird shifts along this envelope from high bank angles and tight 548 

turning radii to a region of low angles and greater turning radii, decreasing its sink rate with 549 

altitude (0.9 polygons). Although the empirical data sit within the envelope predicted by the 550 

Pennycuick model (dotted line) (Pennycuick 2008, 2009), which assumes a Cl of 1.37, actual 551 

turning radii were greater than predicted for a given angle of bank. This produces a higher 552 

estimate of the average limiting turn radius (13.68 m), given a median coefficient (Cl) of 0.79. 553 

(B) The relationship between sink rate, bank angle and turning radius does not appear to be 554 

related to wind speed (gradient of light to dark grey with increasing wind speed). 555 
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 556 

Fig. 5. The velocity profile of a thermal updraft at three altitudes, as modelled from the 557 

climb rates, radii and circling envelope for the Gyps himalayensis subadult. When soaring, 558 

the thermal’s upward vertical velocity (solid dark grey line) exceeds that of the birds’ 559 

downward velocity, so that the bird experiences a positive climb rate. Hence the thermal 560 

velocity is taken as the sum of the bird’s mean climb rates (raw data shown by grey points) and 561 

estimated sink rates for three regions: A) high: 600+m, B) mid: 400-600 m and C) low: 200-562 

400m. This is then interpolated across the thermal diameter assuming a normal distribution of 563 

uplift. The bird’s circling envelope (solid black line), and the rate at which air is rising within 564 

the thermal, define the area within which the bird is able to position itself and gain height. This 565 

area is where the climb rate (dotted line) > 0 m/s (horizontal line). Achievable climb rates drop 566 

dramatically close to the core of the updraft due to the sink rates associated with high bank 567 

angles.  568 
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Table 1. Summary flight statistics for the four tagged vultures. The number of flights and 569 

total flight time include all time spent in the air, all other flight parameters are specific to the 570 

thermal soaring periods. Average values are given as the mean ± SD, and as the median ± 571 

IQR for climb, bank and Cl. For the number of flights and complete turns, values are given for 572 

the three release times through the day (a) 11:30 local time, (b) 13:00 and (c) 14:30. 573 

 574 

Individual A B C D 

Species  Gyps himalayensis Gyps himalayensis Gyps fulvus Gyps fulvus 

Sex Female Female Male Male 

Age Subadult Adult Subadult Subadult 

Wing loading 6.63 7.18 7.06 7.28 

Body mass (kg) 8.45 8.10 7.20 7.15 

Wing area (m2) 1.27 1.13 1.02 0.98 

Aspect ratio 5.98 6.95 6.73 6.88 

No Flights  (a) 3 (b) 3 (c) 3 (a) 3 (b) 3 (c) 3 (a) 3 (b) 3 (c) 2 (a) 3 (b) 3 (c) 2 

Total flight (min) 22.01 ± 10.35 26.77 ± 9.17 17.45 ± 9.83 17.59 ± 7.49 

Prop. of circling 54 ± 10 % 49 ± 9 % 54 ± 6 % 51 ± 7 % 

Max altitude (m) 847.72 ± 380.88 898.20 ± 334.01 702.93 ± 382.14 707.24 ± 350.35 

No complete turns (a) 146 

(b) 73 

(c) 115 

Total = 334 

(a) 122 

(b) 122 

(c) 115 

Total = 359 

(a) 131 

(b) 92 

(c) 32 

Total = 255 

(a) 85 

(b) 84 

(c) 38 

Total = 207 

Climb rate (m/s) 0.99 ± 0.90  1.25 ± 1.21   0.91 ± 0.99   0.83 ±  0.82 

Bank angle (°) 26.54 ± 7.58 29.38 ± 7.29 31.74 ± 8.29 35.78 ± 10.24 

Average Airspeed (m/s) 13.21 ± 0.03 13.51 ± 0.03 12.89 ± 0.05 14.15 ± 0.09 

Lift Coefficient (Cl) 0.79 ± 0.20 0.82 ± 0.20 0.94 ± 0.23 0.73 ± 0.17 

  575 
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Table 2. Relationship between climb rate and altitude before  and after the identified 576 

breakpoint in the climb. Spearman’s rank correlation test for low and high thermal regions 577 

(significant relationships in bold) using data prior to and following the break points identified 578 

from their corresponding models (Table S1).  579 

 580 

Bird ID Break Point (m)  

A 509.85 ± 26.18 

Low: r  = 0.621, N = 214, p < 0.001 

High: r = -0.024, N = 120, p = 0.792 

B 463.13 ± 32.83 

Low: r = 0.582, N = 206, p < 0.001 

High: r = 0.261, N = 153, p = 0.001 

C 680.17 ± 69.56 

Low: r = 0.451, N = 212, p < 0.001 

High: r = -0.069, N = 43, p = 0.657 

D 607.00 ± 72.17 

Low: r = 0.398, N = 180, p < 0.001 

High: r = -0.049, N = 27, p = 0.806 

 581 
582 
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Supplementary Material 583 

