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Dynamic soaring decouples dynamic body acceleration and
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ABSTRACT
Estimates of movement costs are essential for understanding
energetic and life-history trade-offs. Although overall dynamic body
acceleration (ODBA) derived from accelerometer data is widely used
as a proxy for energy expenditure (EE) in free-ranging animals, its
utility has not been tested in species that predominately use body
rotations or exploit environmental energy for movement. We tested a
suite of sensor-derived movement metrics as proxies for EE in
two species of albatrosses, which routinely use dynamic soaring to
extract energy from the wind to reduce movement costs. Birds were
fitted with a combined heart-rate, accelerometer, magnetometer and
GPS logger, and relationships between movement metrics and heart
rate-derived V̇O2

, an indirect measure of EE, were analyzed during
different flight and activity modes. When birds were exclusively
soaring, a metric derived from angular velocity on the yaw axis
provided a useful proxy of EE. Thus, body rotations involved in
dynamic soaring have clear energetic costs, albeit considerably lower
than those of the muscle contractions required for flapping flight. We
found that ODBA was not a useful proxy for EE in albatrosses when
birds were exclusively soaring. As albatrosses spend much of their
foraging trips soaring, ODBA alone was a poor predictor of EE in
albatrosses. Despite the lower percentage of time flapping, the
number of flaps was a useful metric when comparing EE across
foraging trips. Our findings highlight that alternative metrics, beyond
ODBA, may be required to estimate energy expenditure from inertial
sensors in animals whose movements involve extensive body
rotations.

KEYWORDS: Energy expenditure, Movement costs, Accelerometry,
Angular velocity, ODBA, Flight efficiency

INTRODUCTION
Wide-ranging animals have evolved various physical and behavioral
mechanisms for reducing costs of movement, includingmorphological
adaptations for particular modes of locomotion and the use of
environments that optimize travel efficiency (Duriez et al., 2014;

Milner-Gulland et al., 2011; Saadat et al., 2017). Nevertheless, travel
costs are a major component of daily energy budgets, and drive many
facets of physiology and ecology. Thus, factors that influence the
energetics of travel, such as resource abundance and distribution,
predator avoidance, weather and other environmental conditions, also
affect reproduction and survival (Booksmythe et al., 2008; Gallagher
et al., 2017;Wall et al., 2006). Quantifyingmovement costs is therefore
critical for understanding the biological and ecological drivers of
life history.

Over the past decade, miniaturized accelerometers deployed on
free-ranging animals have dramatically improved our ability to
study energetics in situ (Wilmers et al., 2015). Three-dimensional
acceleration recorded at high resolution (typically 10–60 Hz) allows
for instantaneous body movements to be measured continuously.
These data are often used to identify behaviors (Nathan et al., 2012;
Shepard et al., 2008; Yoda et al., 1999), and to derive movement
metrics that serve as proxies of energy expenditure, such as flipper
strokes, tail beats or wing beats per unit time (Gleiss et al., 2009;
Jeanniard-du-Dot et al., 2016; Usherwood et al., 2011). Additionally,
overall dynamic body acceleration (ODBA), a metric of integrated
body acceleration across three orthogonal axes, has emerged as a
versatile proxy for energy expenditure, improving our understanding
of activity-specific costs across a wide spectrum of free-ranging
animals (Green et al., 2009; Halsey et al., 2009, 2011; Wilson et al.,
2006, 2020).

The conceptual underpinning of ODBA is that acceleration of
a body is the result of force exerted by muscle, and that the
rate of oxygen consumption (V̇O2

), an indirect measure of energy
expenditure, is proportional to this force (Cavagna et al., 1963).
Numerous animal and human experiments have validated this general
relationship by directlymeasuring V̇O2

in active individuals fitted with
accelerometers (Gleiss et al., 2011; Halsey et al., 2008). However,
the correlation between ODBA and V̇O2

is highly dependent on
study design and is influenced by environmental factors such as
temperature (e.g. within versus outside the thermal neutral zone;
Halsey et al., 2011) and intrinsic characteristics such as body size
(Martin Lopez et al., 2022). Moreover, ODBA is subject to errors
associated with changes in acceleration that are independent of
muscle-powered movement, a constraint which has received little
attention to date (Wilson et al., 2020). For example, some animals
gain kinetic energy from the environment that manifests as dynamic
body acceleration, but without the associated mechanical cost of
muscle contraction. Wilson et al. (2020) called this ‘environmental
DBA’ and highlighted a study by Gómez Laich et al. (2011) that
recorded a striking increase in dynamic body acceleration in imperial
cormorants Leucocarbo atriceps resting on the water in high sea
states.

The greatest potential to extract environmental energy for transport
occurs in animals that swim or fly by exploiting variability in fluid
flow (Chapman et al., 2011). These include birds that use energy fromReceived 5 February 2024; Accepted 19 August 2024
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a wind-shear gradient at the ocean–atmospheric boundary in a flight
pattern called dynamic soaring (Wilson, 1975; Pennycuick, 1982;
Fig. 1A). Dynamic soaring is considered one of the most efficient
forms of travel (Pennycuick, 1982), and primarily occurs in the
procellariiform seabirds, particularly albatrosses, shearwaters and
other petrels. During dynamic soaring, birds experience high speeds
concomitant with rapid gains and losses in acceleration as they climb
and descend the wind-shear gradient (Bousquet et al., 2017). In
contrast, birds such as raptors that soar by exploiting thermal lift (i.e.
thermal soaring) do not experience marked changes in acceleration
(Duriez et al., 2014;Williams et al., 2015). Hence, while both thermal
soaring raptors and dynamic soaring seabirds move with minimal
mechanical work by exploiting environmental energy, ODBA is
likely higher in the latter as a result of the cyclical accelerations
experienced by the bird when ascending and descending the wind-
shear gradient. Given that proxies of energy expenditure have not
been assessed relative to dynamic soaring behavior within foraging
trips, there is a need to understand the relationship between soaring
movements, ODBA and energy expenditure.
In addition to the challenge of distinguishing acceleration

generated by the environment, ODBA may not capture all
acceleration generated by the animal, particularly those subjected
to g-force in fast maneuvers such as cornering cheetahs Acinonyx
jubatus or stooping and banking birds (Williams et al., 2015;
Wilson et al., 2020). Here, the costs of movement may be better
represented by other metrics. For example, VeSBA, the vectorial
norm of static body acceleration, can be used to measure inertial
acceleration from fast movements that induce centripetal forces on
the animal (Williams et al., 2015, 2013a, 2020). Given the
characteristic sharp banking angles and high speeds of dynamic
soaring birds, VeSBA may better capture power-generated
movements, but the relationship between VeSBA and energy
expenditure has yet to be explored.
Turning costs also contribute to the energetics of travel (Wilson

