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Supplementary Materials

Materials and Methods

Fieldwork and instrumentation

All fieldwork and use and care of animals were conducted following approval of the Animal Ethics
Committee at Bangor University. During their summer moult (1* to the 20™ uly 2011), flightless
geese were captured from Terkhiin Tsagaan Lake, Mongolia (Lat 48.147 °N, Lon 99.576 °E). Thirty
custom-designed data logging instruments (32 g) were implanted into anaesthetised adult geese of
mean body mass 2.35 kg (range 2 - 2.57 kg), by a veterinarian (B.C.) and the birds released to the
wild following recovery from surgery. Geese were fitted with numbered neck collars and 17 geese
were recaptured in 2012 and 2013. No detrimental effects were observed in these geese prior to
release, or on recapture, and re-sightings of implanted animals were comparable to those for birds
marked with neck collars. This is consistent with a recent meta-analysis, indicating that the negative
effects of internal tag implantations have been generally preferable to those of externally attached
devices (30). The data loggers recorded abdominal temperature and pressure (every 30 seconds), tri-
axial acceleration (100 Hz in 18 s bursts every two minutes, 1.e. 15% coverage) and ECG (180 Hz
in the same 18 s period). Seven of the loggers collectively recorded data on 77 flights of between
one and twenty hours duration, totalling 391 hours of flying. Four loggers had a full suite of
working sensors and recorded the complete autumn migration of the geese (range 148 - 215 days,
total 2,574 hours accelerometry), flight data from which are presented in Fig. 1. Three additional
loggers did not function long enough to record the entire migration but provided data between the
first 66 - 107 days, while an additional logger completed the migration without recording ECG but
did collect data from the other sensors for 148 days. These latter three birds provided some
additional flight information (total 1,864 hours of raw accelerometry). Recordings of acceleration
were converted into root mean squared dorsoventral-aligned dynamic acceleration (hereafter

referred to as Z__, m s?) and wingbeat frequency (fy, flaps s or Hz). ECG data was post-

processed to obtain heart rate (f;, beats min™) using a custom QRS-complex detection algorithm.
Altitudes were estimated from a factory calibrated pressure transducer (range 1-110 kPa, resolution
10 Pa), converted to pressure altitudes = 44331 (1 - 0.2695 P*'*?) and subsampled to 2 min mean
values. Rates of ascent were calculated by taking the median of four altitude shifts measured over
150 s periods spanning a 2 min altitude measurement. Rate of ascent data were then further filtered
by convolution with a Bartlett function so as to obtain estimated rates of ascent sustained over 5
minute periods, considered comparable to the definition of sustained climbing flight as used by
Hedenstrom & Alerstam 1992.

Triaxial accelerometry (100 Hz, 12 bit resolution, range + 8 g) was monitored in 18s bursts every
two minutes (i.e. 15% coverage), recording 5.56 MB of data each day. Electrocardiography (ECG,
180 Hz, 8 bit resolution) was also monitored in the same 18s period every 2 min and recorded 14.84
MB of data each day. ECG data was processed using bespoke software to derive inter-beat
intervals, #,, and the mean heart rate (fi, ~Af, ') calculated (individually weighted as Asy due to the
Py, o fi” relationship) using only inter-beat intervals lying within +20% of median #,. ECG quality
could occasionally suffer from EMG interference, so it was important to have a robust method of
obtaining representative mean ECG over the 18 s window to allow for accurate automation by the
software. Similarly, wing-beat frequency measurements were confined to the range 2.8—5.6 Hz as
values less than 2.8 Hz were not seen and it was necessary to define non-flight periods to allow



efficient automation of the software. Static accelerations s(s, 52, 53) were obtained by low-pass
filtering the raw accelerations a(a;, a,, a3) with a corner frequency of 0.56 Hz via fast Fourier
Transforms (FFT) operating on 7 x 2° = 1792 samples at a time, discarding the first few
accelerometer samples of each burst as the circuitry settled during recovery from sleep. The
magnitude of the dorsoventral component of the acceleration (a4,) was then obtained using

_ a5, + a8, a8, M1)

(s2+52+s2)t

Unit vectors in the coronal plane perpendicular to the dorsoventral axis were calculated by taking
the vector product of a4, with a copy of itself arbitrarily shifted on one of the three component axes,
then taking the vector product of that vector with a4, and normalising both the vectors obtained. The
scalar products of these unit vectors with @ were then used to project the raw accelerations onto the
coronal plane.

