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Abstract
1.	 Wind is a major factor driving seabird movement and energetics, the effects of 

which are modulated by morphology. Developments in tagging technology now 
make it possible to test predictions from aerodynamic theory about the effects of 
wind on flight performance in free-ranging birds. Waves are also thought to have 
a strong influence on seabird movement but have received less attention.

2.	 We investigated the interplay between wind, waves, and morphology and tested 
predictions of flight theory in giant petrels (Macronectes spp.), which show greater 
sexual size dimorphism than any other seabird. We quantified flapping rates as a 
proxy of energy expenditure using accelerometers deployed on northern giant 
petrels (M. halli; n = 45) and southern giant petrels (M. giganteus; n = 48) breeding 
at Bird Island, South Georgia in 2022 and 2023. Wind and waves experienced 
by birds tracked with Global Positioning System (GPS) loggers were integrated 
with ERA5 reanalysis data to assess how flapping rates and ground speeds, re-
spectively, were influenced by wind and waves. Using generalized additive mixed 
models, we predicted the spatial distribution of suitable habitat for soaring based 
on wind and wave conditions.

3.	 Both wind and waves strongly influenced flight energetics; flapping rates de-
creased with increasing wind speed and swell height in all species and sexes. 
Together, wind and waves allowed giant petrels to reduce flapping rates by 76% 
to 91%. Wind also influenced the speed of travel; ground speed increased with 
wind speed in tail- and crosswinds, but generally decreased with wind speed in 
headwinds.

4.	 Male giant petrels had higher wing loadings, and as predicted by flight theory, 
required higher air speeds for soaring flight and had higher flapping rates than 
females. Potential soaring habitat was much more limited for male than for female 
giant petrels, suggesting that differences in flight energetics between sexes may 
contribute to sexual segregation in foraging areas.

5.	 Our results demonstrate how morphology, wind and waves combine to influence 
the flight energetics of giant petrels. Understanding the interactions among these 
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1  |  INTRODUC TION

Bird flight has fascinated humans for centuries (Baines,  1889; da 
Vinci,  1505; Rayleigh,  1883), and wind is increasingly recognized 
as a major factor influencing bird flight and energetics (Kemp 
et al., 2010; Pennycuick, 1978; Safi et al., 2013; Thorne et al., 2023). 
The development of quantitative flight theory focusing on the phys-
ics and aerodynamics of bird flight since the 1960s has provided 
testable hypotheses about flight performance relative to wind 
speed and direction (Cone, 1964; Hedenström, 2003; Parrott, 1970; 
Pennycuick, 1978; Tucker & Parrott, 1970). Over the last 10–15 years, 
technological advances have provided empirical data at sufficient 
resolution to test many of these predictions, greatly improving our 
mechanistic understanding of the impacts of wind on bird flight 
energetics (Conners et  al.,  2021; Kogure et  al.,  2016; Schoombie 
et al., 2023; Spivey et al., 2014).

Wind can influence the cost and speed of travel, and seabirds 
have both morphological and behavioural adaptations allow-
ing them to use wind to decrease flight costs (Collins et al., 2020; 
Spivey et al., 2014; Suryan et al., 2008). Albatrosses (Diomedeidae) 
and some petrels (Procellariidae) employ dynamic soaring, which 
involves tacking back and forth in an S-shaped trajectory, ex-
ploiting energy from the wind shear gradient for efficient long-
distance movement with minimal flapping (Pennycuick,  1982; 
Richardson,  2011; Richardson et  al.,  2018). Although waves can 
also influence seabird movement and energetics, this has received 
little research attention (Suryan et  al.,  2008; Thorne et  al.,  2023). 
Wave slope soaring is used by various species including albatrosses, 
where birds fly ahead of a moving wave and use the uplift gener-
ated by air rising above the crest to gain altitude, allowing them to 
soar in the direction of wave propagation with minimal energetic 
cost (Pennycuick,  1982; Richardson,  2011; Stokes & Lucas,  2021; 
Wilson,  1975). The direction of wind and waves also influences 
dynamic soaring (Pennycuick,  1982; Richardson,  2011; Richardson 
et  al.,  2018; Spivey et  al.,  2014; Suryan et  al.,  2008; Wakefield 
et al., 2009; Weimerskirch et al., 2012). Seabirds may exploit energy 
from wind and waves additively to reduce the cost of flight, but there 
are few quantitative studies that directly quantify this relationship 
to date (Maywar et  al.,  2025; Suryan et  al.,  2008). Understanding 
the mechanistic links between wind, waves and dynamic soaring in 
seabirds is key to understanding their distributions, and constraints 
on their distribution.