et al., 2013a), and these rotational movements may also be more
effectively measured by alternative metrics. ODBA was found to
chronically underestimate the cost of movement in large aquatic
species, which was attributed to the greater contribution of rotational
movement to acceleration of larger animals (Martin Lopez et al.,
2022). Sensors that are not sensitive to centripetal acceleration
and can be used to measure body rotations, such as magnetometers
and gyroscopes, enable additional, novel metrics to be evaluated
(Williams et al., 2017). Angular velocity metrics derived from
accelerometer and magnetometer data describe high-resolution
rotational activity (Gunner et al., 2020, 2021). These may better
reflect energetic costs in dynamic soaring birds given the
demonstrated costs of body rotation in other species (Wilson
et al., 2013b).
Albatrosses have evolved a number of anatomical features to

reduce energetic costs while soaring, such as long, narrow wings
(high aspect ratio), a shoulder-locking mechanism to reduce the
effort of wing extension, and an extensive network of slow-twitch
musculature that likely powers postural holds through static,
isometric contractions (Meyers and Stakebake, 2005). However,
energy efficient, dynamic soaring must still incur energetic costs,
given the involvement of slow-twitch muscles in wing extension,
the postural changes required to maintain aerodynamic stability in
strong winds, and the turning costs associated with the characteristic
steep-banking maneuvers. As dynamic soaring can comprise up to
96% of flight time in albatrosses (Sakamoto et al., 2013), it is
important to identify factors that drive variability in the associated
energetic costs of soaring, and those of other flight modes such as

flapping, to quantify the overall cost of transport. The relatively high
cost of flapping versus dynamic soaring in albatrosses is based on
theoretical models (Pennycuick, 2008), studies that have measured
mean energy expenditure across entire foraging trips (Adams et al.,
1986; Costa and Prince, 1987; Shaffer, 2011) and studies using
heart-rate loggers (Sakamoto et al., 2013; Weimerskirch et al.,
2000); however, these were limited by small sample sizes, coarse
sampling resolution, or flight behavior that was inferred, rather than
measured directly. Thus, further exploration of the energetic
consequences of these two flight modes using fine-scale data
from within foraging trips is needed to better understand movement
efficiency and energetic tradeoffs in the flight of albatrosses and
other procellariiform seabirds.

Here, we assessed the utility of a suite of metrics commonly
derived from accelerometers and novel metrics frommagnetometers
that capture characteristics of dynamic soaring flight as proxies of
energy expenditure during flight in seabirds. We focused on two
species that use dynamic soaring and flapping flight, the black-
browed albatross Thalassarche melanophris (Temminck 1828)
and the grey-headed albatross Thalassarche chrysostoma (Forster
1785), to evaluate the costs and benefits of different flight modes
at sea. Our specific objectives were to: (1) determine fine-scale
time budgets during foraging trips and assess how proxies of
energy expenditure vary with flight mode; (2) evaluate different
metrics derived from accelerometers as potential proxies of
energy expenditure at different temporal scales; and (3) test
whether characteristics of dynamic soaring (soaring arc magnitude
and arc rate) or metrics associated with postural change (VeSBA)
offer advantages over OBDA in explaining variability in energy
expenditure when birds are engaged exclusively in dynamic soaring.

MATERIALS AND METHODS
Instruments
To capture high-resolution movement and heart-rate data from
albatrosses foraging at sea, we deployed a specialized biologging
device (Neurologger 2A, Evolocus, NY, USA) that contained
multiple sensors in a single enclosed unit. The single enclosed unit
contained a miniaturized 600 Hz electrocardiogram (ECG) recorder
(±6 mV, 10-bit), 75 Hz triaxial accelerometer (LSM6DSOX, ±16 g,
16-bit), 75 Hz triaxial magnetometer (IIS2MDC, ±49 Gauss,
16-bit), and GPS unit (Cat-logger, Perthold Engineering LLC,
Anderson, SC, USA, set to record at 2 min intervals), powered by a
rechargeable lithium-ion battery (2600 mAh, 3.6 V, 18650) and
writing to a 2 GB flashchip. The device was sealed in polyolefin
heat-shrink tubing (25.4 mm diameter, 0.9 mm thickness), and
further water-proofed by hot glue. The dimensions of the device
were approximately 18×18×70 mm, and the total mass, including
tape and heat shrink, ranged from 64 to 67 g, which was on average
2.1% of bird mass (±0.3%, range 1.7–3.1%). The device mass
(including tape) only exceeded 3.0% in a single bird, which was
something of an anomaly. Excluding that bird, the next largest
percentage was 2.5%; thus, the majority of devices were below the
threshold where device effects can become apparent in pelagic
seabirds (Phillips et al., 2003).

Device deployments
Devices were deployed at Bird Island, South Georgia (54°00′S,
38°03′W) from November 2019 to February 2020 on black-browed
and grey-headed albatrosses during the incubation and brood-guard
stages. Grey-headed albatrosses are marginally smaller than black-
browed albatrosses in most body dimensions but have slightly
higher wing loadings and aspect ratios (Phillips et al., 2004), and
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tend to forage in regions with higher wind velocities (Phillips et al.,
2004; Wakefield et al., 2009). Just prior to departing on a foraging
trip, breeding albatrosses were captured at the nest and weighed to
the nearest 50 g with a Pesola spring balance. The biologging device
was attached to the central mantle feathers using Tesa tape (#4651,
Tesa, Norderstedt, Germany). The tag frame (described by the x, y
and z axes) was aligned with the anterior–posterior (surge), medio-
lateral (sway) and dorsal–ventral (heave) axes of the bird (the ‘bird
frame’; Fig. 1C). Single insulated wires (26 gauge, ∼7–10 cm long)
exited from the front and rear of the waterproof casing, the terminal
ends of which were attached to an electrode (25 mm nickel-plated
safety pin). These electrodes were attached subcutaneously, one a
few centimeters below the top of the left shoulder and the other on
the lower right back. Safety pins were replaced before every
deployment and the skin disinfected with 70% alcohol prior to
insertion. Black-browed and grey-headed albatrosses are sexually
dimorphic and were sexed using morphometric measurements
(Phillips et al., 2004).

Devices were deployed on 14 black-browed albatrosses and 12
grey-headed albatrosses, and recorded 1360 and 1275 h, respectively
(total 2635 h) of accelerometer, magnetometer and ECG data. All
high-resolution ECG, accelerometer and magnetometer data were
pre-processed, analyzed and visualized in Matlab (2019a) using
functions from the Animal Tag Tools Wiki (http://www.animaltags.
org), the Chronux spectral analysis toolbox and the Matlab signal
processing toolbox, and with customized scripts as described below
(‘Calculating heart rate from ECG data’ and ‘Derivation of body
movement and orientation metrics from sensor data’).

All animal handling and tagging protocols were approved by Stony
Brook University’s Institutional Animal Care and Use Committee
(IACUC number 1473497) and by the British Antarctic Survey’s
Animal Welfare Ethical Review Process.