Wingbeat Frequency, root mean acceleration and heart rate

A reorientation technique capable of deriving forward and transverse accelerations from the 2-D
coronal plane accelerations in flying birds has been described elsewhere and involves construction
of an angular histogram and the use of phase information (20). The reoriented accelerations were
bandpass filtered between 2.8 and 5.6 Hz (to capture the fundamental wing-beat frequency but
reject the static accelerations and the harmonics) using FFT methods to obtain the three components
of the dynamic acceleration agy, (x, y, z) which can be loosely described as lateral (X, -ms), forward
(Y,1ms) and upward (Z,,,5). Root-mean-squared measures were obtained for each 18-s window. If
72,¢ exceeded a threshold of 2 m s then an attempt was made to quantify the wingbeat frequency.
For this, linear interpolation of consecutive samples spanning positive-going zero-crossings in z was
used to accurately determine the start and end time of each wingbeat (25). Wingbeat frequency
measurements involved taking the harmonic mean of the wing-beat intervals present in each 18s
time window. Body power was then estimated using the expression Z2,,s / 27:2fw (W kg'1 orm?®s”

kg™).

For each of the flights lasting for more than an hour, for which Z,s, f+, and f; data were all
available, data were logarithmically transformed and scaled in such a way as to equalise the span on
each axis. Principal component analysis was then used to obtain a straight line through the points in
three dimensions, which minimised the squared error terms. A straight line in three dimensions can
be represented by

X=X Y=Y _Z-%

k k k

x ¥ z

(M2)

where ky, ky, k, are the direction numbers of the line and x, ¥, zo 1S some point along it. This can
alternatively be expressed by the three equations

X =0+ 7y (v - 30) (M3)

y=y0+ryz(Z'ZO) (M4)
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X =x0+ 1y (z - 20) (M5)
where ry, = ky/ky, ry, = ky/k, and ry, = ki/ky. This was repeated for each flight, with the poorest

fitting point being discarded on each iteration until 10% of the original points had been rejected.
Results for individual geese are summarised below:

BIRD Iy ry, ry Xo Yo Z,

P35 4.292 0.206 0.954 0.787 0.615 2.559
P37 3.877 0.174 0.627 0.758 0.597 2.511
P41 3.608 0.248 0.793 0.827 0.630 2.523
P43 3.164 0.274 0.843 0.774 0.594 2.539
Means 3.735 0.226 0.804 0.787 0.609 2.533
+SD +0.473  +0.044 +0.136 $0.029 $0.017 $0.021

Using these results and transforming backwards from the logarithmic domain the global best fit
obtained yielded the following power laws between the three variables:

Zrms =0.03603 £, 404, = 24925 7, 0273002 (M6)
f = 1.0024 ;024240047 i =0.9909 £, +137:0834 M7)
Zrms = 0.04816 £ 3240, 1o, £ 38381 7, 120240176 (M$)

If flight power (Ps) is estimated from heart rate using Pr o fh2 then Pg o fit 2 %% If, alternatively,

P is estimated from accelerometry using Py oo Z2,,, / fiy then this yields the power law Ps o,

for 08T Reasonable agreement is achieved between the two theoretical approaches for exponents
of f, between 6.606 and 7.911. If neither theoretical model is in error then, to one standard
deviation, the sensitivity of flight power to wing-beat frequency can be summarised as

Pf afw7.26i0.65 (M9)