Flight theory explores how seabird flight styles and ma-
noeuvrability are shaped by morphology, which modulates the 

effect of wind and waves on energetics (Pennycuick, 2008; Suryan 
et al., 2008; Thorne et al., 2023). Birds that use dynamic soaring 
have high aspect ratios—the ratio of wing length to mean wing 
chord (i.e. mean wing width)—which provide greater lift and less 
drag, allowing the use of dynamic soaring in environments with 
high wind (Pennycuick, 2008). Wing loading (N m−2)—body weight 
per unit wing area—influences minimum airspeeds, such that birds 
with higher wing loadings need higher airspeeds to stay aloft while 
gliding (Pennycuick,  2008). Body size and wing morphology can 
be used to predict flight performance, for example, in theoreti-
cal studies, the best glide speed (Vbg) is the airspeed at which the 
ratio of forward speed to sinking velocity reaches its maximum, 
and the stalling speed (Vs) is the minimum speed at which the wing 
can generate enough lift to support the weight of the bird, both 
of which represent gliding efficiency (Pennycuick, 2008). Although 
stalling speed and best glide speed do not relate directly to wind 
speed, the former influences the air speed and therefore pro-
vides an indication of the wind speeds required for gliding flight 
(Richardson, 2018; Spear & Ainley, 1997b).

While a considerable body of theory addresses links between mor-
phology, energetics and the use of wind and waves by seabirds (Bousquet 
et al., 2017; Pennycuick, 2008; Richardson, 2011; Sachs, 2005; Stokes 
& Lucas, 2021), few studies have tested the resulting predictions using 
empirical data (Kempton et al., 2022; Schoombie et al., 2023; Spear & 
Ainley, 1997a; Suryan et al., 2008; Wakefield et al., 2009). The minia-
turization and proliferation of accelerometers have greatly advanced 
our ability to infer flight patterns and energy expenditure, and the op-
portunity to better understand how morphology influences flight en-
ergetics, especially in relation to wind and waves (Collins et al., 2020; 
Conners et al., 2021; Schoombie et al., 2023; Spivey et al., 2014). Giant 
petrels (Macronectes spp.) provide an exemplary case study for assess-
ing these relationships. There are two morphologically similar species: 
The southern giant petrel (M. giganteus) has slightly higher wing load-
ings than the northern giant petrel (M. halli), and both use dynamic 
soaring and wave slope soaring (Hunter,  1984; Obst & Nagy,  1992; 
Pennycuick, 1982; Warham, 1977). They show marked sexual segre-
gation in foraging distribution; males primarily scavenge on carrion 
from penguins and pinnipeds on land for much of the breeding sea-
son, whereas females predominantly feed at sea (Granroth-Wilding & 
Phillips, 2019; Hunter, 1983; Phillips et al., 2011; Reisinger et al., 2020; 
Thiers et al., 2014). There is pronounced sexual dimorphism; males are 
20–30% heavier than females, which is the greatest sexual size dimor-
phism among seabirds (González-Solís, 2004; Hunter, 1984). This sex-
ual dimorphism likely affects energetics of travel relative to wind, but 

factors is central to understanding environmental drivers of seabird distribution 
and to predicting responses to continued climate change.

K E Y W O R D S
aerodynamic performance, dynamic soaring, flap, morphology, sexual size dimorphism, swell, 
wave slope soaring
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    |  3HALLET et al.

the role of wind in determining the sexual segregation in at-sea habitat 
use has not been assessed in detail.

Here, we test predictions from flight theory based on morphology 
and associated aerodynamic metrics for giant petrels of both species, 
and assess the role of wind and waves in driving sexual segregation. 
Our specific objectives were to: (1) test whether aerodynamic perfor-
mance based on wing morphology and observed flapping rates (flaps 
per hour) differs among species and sexes; (2) assess how wind and 
waves influence energy expenditure (using the number of flaps as a 
proxy); (3) evaluate the effects of wind speed, wind direction, and wing 
loading on ground speed; and (4) examine the role of morphology in 
mediating relationships between wind, waves and energy expenditure. 
We expected that male giant petrels would generally have higher flap-
ping rates than females, and that southern giant petrels would have 
higher flapping rates than northern giant petrels, due to their higher 
wing loading but similar aspect ratios. We postulated that flapping 
rates would decrease at higher wind speeds and swell heights (which 
may reflect opportunities for dynamic soaring or wave slope soaring) 
and that the sex (males) and species (southern giant petrel) with higher 
wing loadings would show higher flapping rates for a given wind speed 

or swell height. We also expected that giant petrels would have the 
highest ground speeds in tailwinds, that ground speed would increase 
with wind speed, and that the sex and species with higher wing load-
ings would show the highest ground speeds in those conditions. We 
discuss our results in the context of explaining habitat use and acces-
sibility, including the marked sexual segregation in giant petrels during 
the breeding season.