Calculating heart rate from ECG data
Individual heartbeats were identified in the 600 Hz ECG time series
using a signal template detection algorithm implemented in a

GPS
Accelerometer
Magnetometer
ECG recorder
Battery

+ Electrode

– Electrode/ground

A

B

Black-browed
albatross
(n=14)

B

Black-browed
albatross
(n=14)

C

Grey-headed
albatross
(n=12)

Fig. 1. An overview of the dynamic soaring flight mode, study species and device attachment. (A) A schematic diagram showing dynamic soaring
behavior in the albatross. During dynamic soaring, albatrosses fly into the wind, decelerate while gaining altitude, then turn at the peak altitude into the
direction of the wind, where the bird descends and gains acceleration (illustration from Richardson et al., 2018, Springer Nature Group, reproduced under the
terms of the Creative Commons CC BY license). This form of flight is highly periodic and requires changes in body position (e.g. banking, heading) rather
than dynamic movements of the bird’s wings. (B) The two study-species, black-browed and grey-headed albatrosses, are similar in shape and size, both
species having the long narrow wings and high aspect ratios characteristic of birds that perform dynamic soaring flight. (C) An illustration of the back
attachment of the heart rate ( fH) logger and electrodes.
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Bayesian modeling framework using custom-written code in
MATLAB. In brief, the heartbeat signal template was obtained by
isolating a mean QRS complex waveform from a high signal-
to-noise segment of raw ECG. Prior to applying the detection method
to the full ECG data, we first pre-processed the data by applying
a low-pass filter with a bandwidth of 0–150 Hz and then used a
local detrend on the filtered signal with a moving window length
of 1 and step length of 0.1. The resulting data were then
differenced using a lag−1 and downsampled by two to remove the
correlation introduced into the signal when differencing. These
filtered, detrended, differenced data were then used in an iterative
backwards and forwards signal detection procedure to identify
heartbeats. For a detailed explanation of the Bayesian model used to
detect heartbeats and assign peak probabilities, see Supplementary
Materials and Methods (‘Bayesian modeling framework for the
detection of heart beats from ECG data’). Each heartbeat was
associated with a peak probability value ranging from 0 to 1. On
average, peak probabilities were high (mean±s.d. of 0.947±0.10)
but varied across behaviors. Probabilities were lower during
flapping flight (mean±s.d. of 0.88±0.12), likely from interference
of the ECG signal due to muscle contractions. Heart rate ( fH,
beats min−1) and median peak probability within 30 s windows were
calculated throughout the time series. To minimize the inclusion
of false heartbeats, we removed those associated with a median peak
probability of <0.85, which amounted to 14.1% of the two time series
(21.9% and 5.7% for black-browed and grey-headed albatrosses,
respectively).

Estimation of V̇O2 from heart rate
Energetic proxies derived from accelerometer data were compared
with V̇O2

, an indirect measure of metabolic rate, estimated from heart
rate. This method has been applied widely to free-ranging animals,
but requires V̇O2

≈ fH calibrations to be conducted in the laboratory
on the same or closely related species (Butler et al., 2004; Green,
2011). We evaluated two methods for estimating V̇O2

from heart rate
in albatrosses: (1) an equation derived from a previous calibration
experiment where both fH and V̇O2

were recorded in parallel from
black-browed albatrosses exercising on a treadmill (Bevan et al.,
1994, 1995); and (2) a cross-taxa avian model in Bishop and Spivey
(2013) that estimates V̇O2

from fH for a bird of given mass and heart
mass. The formulas are as follows (Bevan et al., 1995):

_VO2
¼ 0:00466 f 1:61H ; ð1Þ

where V̇O2
is in ml min−1 kg−1 and fH is heart rate in beats min−1.

Mass-independent V̇O2
estimates were then multiplied by the mass

of each bird (kg) to provide mass-specific V̇O2
in ml min−1 (Bishop

and Spivey, 2013):

_VO2
¼ 0:0402M0:328+0:05

b M 0:913+0:045
h f 2:065+0:03

H ; ð2Þ
whereMb is body mass (kg),Mh is estimated heart mass (g) and fH is
heart rate (beats min−1). Masses recorded in the field were used to
estimate heart mass for each bird using the following allometric
relationship (Eqn 3) derived from 18 species of Procellariformes
(Battam, 2010):

Mh ¼ 8:51+ 1:9 M0:83+0:03
b : ð3Þ

Curves of measured heart rate, and V̇O2
estimates modeled from

heart rate using both equations resulted in similar V̇O2
estimates

(Fig. S1). As the choice of equation had minimal impact on the
estimates, we chose the equation from Bevan et al. (1995) as it was
derived from direct measurement in black-browed albatrosses. We

hereafter refer to these fH-derived estimates of V̇O2
as simply V̇O2

in
the majority of cases.

Derivation of body movement and orientation metrics from
sensor data
Calculation of movement and behavioral metrics
Before analysis, accelerometer and magnetometer data were pre-
processed. The 75 Hz triaxial accelerometer and magnetometer
signals were reduced to 25 Hz using the ‘decdc.m’ function in the
TagTools toolbox, a frequency sufficient for identifying major
movement behaviors in albatrosses (Conners et al., 2021).
Magnetometer and accelerometer sensors were on separate circuit
boards, requiring a sensor frame adjustment ([X=−Y, Y=−X, Z=Z]) to
align the accelerometer sensor axes with the magnetometer and bird
frames. All tags sat on the birds with a slight tilt because of the round
battery shape, so the tag frame was additionally adjusted using a
rotation matrix of Euler angles (using the ‘euler2rotmat.m’ and
‘rotate_vecs.m’ functions from the TagTools toolbox). Roll offsets
were identified from accelerometer data when birds were resting on
land or water, where average heave acceleration was assumed to
be ∼1 and average sway and surge acceleration to approximate 0.
Triaxial magnetometer data were calibrated using a data-driven
segmentation method (described in Conners et al., 2021) and
large magnetic interferences, likely associated with local magnetic
field of other tag components and magnets used to switch tags on
and off, were trimmed at the beginning and end of trips. As we
were predominately interested in relatively slow heading changes
in albatrosses from the magnetometer data, we used a high-pass
filter (0.18 Hz cutoff) to remove high-frequency noise in the
magnetometer data that was likely introduced by small movements
and/or vibrations of the tag and that did not relate to albatross
rotations. Following pre-processing, for each axis, static acceleration
was derived from total acceleration using amoving-average filter with
a 2 s moving window (Shepard et al., 2008). Dynamic acceleration
was calculated as the difference between total acceleration and static
acceleration. A 25 Hz time series of ODBAwas calculated as the sum
of the absolute dynamic body acceleration in all three axes (Wilson
et al., 2006). VeSBA was calculated similarly, and represents static
acceleration in three axes (Wilson et al., 2020). The equations are as
follows:

ODBA ¼ jAdxj þ jAdyj þ jAdzj; ð4Þ
VeSBA ¼ ðA2

sx þ A2
sy þ A2

szÞ1=2; ð5Þ
where Ad is dynamic acceleration and As is static acceleration. We
derived ODBA rather than VeDBA (vectorial dynamic body
acceleration) as it shows a closer correlation with V̇O2

(Qasem et al.,
2012). Euler angles (pitch, roll and heading) were derived from
accelerometer and magnetometer data. Pitch and roll were calculated
with the a2pr.m function from the TagTools toolbox, with pitch
constrained to ≤90 deg (http://www.animaltags.org). Each
magnetometer axis was rotated according to pitch and roll in a tilt
correction procedure to account for postural offsets (Bidder et al.,
2015). Heading (with respect to magnetic north) was then calculated
as the arctangent of the frame-adjusted x and y magnetometer
channels using the m2 h.m function from the TagTools toolbox.
Pitch, roll and heading were converted from radians to degrees in the
range 0–360 deg for analyses.