Estimation of cost of Transport during Roller Coaster flight

Cost of Transport Modelling the total transport costs for the 15.2-hour section of the 17-hour flight
of shown in Fig. 4c, involved integrating the estimated changes in Pm due to alteration in altitude,
based on the relationship that metabolic power was o ~ p°'. The biomechanical cost of horizontal
flight of a 2.8 kg goose was taken to be 15 W kg™ during horizontal flight at the starting altitude of
3200 m, and then costs determined for the journey by integrating along the route, taking into
account the effect of air density according to the International Standard Atmosphere. The additional
energy required to climb was taken to be the product of mass, gravity and the vertical height gain.
This calculation already indicated a potential saving resulting from taking the lower altitude path,
even without taking in to account savings due to descending flight. A simple way to approximate
the savings due to descent was to reduce the time calculated for the flight by the time it would take
to descend at the very fast rate of minus 1.5 m s and to assume that this was at zero cost. Descent
rates of half this angle would then have costs of around half those for horizontal flight, which are
actually likely to be an overestimate given that heart rates are often as low as 200 to 250 beats min’
! Flight velocity was also taken into account by adjusting flight speeds from the reference point of
15 m s at sea level, according to velocity ~p 2, which is estimated from GPS ground speed data
(12).



Supplementary Figures

Body Temperature
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Fig. S1. Frequency plot of body temperature during flight. Distribution of body temperature
recorded during flight plotted against altitude.
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Fig. S2. Calibration of rate of oxygen consumption against heart rate. Data shown for 11 flights
(blue dots) and 1 flight (red dot) from two juvenile bar-headed geese, respectively, on 7 different
days (/7). Body mass 2.83 kg and heart mass 0.023kg (blue dots) and body mass 2.35 kg and heart
mass 0.0207 kg (red dots). Each point is the average of 2 minutes of flying. The modelled line fits

are generated from the proportionality 1}02 oc My"**' My, fi2 from reference (appendix D in (74)), for

12 species of birds, and passing through the mean value for the variables of the 11 flights (blue
dots).



3-D fit for P41 Flight h
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Fig. S3. Correlation analysis for a single 10 h migratory flight of goose P41 (flight h). a, log of
heart rate plotted against log of ZRMS acceleration (r* = 0.896). b, log of ZRMS acceleration plotted
against log of wingbeat frequency (* =0.967). c, log of heart rate plotted against log wingbeat
frequency (r* = 0.889). Each point represents the mean of 18 s of data, repeated every 2 minutes.
‘Greyed out’ points are the 10% of data removed by repeated iteration during 3D principal
component analysis.
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Fig. S4. Descending flights into India. a-c, show altitude plotted against f;, for the three geese
which migrated from the Himalaya down into India. Each trace is colour coded to indicate the rate
of ascent/descent ranging from +0.7 m's” (red) to -1.3 m's™ (purple), with a temporal resolution of
2 minutes. d-f, shows the same altitude data but plotted against time and colour coded for f,, ranging
from 4.7 flaps s (red) to 3.7 flaps s (purple). Geese continued to flap even during steep descents
but with minimal power outputs.



A Goose 41 flight d
%
18" 12
e “ 10
200
_ 3 2 8
T 24 6
% 16 o4
8 ° 28, 2
< .30 Je)
- 83
s}
2
® ©
o
]
<
36 4.1 46
Wingbeat Frequency (Hz)
C Goose 37 flight i
6
o
]
— o
“_(I)
E
T o
@
(5]
7]
<
S 8
% gl 5 Landlng"-.,_gP
14 10 :
N s
12, )
© : 16,
G .
34 40 46
Wingbeat Frequency (Hz)

Rate of Ascent (m s™)

Rate of Ascent (m s™')

0.6

0.3

-0.3

0.6

0.3

-0.3

-0.6

4.1

Goose 35 flight h

4.4 47
Wingbeat Frequency (Hz)

Goose 43 flight h

37 4.1 45
Wingbeat Frequency (Hz)

Fig. SS. Environmentally assisted flights. (A to D), Rate of ascent/descent plotted against
wingbeat frequency (rather than heart rate as in Fig. 3, main text) for migratory flights (2.7 to 13
hours), each from a different goose. Intensity of colour from red to yellow indicates density of
observations, with a temporal resolution of 2 minutes. Black lines link up sequential data points
(numbered with time in minutes), indicate an event lying outside the typical distribution and
highlighting a period of assisted lift, or a difficult landing event.