2  |  METHODS AND MATERIAL S

2.1  |  Study site and tag deployment

Breeding giant petrels were tracked at Bird Island, South Georgia 
(54°00′ S, 38°03′ W) during the incubation and brood-guard periods 
in November 2022 to early March 2023 (Figure 1). Eggs of north-
ern and southern giant petrels are laid in late September to early 
October, and late October to late November, respectively, and par-
ents take turns incubating the egg or brooding small chicks and for-
aging for multiple days at sea.

F I G U R E  1  Location of the study area (top panel), study site (Bird Island; white circle) and maps of regional wind speeds (bottom left 
panel) and swell heights (bottom right panel) during the incubation and brood-guard periods of giant petrels (October, 2022–February, 
2023). Grey shading indicates areas with no wind or swell data due to the presence of sea ice.
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A tri-axial accelerometer (AXY5 or one of two sizes of AGM 
loggers, Technosmart, Italy; 13 g, 31 g or 44 g) and an archival GPS 
logger (CatLog GPS tag, Perthold Engineering, USA; 22 g) were 
attached to the central dorsal contour feathers using Tesa® tape 
(Germany), and a GLS-immersion logger (C330, Migrate Technology, 
UK; 3.3 g) fitted with a cable tie to a plastic ring was attached to 
the tarsus of 30 male and 30 female giant petrels of each species 
in each breeding stage (n = 120 deployments). Accelerometers were 
attached so that the x, y and z-axes aligned with the surge, sway and 
heave axes of the bird, respectively (see Conners et al., 2021). The 
mean maximum combined weight of the tags corresponded to 1.5% 
and 2.0% of the mean body mass of male and female giant petrels, 
respectively, which is well below the 3% threshold of body mass at 
which effects of devices tend to be more apparent in large seabirds 
(Phillips et al., 2003). Accelerometers sampled at a rate of 25 Hz; GPS 
tags were set to take a fix at ~5-min intervals; GLS-immersion log-
gers tested for immersion every 3 s and stored every change of state 
from wet to dry and vice versa that lasted ≥6 s. Birds were recap-
tured and devices removed at the end of a single foraging trip. One 
or more devices were lost from the feathers or malfunctioned on 15 
northern giant petrels and 12 southern giant petrels, and so these 
individuals were excluded from the analysis. Field protocols were 
approved by the Stony Brook University Institutional Animal Care 
and Use Committee (IACUC, protocol number 1473497_TR001), 
and by the British Antarctic Survey Animal Welfare and Ethical 
Review Body (AWERB, permit number 1080), and carried out under 
a Regulated Activity Permit (RAP, permit number 2022/032) from 
the Government of South Georgia and the South Sandwich Islands.

2.2  |  GPS and accelerometer data processing

Accelerometer data were pre-processed in MATLAB using the Signal 
Processing Toolbox (version 24.1) and in R. Flapping flight is ener-
getically costly (Butler, 1991), and the number of flaps is considered 
to be a good proxy for energy expenditure in other large seabirds 
that use dynamic soaring (Conners et al., 2024). We therefore calcu-
lated the flapping rates (flaps per hour) from the accelerometer data. 
Following the methodology of Schoombie et al. (2023), we cleaned 
the raw accelerometer signal in the heave axis in order to detect 
flaps using a LULU operator (Lotz & Clilverd, 2019). The upper-limit 
band-width, m, was changed from 8 (the sampling frequency of 
25 Hz, divided by 3 Hz, the flapping frequency of the wandering al-
batross (Diomedea exulans); Sato et al., 2009; Schoombie et al., 2023) 
to 4 (25 Hz divided by 9 Hz, the estimated flapping frequency of 
giant petrels, which is approximately 3–4 times greater than that of 
the wandering albatross; Obst & Nagy, 1992).