To quantify movement in heading associated with dynamic
soaring, we calculated the angular velocity on the yaw axis (AVeY)
as described in Gunner et al. (2020). Given the potential of
centripetal acceleration to impact pitch and roll measurements, we
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limited our analysis of angular metrics to the yaw axis. Instead of
focusing our analysis on instantaneous movements of the albatross
along the yaw axis, we focused on changes in yaw on a larger time
scale (3 s) in order to capture slower, periodic changes in heading
associated with the arcing movement that characterizes dynamic
soaring (hereafter termed AVeYsoar). Because the time window
should be less than the time it takes for half a revolution of the
animal (Gunner et al., 2020), we selected 3 s for AVeYsoar as the
dynamic soaring cycles of albatrosses are typically 8–10 s
(Bousquet et al., 2017; Richardson, 2011). Given AVeYsoar was
derived from circular heading data (0–360 deg), we corrected for
large jumps in heading that were indicative of a 0–360 deg
coordinate crossing rather than actual heading changes of the
bird. A threshold of 200 deg was selected based on a visual
inspection of the AVeYsoar time series and conspicuously large
instantaneous jumps observed in the time series. For values
>200 deg, we shifted that segment of the AVeYsoar time series
using the degree difference between the jump and the last data point
before the jump (Fig. S2).

Flight mode and detection of flaps
To assess whether relationships between fH-derived V̇O2

and
movement metrics differed between soaring and flapping flight,
we first classified behavior from the accelerometer dataset into three
major movement modes using a hidden Markov model (HMM)
from Conners et al. (2021) detailed in Supplementary Materials and
Methods (‘Classification of accelerometer data into behavior using
a hidden Markov model’). The overall accuracy of this model
was 91.5%, although this varied across behavioral mode (86.6%
for ‘flapping flight’, 92.6% for ‘soaring flight’, and 91.7% for ‘on-
water’). Given the putative high cost of flapping flight, we sought to
assess whether the number of flaps provided a useful metric of
energy expenditure. While the HMM effectively identified the
dominant movement modes (‘soaring’, ‘flapping’, ‘on-water’) in
30 s windows, individual flaps occur on a shorter time scale, and
occasionally while birds are soaring or on the water, so we
developed an additional method that could be used to derive a metric
of the number of flaps (‘nFlaps’). A flap was considered a full up and
down cycle of the wing that occurs in a single wingbeat. We first ran
fast Fourier transforms on the 25 Hz dynamic-heave-acceleration
signal in 3 s windows to identify the dominant frequency in that
segment. Black-browed and grey-headed albatrosses are known to
flap during cruising flight at approximately 2.5–3.1 Hz (Conners
et al., 2021; Sakamoto et al., 2013) while flapping during take-off
occurs at a lower frequency of ∼1.6–2.0 Hz (Sakamoto et al., 2013);
therefore, if the dominant frequency of a 3 s segment was between 1.6
and 3.1 Hz, we then identified peaks in that segment using the
findpeaks.m function inMatlab, and labeled those as individual flaps.
A 30 s time series of flapping rate (flaps min−1) was then derived
from the vector of flap indices.

Synchronization of movement metrics and heart rate data
The 25 Hz sensor data and derived movement metrics (ODBA,
VeSBA) were binned into 30 s fixed time windows to match the
resolution and sync with the times of the processed fH data. Within
each 30 s window, we calculated the mean and standard deviation of
ODBA and VeSBA. We also characterized soaring patterns by
quantifying the mean magnitude of the soaring arc (deg) and the
frequency (no. arcs min−1). The magnitude of soaring arcs (in the
horizontal plane) was identified by finding the local minimum and
maximum values (negative and positive peaks) in the AVeYsoar time
series that were associated with the amplitude (in horizontal heading

degrees) of the turn of a bird during a dynamic soaring arc (Fig. S2),
and we extracted the mean of the absolute values of the peaks in
each 30 s window. Arcing rate was calculated as the number of
peaks in the 30 s window, converted to arcs min−1.

Statistical analyses
All statistical analyses were implemented in RStudio (v1.2.1335)
with the R statistical language (v4.0.3) predominately using
general baseR and tidyverse functions and customized scripts,
except for some specific packages and functions described in the
following methods. The sensor analyses described above resulted in
30 s time series of V̇O2

, movement metrics, and behavioral state for
each deployment. fH recovery after intense muscular effort associated
with take-off and flapping can be delayed in albatrosses
(Weimerskirch et al., 2000). Therefore, following exploratory
analyses of these delays, we further binned data into 30 min
segments in which behavior and physiology appeared to be in
steady state. Movement and physiological metrics were summarized
as means and standard deviations; behavioral states were summarized
as percentage time in each behavioral state; and flaps were
summarized as the number of flaps within each 30 min window
(Table 1). When summarizing data into the 30 min datasets, an
additional metric of landing rate (landings h−1) was calculated as the
number of switches from either of the flight states to the on-water
state, as landing rate has been shown to correlate with energy
expenditure in foraging albatrosses (Kroeger et al., 2020; Shaffer
et al., 2001).

Behavior-specific energetic costs (objective 1)
We used linear mixed models to evaluate how flight mode
influenced mean fH-derived V̇O2

and ODBA values at the 30 min
resolution. Species was included as a fixed effect and bird identity as
a random effect to account for individual variability (https://CRAN.
R-project.org/package=nlme). As albatrosses can exhibit a variety
of behaviors in a 30 min time frame, we defined the dominant
behavioral state as the behavior which took up >90% of the time,
and if no behavior was dominant, designated that period as ‘mixed’
behavior. We chose 90% as the threshold as that was the highest
value that led to the retention of enough 30 min segments with
flapping flight as the dominant state. We then conducted a post hoc
test of multiple comparisons of means using Tukey contrasts to
compare V̇O2

and ODBA across the three behavioral states: flapping,
soaring and on-water. Unless indicated otherwise, mean values in
the results are presented ±s.d.