 584 

 585 

Figure S1: regression of the Pitot tube airflow against airspeed derived from the 586 

wind and ground speed vectors in gliding. Vulture A (no interaction with day, Adj 587 

R2 =0.71), Vulture B (no interaction, but independent effect of day, Adj R2 = 0.56), 588 

Vulture C (interactive effect of day, Adj R2 = 0.67), Vulture D (interactive effect of 589 

day, Adj R2 = 0.33). 590 

591 
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We performed individual-specific linear regressions that predicted airspeed values (Va) 592 

from the corresponding Pitot tube data (volts) and used the relationship outputs to 593 

convert volts to metres per second values for all data collected during the glides.  594 

 595 

Vulture A  𝑉𝑎 = 0.004700P ⁡− ⁡28.33 Eqn. 1 

  adj.R2 = 0.7102, F = 150.5,df=1,60, p <0.001  

 

Vulture B  𝑉𝑎 = 0.004865P − 29.88864 Eqn. 2 

  adj.R2 = 0.56, F = 34.63, df = 3,75,  p<0.001  

 

Vulture C Day 1 ⁡⁡𝑉𝑎 = 0.01248𝑃 − 95.94 Eqn. 3a 

 Day 2 ⁡⁡𝑉𝑎 = ⁡0.01251304𝑃 − 94.464 Eqn. 3b 

 Day 3 ⁡⁡𝑉𝑎 = 0.005662𝑃 − 36.13 Eqn. 3c 

  adj.R2 = 0.67, F = 25.6, df = 5,55, p<0.001  

 

Vulture D Day 1 ⁡⁡𝑉𝑎 = 0.005014𝑃 − 29.766782  Eqn. 4a 

 Day 2 ⁡⁡𝑉𝑎 = 0.003034𝑃 − 11.74594 Eqn. 4b 

 Day 3 ⁡⁡𝑉𝑎 = 0.011353𝑃 − 88.74803 Eqn. 4c 

  adj.R2 = 0.33, F = 5.55, df = 5,42, p<0.001  

 596 

  597 
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Table S1. Segmented models for climb rate by altitude  for each individua l. 598 

Spearman’s rank correlation tests between climb rate and altitude are also given; for 599 

low and high thermal regions using data prior to and following the break points 600 

identified from their corresponding models.  601 

Bird ID variable  estimate Std. error t P 

A Intercept -0.886 0.209 -4.248 <0.001 

(Gaelle) x 0.005 0.001 8.407 <0.001 

 u1.x -0.005 0.001 -7.880 NA 

 Adjusted R2 = 0.383; 4 interactions for convergence 

Estimated break point: 509.85 ± 26.18 m 

Low: r  = 0.621, N = 214, p < 0.001;  High: r = -0.024, N = 120, p = 0.792 

B Intercept -0.827 0.266 -3.109 0.002 

(Giselle) x 0.005 0.001 6.633 <0.001 

 u1.x -0.004 0.001 -5.335 NA 

 Adjusted R2 = 0.361; 3 interactions for convergence 

Estimated break point: 463.13 ± 32.83 m 

Low: r = 0.582, N = 206, p < 0.001;  High: r = 0.261, N = 153, p = 0.001 

C Intercept -0.402 0.172 -2.340 0.020 

(Gregoire) x 0.004 0.000 7.808 <0.001 

 u1.x -0.003 0.001 -4.300 NA 

 Adjusted R2 = 0.450; 3 interactions for convergence 

Estimated break point: 680.17 ± 69.56 m 

Low: r = 0.451, N = 212, p < 0.001;  High: r = -0.069, N = 43, p = 0.657 

D Intercept -0.700 0.260 -2.694 0.008 

(Hector) x 0.004 0.001 6.075 <0.001 

 u1.x -0.004 0.001 -2.737 NA 

 Adjusted R2 = 0.330; 2 interactions for convergence 

Estimated break point: 607.00 ± 72.17 m 

Low: r = 0.398, N = 180, p < 0.001;  High: r = -0.049, N = 27, p = 0.806 

 602 

 603 
  604 
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 605 
 606 

Figure S3: composite of wing to body position during thermal soaring. Screenshots 607 

taken from a camera placed on top of our tag device attached to the lower back of the 608 

bird, with the camera facing the tip of the right wing. Video was recorded on multip le 609 

days from two different birds and through different thermal climbs, and the shots taken 610 

at random. The image clearly shows consistency in the body-to-wing position within 611 

and between climbs, and interestingly this was also evident between climbs of differ ing 612 

turn direction. Though they may be capable of changing wing orientation at the 613 

shoulder joint, if they did so predominantly in soaring we would expect clockwise turns 614 

that show the ground to show very little wing in the image, and anti-clockwise turns 615 

where the wing is pointing towards the sky, to fill the image with the wing. 616 