The GPS data at ~5-min intervals were pre-processed in R and 
then resampled at 10-min intervals in order to overcome slight in-
consistencies in sampling rates. Using the moveHMM package (ver-
sion 1.9; Michelot et al., 2016) in R, we used Hidden Markov Models 
(HMMs) to assign bird behavioural states in each 10-min interval as 
sitting, foraging, or commuting. Immersion data were also binned 

into 10-min intervals to differentiate between periods spent on 
the water as opposed to flying. These data were then summarized 
by hour to examine flapping rates relative to wind and waves (see 
below), focusing on commuting; if any location within the hour was 
classified by the HMM as sitting or foraging, those hours were ex-
cluded from further analysis. We excluded locations on or in close 
proximity to the colony using a 20 km buffer around South Georgia 
in the tidyterra package (version 0.6.1; Hernangómez, 2023). As a re-
sult, the number of deployments used in the models differed slightly 
from the total number of successful deployments. The final num-
ber of deployments included in analyses is described in Table S1. All 
data used to produce models are available from the Dryad Digital 
Repository (Hallet et al., 2026).

2.3  |  Environmental data

Wind and wave data were obtained from the fifth generation 
European Centre for Medium-Range Weather Forecasts (ECMWF) 
analysis for global climate and weather (ERA5) online database 
(https://​cds.​clima​te.​coper​nicus.​eu/​datasets; Copernicus Climate 
Change Service, 2023; Hersbach et al., 2023). We calculated wind 
speed and direction from the u and v wind components at 10 m alti-
tude. Wave data were the significant height (m) of total swell (here-
after referred to as swell height). The resolution of wind and wave 
data were 0.25° by 0.25° and 0.5° by 0.5°, respectively, both by hour.

2.4  |  Replication statement

Scale of 
inference

Scale at which the factor 
of interest is applied

Number of replicates at 
the appropriate scale

Species and 
sex

Species and sex 22 female northern giant 
petrels, 23 male northern 
giant petrels, 24 female 
southern giant petrels, 
24 female northern giant 
petrels

2.5  |  Analyses of aerodynamic performance

To calculate metrics of aerodynamic performance, we determined 
wing morphometrics from two male and two female northern giant 
petrels, and three male and three female southern giant petrels (all 
adults) found freshly dead on land at Bird Island or mainland South 
Georgia, or killed in fisheries in surrounding waters in summers 
2017/18, 2018/19 and 2019/20. Photographs were taken from the 
dorsal side of the extended right wing and body, and a wing ruler 
for scale. The outline of the right wing plus half the area between 
the wings (root chord to the mid-point of the body) was digitized, 
and the area calculated using DotDotGoose software (http://​cbc.​
amnh.​org). The distance from the wing tip to the mid-point of the 
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body was also measured in DotDotGoose. Other measurements of 
flight morphology are available in the literature but often unreli-
able as age is unknown and body mass can fluctuate substantially 
depending on breeding stage and stomach contents. To overcome 
the latter, we calculated wing loading based on double the digitized 
area of the right wing and back of the dead birds, and the mean 
masses during the brood-guard stage in summer 2000/01 at Bird 
Island of 8 female and 15 male southern giant petrels, and 14 female 
and 13 male northern giant petrels. We then used these values as 
inputs in computer program Flight (version 1.24; Pennycuick, 2008). 
As a metric of aerodynamic performance, we calculated the stall-
ing speeds of each species and sex, which represent the minimum 
airspeed needed to sustain flight and maintain altitude. We also 
calculated the best glide velocity of each species and sex to rep-
resent the airspeed at which a bird can cover the greatest air dis-
tance for a given loss of height (Pennycuick, 2008). For the stalling 
speed, higher values indicate higher air speeds required for soaring 
flight, which we hypothesize can result in lower energetic costs of 
flight due to reductions in flapping rates during soaring. The stalling 
speeds (VS) were calculated using the following equation:

where m is bird mass (kg), g is acceleration due to gravity (9.81 m s−2), 
𝜌 is the density of air at sea level (1.23 kg m−3), SW is wing surface area 
(m2), and CLmax is the maximum lift coefficient (1.8 for birds adapted to 
gliding flight; Pennycuick, 2008).