Prediction of V̇O2 with movement-derivedmetrics at different temporal
scales (objective 2)
To evaluate how movement metrics influenced V̇O2

at fine time
scales, we modeled fH-derived V̇O2

(log10 transformed) in relation to
various movement metrics using a series of linear mixed models
(LMMs) in the lme4 package in R (Bates et al., 2015). The effects of
sex and species were included in the initial model configurations but
were removed in final models after evaluation using Akaike
information criteria for model selection. A total of 3 models were
built on 30 min datasets using movement metrics (ODBA, VeSBA
and nFlaps). Details of models and the model selection procedure
are provided in Supplementary Materials and Methods (‘Linear
mixed models’). Given that the accuracy of energetic estimates is
likely to increase with increasing time scales (Green, 2011), we
evaluated how effectively movement metrics predicted V̇O2

with
increasing timescales (30 min, 12 h, 24 h) in a second set of LMMs
(‘validation models’, Table 2; Supplementary Materials and
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Methods, ‘Linear mixed models’). Predicted values were estimated
both with and without bird identity as a random effect to evaluate
how individual variability affected model predictions.

Variability in V̇O2 during dynamic soaring (objective 3)
As albatrosses fly predominantly using dynamic soaring, we
identified 30 min sections in which soaring flight accounted for
>95% of the time (using a higher threshold than in previous analyses
to reduce statistical noise). This enabled us to evaluate which
metrics best explained variability of V̇O2

while albatrosses were
engaged persistently in this characteristic flight mode where
environmental DBA may be highly relevant. Additional LMMs
were then built with V̇O2

as the dependent variable, and explanatory
variables as follows: (1) heading-derived metrics associated with
rotational movement while dynamic soaring (arc magnitude and arc
rate), and (2) accelerometry metrics ODBA and VeSBA. ODBA and
VeSBAwere evaluated in separate models as they had a correlation
>0.60. Mass was included as a fixed effect and bird as a random
effect.

RESULTS
Time budgets and activity-specific energetic costs
(objective 1)
During incubation, black-browed and grey-headed albatrosses were
at sea for means of 9.2 and 7.9 days, respectively. The memory
capacity of the biologgers was 8.3 days, though the batteries failed
after 3.2 and 3.5 days on two devices. During brood-guard, black-
browed and grey-headed albatrosses were at sea for means of 2.4 and
3.0 days, respectively; thus brood-guard trips were recorded in full,
with three exceptions (when the batteries failed before return).
Time-activity budgets were calculated from the 30 s time scale
(n=167,082 and n=153,327, black-browed and grey-headed
albatrosses), reported in more detail in a previous study (Conners
et al., 2021). In brief, black-browed and grey-headed albatrosses
spent most of their trip in flight (62.3±14.7% and 68.1±10.3%,

respectively) and the majority of that flight time was spent dynamic
soaring (77.7±10.5% and 83.4±9.6%, respectively), rather than
flapping. The average amount of an entire trip spent soaring
was 49.2±16.2% and 57.1±12.6%, for black-browed and grey-
headed albatrosses, respectively. Albatrosses spent an average of
22.3±10.5% and 16.6±9.6% of flight time in the flapping flight
mode, and 13.1±5.6% and 10.9±5.9% of entire foraging trips were
spent flapping.

The distributions of fH of black-browed and grey-headed
albatrosses did not differ significantly (LMM using bird as a
random effect; d.f.=24, P=0.24), although the tail of the
distribution of lighter grey-headed albatrosses was slightly
longer, leading to a higher mean fH (143±25 versus 133±15
beats min−1) (Fig. S1). Mean V̇O2

values were 40.7±8.46 ml
min−1 kg−1 and 45.7±15.95 ml min−1 kg−1 in black-browed and
grey-headed albatrosses, respectively. When albatrosses were
predominately flapping (>90% of time in each 30 min
observation), V̇O2

was significantly higher [estimated marginal
mean (emm)=52.5 ml min−1 kg−1 (confidence interval, CI=45.2–
59.9 ml min−1 kg−1) and emm=57.6 ml min−1 kg−1 (CI=49.7–
65.4 ml min−1 kg−1) in black-browed and grey-headed albatrosses,
respectively] than when soaring [emm=38.3 ml min−1 kg−1 (CI=31.
6–45.1 ml min−1 kg−1) and emm=43.4 ml min−1 kg−1 (CI=36.1–
50.6 ml min−1 kg−1)] or on the water [emm=37.2 ml min−1 kg−1

(CI=30.5–44.0 ml min−1 kg−1) and emm=42.3 ml min−1 kg−1

(CI=35.0–49.6 ml min−1 kg−1)] (Fig. 2). Similarly, mean ODBA
was significantly higher when birds were predominately flapping;
however, unlike the pattern for V̇O2

, mean ODBA of soaring behavior
was significantly higher than for on water behavior (Fig. 2).

The use of ODBA as a proxy of energy expenditure across
flight behaviors (objective 2)
Movement metrics, body mass and number of landings were all
significant terms influencing V̇O2

in models across foraging trips.
Sex and species were not significant and were removed from the

Table 1. Summary stats of heart rate ( fH) andmovement metrics for each species overall, and within each behavioral state, calculated from data at a
30 min temporal scale

Species n fH (beats min−1) ODBA (g) VeSBA (g) No. of flaps Arc magnitude (deg) Arc rate (arcs min−1)

Black-browed 2720 133±15 0.320±0.031 1.099±0.026 176±272 71.7±11.8 15.1±1.30
Flap 41 153±37 0.468±0.052 1.11±0.052 1259±318 NA NA
Soar 841 126±23 0.367±0.078 1.20±0.071 31.8±36.9 71.7±11.8 15.1±1.30
Water 726 126±27 0.246±0.031 1.00±0.008 19.4±47.6 NA NA

Grey-headed 2549 143±25 0.345±0.025 1.131±0.305 138±238 72.7±11.1 15.0±1.26
Flap 17 188±50.4 0.459±0.075 1.11±0.034 1404±374 NA NA
Soar 681 137±29.2 0.382±0.089 1.21±0.066 42.2±62.9 72.7±11.1 15.0±1.26
Water 566 137±35.9 0.255±0.023 1.00±0.017 11.3±34.8 NA NA

Sample sizes represent the number of observations in each 30 min dataset. The total sample size for each species includes mixed states (i.e. 30 min windows
where there was not a dominant behavioral state isolated for behavior-specific analysis). fH, heart rate; ODBA, overall dynamic body acceleration; VeSBA,
vectorial norm of static body acceleration.

Table 2. Validation model results showing the marginal [R2(m)] and conditional [R2(c)] values and slope from the linear mixed models that
evaluated the fit between model-predicted V̇O2 and fH-derived V̇O2 using mean values calculated at various time scales

Model used to derive predicted V̇O2

Daily 12 h 30 min

R2(m) R2(c) Slope %Diff R2(m) R2(c) Slope %Diff R2(m) R2(c) Slope %Diff

ODBA:pSoar+nLandings+mass 0.25 0.78 1.26 7.3, 4.7 0.26 0.72 1.36 6.8, 4.1 0.16 0.51 1.09 5.9, 3.3
VeSBA:pSoar+nLandings+mass 0.18 0.76 1.00 7.3, 4.9 0.20 0.71 1.10 6.8, 4.3 0.17 0.52 1.00 5.7, 3.2
nFlaps+nLandings+mass 0.20 0.77 1.02 7.2, 4.7 0.23 0.73 1.15 6.7, 4.2 0.14 0.52 0.94 5.9, 3.4

Effect size of model error (%Diff) was calculated as the difference between mean model-predicted and fH-derived V̇O2 values as a percentage of mean fH-derived
V̇O2 for model predictions. The two%Diff values in each cell represent model error when not accounting for random effect of bird, and when accounting for random
effect of bird, respectively.
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final models (Table S1). There was no consistent relationship
between ODBA and V̇O2

across behaviors, indicated by the
significant interaction between ODBA and percentage time spent
soaring (Table 2, Fig. 3A).When percentage time spent soaring was
low (<50%), there was a positive linear relationship between ODBA
and V̇O2

, but the slope decreased with increasing percentage time
soaring, becoming negative as time spent soaring approached 100%
(Fig. 3A). For example, when time spent soaring was 5% and mean
ODBA increased from 0.20 to 0.80 g, V̇O2

concomitantly increased
by 122.9% with a regression slope of 1.34. In contrast, when time
spent soaring was 75% and mean ODBA increased from 0.20
to 0.80 g, V̇O2

only increased by 5.6% with a regression slope
of 0.09. Further, when soaring approached 100% of time,
V̇O2

decreased by 19.1% when mean ODBA increased from 0.20
to 0.80 g (slope=−0.35).

Identifying the best movement metrics and time scales for
quantifying energy expenditure in albatrosses across
foraging trips (objective 2)
Comparisons of V̇O2

predicted from movement and behavioral
metrics with V̇O2

derived from fH indicated variable performance
across models and time scales (Table 2). The relationship between
V̇O2

and VeSBA, and the interaction with percentage time spent
soaring, was similar to that between V̇O2

and ODBA (Fig. 3B).
There was a significant positive, linear relationship between V̇O2

and
the number of flaps (‘nFlaps’) (Fig. 3C). There were also significant
positive relationships between V̇O2

and both body mass and number
of landings. Model fits were substantially higher (R2=0.77 versus
0.20) if bird identity was included as a random effect (Fig. 4).
Overall, the energetic cost of flight, and the associated metrics,
depended heavily on the proportion of time spent dynamic soaring.
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Fig. 2. Mean fH-derived V̇O2 and overall dynamic body acceleration (ODBA) by dominant behavioral state. The dominant behavioral state was defined
as that behavior which consisted of >90% of the time in each 30 min time frame. If no dominant behavior was present, then it was designated as ‘mixed’ (not
shown in the plots). Data are plotted as estimated marginal means and confidence intervals (CIs) derived from linear mixed models evaluating the response
of fH-derived V̇O2 (A) and ODBA (B) to dominant behavioral state with species as a fixed effect and bird as a random effect. Post hoc multiple comparison
tests using Tukey contrasts evaluated the differences in fH-derived V̇O2 and ODBA across behavioral states (asterisks indicate significance).
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the 95% confidence interval.
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V̇O2
was closely related to ODBA and VeSBAwhen percentage time

spent soaring was low.
The variance explained (R2) was higher for all validation models

on a daily time scale than on a 30 min scale [e.g. from marginal R2,
R2(m)=0.14 (30 min) to R2(m)=0.20 (daily) in the ‘nFlaps’ model;
Fig. 4, Table 2; Fig. S3]. R2 values were highest [R2(m)=0.25] in
the model that included ODBA and percentage time soaring models
at the daily and 12 h time scales but the slopes deviated most from 1,
indicating a consistent underestimation at the higher end value of
V̇O2

derived from fH. In general, all models tended to underestimate
V̇O2

, especially at the higher range of values derived from fH.
However, this effect was small, with a mean percentage difference
between model-predicted and fH-derived V̇O2

ranging between 3.1%
and 7.3% of mean fH-derived V̇O2

values (Table 2).

Variability in V̇O2 during dynamic soaring (objective 3)
The distributions of arc magnitudes and arc rates of dynamic soaring
albatrosses did not differ significantly between black-browed and
grey-headed albatrosses (arc size: LMM, n=1479, d.f.=26, P=0.212;
arc rate: LMM, n=1479, d.f.=24, P=0.801). The overall mean value
for arc size was ∼72 deg (70.9±3.7 deg and 73.3±5.1 deg for black-
browed and grey-headed albatrosses, respectively). Arc rate was very
consistent, at around 15 arcs min−1 (15.0±0.60 and 14.9±0.64 arcs
min−1 for black-browed and grey-headed albatrosses, respectively)
(Table 1). Two arcs equate to a full dynamic soaring cycle, so an
average arc rate of 15 arcs min−1 would equate to 8 s per cycle on
average. The mean magnitude of the soaring arc explained the most
variation in V̇O2

while birds were predominately soaring, with an
increase of ∼4 ml V̇O2

min−1 for every 25 deg increase in arc size
(P<0.001, R2=0.56; Fig. 5D). Arc rate did not have a significant
effect on variability in V̇O2

while birds were soaring (P=0.21,
R2=0.56; Fig. 5C). Mean VeSBA did not have a significant positive
effect on V̇O2

while birds were soaring (VeSBA: P=0.61; Fig. 5B).
Mean ODBA had a small but significant negative effect on V̇O2

while

birds were predominately soaring, with higher ODBAassociatedwith
lower V̇O2

(P=0.04, R2=0.55; Fig. 5A). These results indicate there
may be an energetic cost to soaring associated with body rotation, and
that the magnitude of soaring arc can be used as a determinant of
energy expenditure while birds are exclusively soaring.

DISCUSSION
Our findings demonstrate the substantial energy savings made by
albatrosses through dynamic soaring. However, the characteristics
of this movement are such that acceleration metrics alone are
insufficient for comprehensively understanding energy demand
associated with their different flight behaviors. Our study therefore
adds to growing evidence that alternative proxies to ODBA
may improve estimates of energy expenditure in many animals
which fly or swim by exploiting environmental energy (Williams
et al., 2017; Wilson et al., 2020). ODBA as it is traditionally
used, may overestimate energy expenditure when dynamic body
accelerations manifest not from contracting muscles but rather
from environmental DBA harnessed through body rotations and
static postural holds as observed in dynamic soaring seabirds, wave-
riding dolphins (Williams et al., 1992) or sharks surfing current
updrafts (Papastamatiou et al., 2021). Unlike birds that soar on
thermals, albatrosses experience large and rapid gains and losses of
acceleration while dynamic soaring (Conners et al., 2021; Fig. S4).
These manifest as high values for ODBA but without a concomitant
increase in energy expenditure (Figs 2 and 3A). In contrast, there
was a much stronger, positive relationship between energy
expenditure V̇O2

and ODBA during periods when birds were
mainly engaged in flapping flight (Fig. 3A).