2.6  |  Effect of wind speed and swell height on 
flapping rates

We constructed generalized additive mixed models (GAMMs) using 
the mgcv package in R (version 1.9–1; Wood, 2017) to analyse the re-
lationship between flapping rates and wind speed and swell height, 
running separate models for each species and sex. These involved 
assessing the independent effects of wind speed and swell height, 
respectively, and then modelling the two variables together to as-
sess their additive effects. Individual was included as a random ef-
fect in all models to account for repeated measures. Here we focus 
only on the magnitude of wind and waves (wind speed and swell 
height), rather than the direction, to first examine implications for 
spatial distribution and habitat use; including direction of wind and 
waves requires understanding the heading of the birds relative to 
these factors, and therefore makes it difficult to assess how wind 
and waves relate generally to the spatial distribution of giant pet-
rels (section  2.8). Separate models examining the relationship be-
tween flapping rates and wind speed and wind direction in female 
giant petrels are described in section 2.7. GAMMs were fitted using 
a negative binomial distribution with a log link function, and REML 
estimation. We used three knots for the wind and wave variable 
smooths, and the number of knots equal to the number of individuals 

for the random effect smooth. Following Maywar et al.  (2025), we 
used forward model selection and ran four different models to se-
lect the best model for assessing the impacts of wind and waves on 
flapping rates: wind speed (Model I), swell height (Model II), both 
wind speed and swell height (Model III), and a null model that only 
included individual as a random effect. Models I and II incorporated 
a thin plate regression spline, and Model III incorporated a full tensor 
product smooth for the wind and swell terms to account for poten-
tial interactions as well as the different scales over which variables 
were measured. We also plotted the predicted flapping rates from 
Model III in relation to wind or swell, with the explanatory variable 
held at the median value experienced by each sex and species dur-
ing flight, to visualize the individual effects of wind speed and swell 
height on flapping rates.

We quantified the energetic savings that giant petrels gain 
from exploiting wind and waves using the methods of Maywar 
et al. (2025). Briefly, we defined the energy savings as the percent-
age reduction in flapping rate, calculated as the difference between 
the maximum and minimum flapping rates predicted from the model 
(95th and 5th quantile, respectively) divided by the maximum flap-
ping rate.

In order to compare energetic costs of flight in wind and waves 
between sexes, we applied the best model (Model III; see results) to 
predict flapping rates for male giant petrels if they travelled along the 
same tracks as females (i.e. if they experienced the same wind and 
wave conditions), and, similarly, predicted flapping rates for female 
giant petrels if they were to travel on the same tracks as males. We 
then compared the predicted male flapping rates with the predicted 
female flapping rates using paired Wilcoxon signed-rank tests.

2.7  |  Effects of wind speed and direction on 
ground speed and flapping rates

To evaluate how average ground speed and flapping rates in giant 
petrels varied relative to wind speed and wind direction, we also 
calculated the angle between bird heading and the wind direction 
on a 0–180° scale such that 0° represents a direct tailwind (as wind 
direction describes the direction of origin of the wind) and 180° rep-
resents a direct headwind. We then categorized flight as tailwind 
(0–60°), crosswind (60–120°) or headwind (120–180°). We calcu-
lated the average ground speed in each hour by measuring the dis-
tance travelled between each 10-min GPS fix and taking the average 
speed of all 10-min time bins within each hour to match the hourly 
resolution of the environmental data.

To assess how ground speed and flapping rates, respectively, 
are influenced by wind speed and wind direction in giant petrels, 
we used GAMMs to model the interaction between wind speed and 
wind direction (tail-, cross- and headwinds), with individual included 
as a random effect. Due to the smaller sample size and higher error 
in the models for male giant petrels (see results), we modelled these 
relationships for females only. To visualize the effects of wind di-
rection and wind speed on ground speed, we plotted the average 

VS =

[

2mg

�SWCLMax

]1∕2
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ground speed relative to wind speed for tailwinds, crosswinds and 
headwinds.

We also quantified the proportion of time that giant petrels 
spent flying in tail-, cross-, and headwinds, separately for each spe-
cies and sex. Within each relative wind direction, we further quan-
tified the proportion of time spent flying in low, medium and high 
wind speeds, defined as the 1/3 and 2/3 quantiles of the distribution 
of wind experienced by all species and sexes in the study.