As albatrosses gain kinetic energy from the wind while soaring
(Sachs et al., 2012, 2013), the assumption underlying ODBA as a
proxy of energy expenditure, which is that rapid gains and losses of
acceleration are entirely due to muscular contractions, is violated.
Indeed, the largest ODBA values when albatrosses were

R2=0.20
Slope=1.02

R2=0.14
Slope=0.94

R2=0.52
Slope=1.03

R2=0.77
Slope=1.03

100

75

50

25

0

150

100

50

0

150

100

50

0

100

75

50

25

0
0 25 50 75 100 0 25 50 75 100

0 50 100 1500 50 100 150

A B

C D

Model-predicted VO2 (ml min–1  kg–1)·

Without random effects With random effects

.

M
ea

n 
f H

-d
er

iv
ed

 V
O

2 (
m

l m
in

–1
  k

g–
1 )

Fig. 4. An example of the influence of time scale (daily
versus 30 min) and random effect of bird on model
relationships using the ‘nFlaps’ model. Model-predicted
V̇O2

was derived from the model evaluating V̇O2
as a function

of the number of flaps (V̇O2∼nFlaps+nLandings+Mass).
(A,B) The relationship between V̇O2 and the number of flaps
is shown at the daily scale (A,B) and at the 30 min scale
(C,D). B and D demonstrate the increase in predictive power
of the model when the random effect of bird is included in the
predictive function, whereas A and C, which represent results
that exclude the random effect of bird, show a generalized
tendency for movement models to underestimate V̇O2 at
higher fH-derived estimates of V̇O2. Solid lines represent the
predicted values of mean V̇O2 while the shaded area
represents the 95% confidence interval. Circles are all the
same color of gray with some level of alpha transparency.
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predominately soaring were associated with slightly lower energy
expenditure (Fig. 3A), suggesting that birds which soared with
greater acceleration actually incurred lower energetic costs. These
higher ODBA values are likely associated with stronger winds as
albatrosses fly faster in stronger winds and stronger winds sustain
longer bouts of continuous soaring relative to lighter winds, which
can require intermittent flapping to remain aloft (Schoombie et al.,
2023a). An additional yet unexplored explanation is that the
shoulder-locking mechanism in albatrosses may work more
effectively under stronger lift forces experienced in higher winds,
which would lessen the extent of isometric contractions required for
the postural holds maintained during soaring flight. Thus, ODBA
alone is a poor predictor of energy expenditure in albatrosses.
Nevertheless, when accounting for time spent soaring, ODBA and
VeSBA can serve as useful metrics to predict energy expenditure
across both short and long time scales (30 min to daily), as can the
number of flaps (Table 2). Given the opposing relationships with
V̇O2

and ODBA between flapping and soaring, we anticipated that
models would more accurately predict V̇O2

in birds that spent more
of their trip in flapping flight. Indeed, the absolute mean error for
each bird increased with the time spent soaring in all models;
however, this effect was marginally non-significant (Fig. S5). This
highlights the importance of accurately quantifying flapping in
energetic studies, particularly over longer time scales, and further
underscores the efficiency of dynamic soaring relative to flapping
flight in albatrosses. Our results suggest that the number of flaps (as
well as ODBA and VeSBA) can be an effective metric to understand
broad-scale energetics even in birds that predominately use dynamic
soaring as long as these metrics are evaluated with behavior. This is
particularly promising as these metrics can be easily measured using
accelerometry, and long deployments of accelerometers are now
possible (Brown et al., 2022), although assessing time spent
soaring, as in the present study, requires the additional and more
labor-intensive step of classifying behavior (Conners et al., 2021).
All metrics were poor predictors of V̇O2

at the near-instantaneous
resolution of our fundamental dataset (30 s), likely due to the

observed lag in fH response relative to the time involved in switching
behaviors. Conversely, predictive power of models improved with
increasing time scales, a probable consequence of integrating both
the lagged fH response to behavioral switching and the influence of
external factors beyond movement that, too, influence physiology.
Further work can use these results and their interpretation to inform
targeted decision making on time scales and metrics to use in
energetic studies on albatrosses and other similar species.

All models predicted estimated V̇O2
accurately when individual

identity was included as a random effect (R2 values >0.70), but
underestimated V̇O2

(based on fH) when individual effects were not
taken into consideration (Table 2, Fig. 4). This may be an artifact of
substantial intra-specific differences in the relationship between fH
and V̇O2

, which was also the case for albatrosses exercising in a
respirometer (Bevan et al., 1994, 1995; see also Green, 2011). As the
equation we used to derive V̇O2

from fH (Eqn 1) was obtained from
animals in a previous calibration study, there is inevitably some
inherent error in V̇O2

estimates due to individual variability. Factors
driving individual differences in the relationships between V̇O2

and
movement metrics are challenging to identify (Crossin et al., 2014).
However, they may be intrinsic and reflect long-term differences in
fitness (Grémillet et al., 2018). Moreover, the individual albatrosses
in our study would have encountered a wide range of external
conditions, particularly in terms of wind, temperature or psychosocial
stimuli, and associated physiological responses would affect fH
independent of movement. Regardless, we found robust relationships
between the various movement metrics and V̇O2

estimated from fH,
and the mean differences between model-predicted V̇O2

(without
individual effects) and V̇O2

estimated from fH were small (3–7%).
This indicates a lack of systematic bias, and that the models presented
here can be applied for examining broad-scale energetics of
albatrosses beyond the birds in our study.

Only recently have accelerometer- and magnetometer-derived
metrics of rotation (e.g. absolute angular velocity, ‘AAV’:
Gunner et al., 2021; rate of change of rotational movement,
‘RocRM’: Hopkins et al., 2021) been linked to animal behavior
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Fig. 5. Results from linear mixed models
evaluating the effect of various movement
metrics (top) and soaring-specific metrics
(bottom) on fH-derived V̇O2

while birds were
predominately soaring. Arc magnitude
(D) had the strongest effect on fH-derived V̇O2,
with increasing arc size relating to increasing
fH-derived V̇O2. ODBA (A) showed a
marginally significant, but negative, effect on
fH-derived V̇O2 while birds were soaring, with
larger ODBA values relating to lower fH-
derived V̇O2. Sample sizes for 30 min periods
of soaring were: black-browed albatrosses
664 (14 individuals) and grey-headed
albatrosses 838 (12 individuals).
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(Gunner et al., 2021) and energy expenditure (Hopkins et al.,
2021). Gyroscopes have long been the standard for quantifying
instantaneous rotational metrics; however, these sensors are highly
sensitive to environmental conditions (e.g. temperature), consume
large amounts of power relative to accelerometers and
magnetometers, and require large batteries and/or short deployment
durations and thus have not been widely applied to energetic studies
of free-ranging animals. Magnetometers, in contrast, are inexpensive
and power efficient, making them a more accessible tool for
understanding energetics and behavior in free-ranging wildlife
populations, particularly those that use movement modalities than
involve triaxial rotation.Whilewe could not reliably quantify AAV in
our dataset because of potential error introduced to pitch and roll
measurements when birds were banking sharply, as is common
during dynamic soaring, the association between energy expenditure
and the arcing magnitude of soaring birds suggests costs of rotation
play a role. Angular velocity on the roll axis (‘AvER’: Gunner et al.,
2020) in particular has the potential to track energy expenditure in
soaring albatrosses given the continuous sharp banking that occurs on
the roll axis during dynamic soaring flight. Future work on albatross
flight energetics should explore methodologies and developments in
tag technology (e.g. power-efficient gyroscopes, miniaturized
cameras, pitch/roll correction factors) to obtain this metric in a
reliable manner (e.g. Schoombie et al, 2023b).
The positive relationship between arcing magnitude and energy

expenditure may reflect energetic costs from both rotation and
additional muscular movement to avoid flight instabilities when
maintaining a steep bank angle. Understanding the energetic costs
of soaring is fundamental given it is the predominant flight mode
(up to 75% of foraging trips by the tracked birds) of albatrosses.
Albatrosses and other seabirds that use dynamic soaring rotate their
bodies repeatedly over sustained periods to travel long distances,
and so energetic costs inevitably accumulate. For example, an
albatross soaring for 75% of its trip at an average rate of 15 arcs
min−1 would make ∼21,600 rotations per day. Thus, the energetic
costs of these rotational movements, even if small relative to power
movements such as flapping, are critical for gaining a
comprehensive understanding of the costs of locomotion. It is not
just albatrosses for which it is important to quantify the energetic
costs of rotational movements but also other birds that use dynamic
soaring, and indeed any swimming or flying animals that move
freely through volumetric fluid-based environments (Burt de Perera
and Holbrook, 2012).
The importance of understanding energetic costs associated with

rotational movements and postural control during dynamic soaring
becomes clear when considering that oxygen consumption
associated with the largest arc sizes (90 deg) was estimated at
39 ml min−1 kg−1 (emm), representing a 15% increase (by 6 ml
min−1 kg−1) compared with an arc size of 40 deg. If 1 ml O2 has an
energy equivalence of 20.112 J for an albatross (Bevan et al., 1995),
then over the course of an hour, birds soaring in large arcs (90 deg)
will use an additional∼7240 J kg−1. Thus, for a bird of 3.5 kg over a
typical 3 day trip involving 53% of time spent dynamic soaring, that
would amount to an increase in energy intake of ∼1135 kJ. That
would be equivalent to an additional 284 g of Antarctic krill,
Euphausia superba, one of the most common items in the diet of
both black-browed and grey-headed albatrosses (Mills et al., 2020),
with a calorific content of 4 kJ g−1 wet mass (Clarke and Prince,
1980). However, it is also important to consider potential trade-offs
as there may be a benefit in terms of prey encounter rates, as birds
with larger arcs also showed faster ground speeds, and for
opportunistic predators such as albatrosses, covering more ocean

may equate to increased foraging opportunities (Weimerskirch et al.,
2012).

It is important to note that pitch and roll values while the birds
were experiencing large banking angles may have been impacted by
centripetal acceleration and therefore may have introduced some
error in the calculation of some heading values; however, we were
primarily concerned with the magnitude of changes in heading to
describe soaring characteristics (e.g. arc size and arcing rate derived
from AVeYsoar) rather than the true cardinal direction of the heading
as needed for analyses such as dead reckoning, etc. Further, our
distributions of soaring characteristics (arc size and arc rate) derived
from the heading and AVeYsoar time series were well within the
range of what we anticipated based on previously published data on
soaring characteristics of albatrosses (e.g. Bousquet et al., 2017;
Schoombie et al., 2023a).

There is potential for animal-borne tagging devices to influence
behavior or have negative impacts (Gillies et al., 2020; Chivers
et al., 2016; Bodey et al., 2018). To minimize the inclusion of data
where behavior may have been altered by handling during tag
deployments or by the bird acclimating to the device, we trimmed
the beginning of the datasets by 2 h. An initial inspection of data
showed elevated fH for short periods of time (typically well under
30 min) after the initial tagging procedure, after which fH slowed to
within a normal range. Breeding success of birds fitted with devices
was higher than average for the respective colony (46.2% versus
26.8% in black-browed albatrosses, and 35.7% versus 31.8% in
grey-headed albatrosses; British Antarctic Survey, unpublished
data). This is likely because we did not deploy devices on birds
until, at minimum, the end of the second incubation stint, avoiding
the initial period of higher failure post-laying. Additionally, the
protocol for bird selection included deploying on more experienced
breeders which typically have higher success than new recruits
(Froy et al., 2017). As such, there was no evidence that the
deployments had deleterious effects.

By using high-resolution sensors such as accelerometers and
magnetometers to describe dynamic movement (ODBA), postural
movement (VeSBA) and fine-scale flight behavior (number of
flaps, soaring arc magnitude and rate), we illustrated a link between
albatross behavior and energetics at a scale and extent previously
unattainable. Providing this link between fine-scale movement and
energetics will promote further understanding of the mechanisms
driving the energetics of larger-scale behaviors, such as the
differential costs of commuting flight, area-restricted search flight
(i.e. flight sinuosity) and resting. This link, too, will better equip us
to understand the mechanisms driving costs related to varying
environmental conditions, such as wind patterns. For example,
optimal wind conditions for albatrosses may occur in an envelope
between low winds (below which would induce flapping flight) and
high winds (which may incur additional costs if high winds require
larger soaring arc magnitudes). Wind is particularly important to
maintain efficient flight in albatrosses given their dominant flight
mode of dynamic soaring, which relies on a sufficiently strong wind
gradient. Providing links between behavior, energetics and wind
will facilitate the understanding of not just which wind patterns are
most optimal energetically speaking but why. This mechanistic
understanding is timely as global winds change in response to a
changing climate, particularly at higher latitudes where most
albatrosses spend their lives.

Conclusion
We found that V̇O2

and dynamic acceleration were decoupled during
dynamic soaring in albatrosses, highlighting the limitations of
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ODBA as a proxy for energy expenditure in animals that extract
environmental energy for movement. Alternative metrics derived
from both magnetometers and accelerometers, such as magnitude of
soaring arcs, better described the energetics of dynamic soaring, the
dominant flight mode of albatrosses. Nonetheless, when modeled as
an interaction with percentage time soaring, ODBA accurately
predicted V̇O2

in albatrosses as did the number of flaps, particularly
at longer time scales. While the cost of flapping relative to soaring
was high, soaring metrics indicated a measurable cost to dynamic
soaring likely driven by the cost of rotation. While rotation costs
were small, we demonstrated how they can accumulate over time in
a non-negligible way for animals whose dominant movement
modalities involve continuous rotations. By exploring energetics
specific to dynamic soaring, one of the most efficient flight modes
in birds, we demonstrate the promise of rotational metrics
for developing a more comprehensive understanding of animal
energetics.
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