2.8  |  Assessment of suitable habitat for soaring

We generated maps of potential soaring habitat for giant petrels to 
visualize regions where wind and wave conditions would allow for 
energetically efficient flight based on our models. To do this, we first 
calculated the theoretical stalling speed for giant petrels based on 
morphology of each species and sex. We assumed that wind speeds 
would need to be above the stalling speed value for efficient glid-
ing and dynamic soaring, and then used our model of flapping rate 
relative to wind speed and swell height to identify the flapping rate 
associated with this wind speed (hereafter referred to as maximum 
flapping rate during soaring). For example, for female northern giant 
petrels, we calculated the stalling speed from morphological data 
as 35.76 km/h (Table 1). We then calculated that the flapping rate 
was at a maximum of 2086 flaps per hour at this wind speed using 
our models (see Results, Figure  3). We recognize that movement 
can be facilitated by wave slope soaring in low wind conditions, that 
wind and swell can be used additively to reduce flapping, and that 
the maximum flapping rate for soaring can occur at combinations of 
wind and swell where the wind speed is less than the stalling speed. 

We therefore used our model of flapping behaviour relative to both 
wind and waves (see Results, Figure 3) to identify the range of wind 
and swell conditions that would allow for a flapping rate below the 
calculated maximum during soaring. We identified how often wind 
and wave conditions were sufficient to enable soaring in each grid 
cell of the study area (defined as the minimum and maximum lati-
tude and longitude, respectively, travelled by all birds in the study; 
Table S4) as a proportion of hours during the middle month of incu-
bation for each species (i.e. when birds are least constrained during 
breeding); November for northern giant petrels, and December for 
southern giant petrels. We plotted the resulting data (proportion of 
time that wind and wave conditions allow for soaring) to visualize 
regions that are particularly suitable for energetically efficient flight 
in giant petrels. Due to the limited sample size and higher error in 
the models for male northern giant petrels (see Results), this analysis 
focused on comparisons between females of each species, and be-
tween sexes in southern giant petrels, respectively.

3  |  RESULTS

3.1  |  Aerodynamic performance

Males were 43% and 41% heavier than females in northern and south-
ern giant petrels, respectively, during the brood-guard period at Bird 
Island (Table 1). Based on those body masses and wing areas of birds 
found dead or killed in fisheries, wing loadings of males were 15% and 
16% greater than females in northern and southern giant petrels, re-
spectively. Mean masses of each sex were similar across species, but 
mean wing loading was 5% greater in male and 4% greater in female 

TA B L E  1  Mass, wing morphology, observed flapping rates, ground speeds and predicted aerodynamic performances of male and female 
giant petrels.

Sex and species
Male northern  
giant petrel

Female northern  
giant petrel

Male southern  
giant petrel

Female southern 
giant petrel

Mass ± SD (kg) 4.77 ± 0.30 3.33 ± 0.26 4.72 ± 0.49 3.34 ± 0.32

Wingspan (m) 2.18 1.95 2.11 1.84

Wing area (m2) 0.37 0.30 0.35 0.29

Aspect ratio 12.78 12.72 12.78 11.83

Wing loading (N m−2) 125.61 109.22 132.08 113.86

Stalling speed (m/s; 
km/h)

10.65; 38.35 9.93; 35.76 10.92; 39.32 10.14; 36.51

Minimum sink speed 
(m/s)

0.55 0.52 0.57 0.56

Best glide velocity (m/s; 
km/h)

14.40; 51.84 13.50; 48.60 14.70; 52.92 14.00; 50.40

Maximum flapping rate 
(flaps/h)

5837 7654 8818 8214

Mean flapping rate ± SE 
(flaps/h)

2239 ± 136 1620 ± 43.20 2622 ± 99.30 1921 ± 49.70

Mean ground speed ± SE 
(km/h)

38.40 ± 0.97 37.90 ± 0.37 46.70 ± 0.73 40.70 ± 0.38

Note: Minimum sink speed and best glide velocity were calculated from the computer program Flight (version 1.24; Pennycuick, 2008).
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    |  7HALLET et al.

southern than northern giant petrels. In each species, males had mar-
ginally higher stalling speeds and higher best glide velocities than fe-
males (Table 1). Stalling speeds and best glide velocities were higher for 
both sexes in southern giant petrels than northern giant petrels.

3.2  |  Wind and swell experienced by giant petrels

The median wind speed along tracks was similar across species and 
sexes, but females of both species experienced low winds (< 20 km/h) 
for ~14% of the foraging trips, and male northern and male southern 
giant petrels for only ~7% and ~ 3% of foraging trips, respectively 
(Figure  2). The median swell height along tracks was also similar 
across species and sexes, but male southern and northern giant pet-
rels experienced lower swell heights (<1 m) for 16% and 6% of forag-
ing trips, and female southern and northern giant petrels for 5% and 
2% of foraging trips, respectively. At the other end of the spectrum, 
high swell conditions (>3.3 m) were experienced by female northern 
giant petrels for 8% of foraging trips, and very rarely by male north-
ern giant petrels, and even higher swells (>4 m) were also more likely 
to be experienced by female than male southern giant petrels (4% 
and 1% of foraging trips, respectively). Between species, southern 
giant petrels of either sex experienced higher maximum wind speeds 
and swell heights than northern giant petrels of either sex. Male 
and female northern giant petrels experienced wind speeds over 
60 km/h for <1% and 1% of foraging trips, respectively, while male 
and female southern giant petrels experienced wind speeds over 
60 km/h for 2% and 4% of foraging trips, respectively.

All species and sexes spent the most time in crosswinds, fol-
lowed by tailwinds, and spent the least amount of time in headwinds 

(Figure S1). While in headwinds, all species and sexes spent the least 
amount of time in high wind speeds (Figures S2 and S3). Patterns in 
time spent in different swell directions were less clear in all species 
and sexes (Figure S1).

3.3  |  Impacts of wind speed and swell height on 
flapping rates

On average, within each species, males had significantly higher flap-
ping rates than females (Wilcoxon rank sum test, p < 0.001, Dunn-
Šidák correction), and within each sex, southern giant petrels had 
higher flapping rates than northern giant petrels (significant differ-
ence between female southern giant petrels and female northern 
giant petrels only, Wilcoxon rank sum test, p < 0.001, Dunn-Šidák 
correction; Table 1). The best model for all species and sexes based 
on delta AICc was Model III, which included both wind speed and 
swell height (Table S2). Hereafter, results are those from this model. 
For both species and sexes, flapping rates decreased with increas-
ing wind speeds and swell heights (Figure 3). At lower wind speeds 
(<30 km/h), giant petrels had low flapping rates only when swell 
was high (>3 m). However, when wind speeds were sufficiently high 
(>40 km/h in female giant petrels, >50 km/h in male giant petrels), 
flapping rates were low across swell heights.

The predicted flapping rates with swell height and wind speed 
set to their median values indicated that flapping rates decreased 
with increasing wind speed and swell height, respectively (Figure 4). 
At wind speeds lower than 5 km/h, flapping rates were considerably 
higher in female southern than northern giant petrels but decreased 
to a similar rate at wind speeds of ~60 km/h for both species. Female 

F I G U R E  2  Box/violin plots of the wind and swell conditions experienced during commuting flight by northern and southern giant petrels 
tracked during incubation and brood-guard in November 2022 to early March 2023 at Bird Island (South Georgia).
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8  |    HALLET et al.

northern and southern giant petrels both had a maximum flapping 
rate in low swells (<1 m), which decreased to a minimum flapping rate 
at swell heights over 4 m (over 5 m in female southern giant petrels). 
Together, wind and waves resulted in reductions in flapping rates of 
91% and 88% for female and male southern giant petrels, and of 89% 
and 76% for female and male northern giant petrels, respectively.

Within species, male giant petrels exhibited higher flapping rates 
than females in most wind speeds and swell heights, although these 
generally converged at similarly low values in high wind or wave condi-
tions. Male giant petrels of both species had high flapping rates at wind 
speeds below ~30 km/h, which decreased with increasing wind speeds 
(Figure 4). Male northern giant petrels showed a general decline in flap-
ping rates with increasing swell height, whereas male southern giant 
petrels showed declines in flapping rates at swell heights greater than 
~2 m. The relationship between wind or waves and flapping rate was 
less clear for male northern giant petrels than for females or either 
sex of southern giant petrels and showed comparatively high error 
(Figure 4), likely due to the smaller sample size (Table S1).

3.4  |  Effects of wind speed and direction on 
ground speed and flapping rates

Ground speed generally increased with wind speed in tail and cross-
winds, but generally decreased with wind speed in headwinds, 

although these trends were less clear for male northern giant pet-
rels (Figure  5). Male southern giant petrels showed significantly 
higher average ground speeds than female southern giant petrels 
(Wilcoxon rank sum test, p < 0.001, Dunn-Šidák correction), but 
there was no significant difference in average ground speeds expe-
rienced between male and female northern giant petrels (Table 2). 
Within each sex, southern giant petrels also had significantly higher 
average ground speeds than northern giant petrels (Wilcoxon rank 
sum test, p < 0.001, Dunn-Šidák correction). In all species and sexes 
except male northern giant petrels, the highest ground speeds were 
experienced in strong tailwinds.

Females of both giant petrel species showed decreases in flap-
ping rates with increasing wind speed while flying in tailwinds and 
crosswinds, and slower flapping rates in tailwinds than crosswinds 
(Figure S4). In headwinds over ~20 km/h, female northern giant pe-
trels showed declining flapping rates with wind speeds, and somewhat 
higher flapping rates than in tail and crosswinds. In contrast, in head-
winds over ~20 km/h, female southern giant petrels showed flapping 
rates that were considerably higher than in tail and crosswinds.

3.5  |  Predicted flapping rates

In all comparisons of predicted flapping rates between sexes, fe-
male giant petrels had lower predicted average flapping rates than 

F I G U R E  3  Flapping rate predicted using a generalized additive model full tensor product smooth of wind speed and swell height (Model 
III) fitted to northern and southern giant petrels tracked during the incubation and brood-guard periods in November 2022 to early March 
2023 at Bird Island (South Georgia). Outputs are confined to the 95% kernel density estimate of the predictor variable space in order to 
focus on typical environmental conditions.
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    |  9HALLET et al.

male giant petrels if they followed the tracks of females, or if they 
followed the tracks of males (p < 0.001, Dunn-Šidák correction; 
Figure S5). Table S3 gives a full summary of the comparisons made in 
predicted flapping rates between sexes.

3.6  |  Suitable habitat for soaring

Maps of potential habitat for soaring giant petrels derived from our 
models suggest that optimal habitat extends further north for fe-
male northern than female southern giant petrels, and is more ex-
tensive for female than male southern giant petrels (Figure 6). Areas 
of potential habitat suitable for soaring 50% of the time were consid-
erably larger for female than male southern giant petrels, and high-
est for female northern giant petrels (Table 2).

4  |  DISCUSSION

Most studies of dynamic soaring behaviour and its relationship to 
wind have been in albatrosses rather than in petrels. Previous obser-
vational studies of giant petrels highlighted the importance of dy-
namic soaring behaviour (Obst & Nagy, 1992; Pennycuick, 1982), but 

until our study there were no detailed analyses of their flight or en-
ergy expenditure in relation to wind or waves. Using high-resolution 
accelerometry and GPS data, our study is the first to quantify the 
importance of both wind and waves in determining flight energetics 
for giant petrels. We show that wind and waves may be used ad-
ditively to reduce flapping rates, and that the interaction between 
these variables and morphology may explain the marked sexual seg-
regation in habitat use in the two species.

We found that both male and female northern and southern 
giant petrels reduced flapping rates with increasing wind speed, 
reducing energy expenditure while dynamic soaring. Our results 
also suggest that waves affect flight energetics; flapping rates 
declined with increasing swell height, indicating that giant petrels 
can use wave slope soaring to reduce the energetic cost of travel. 
Models that incorporated both wind speed and swell height best 
explained flapping rates, with the lowest flapping rates recorded 
when both wind speed and swell were high; indeed, higher wind 
and waves together reduced flapping by 76% to 91%, reflecting 
marked energy savings. The upper end of this range is compa-
rable to the reduction in energy expenditure through wind and 
waves of 89–93% in albatrosses (Maywar et  al.,  2025), which 
are considered to be soaring specialists (Pennycuick,  1982; 
Richardson, 2011).

F I G U R E  4  Flapping rates predicted from wind and waves (Model III) of northern and southern giant petrels tracked during the incubation 
and brood-guard periods in November 2022 to early March 2023 at Bird Island (South Georgia). The lines represent the predicted responses 
for each sex and the shading represents the 95% confidence interval. The top and bottom panes show the predicted flapping rates relative 
to wind speed with swell held at the median value, and the predicted flapping rates relative to swell height with wind speed held at the 
median value, respectively.
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10  |    HALLET et al.

Our results demonstrate that morphology modulates the rela-
tionship between wind, waves and flight efficiency. Though male 
and female giant petrels have similar aspect ratios, male giant petrels 
at Bird Island are 41–43% heavier during the brood-guard period, 
and have a 15–16% higher wing loading than females. These differ-
ences in morphology have important implications for the energetic 
cost of travel. Birds with higher wing loadings attain higher ground 
speeds while gliding (Dehnhard et al., 2021; Wakefield et al., 2009), 
and this was apparent when comparing average ground speeds 
between species and sexes in our study (Table 1). However, flight 
theory suggests that a higher wing loading also limits the range of 
airspeeds that allow dynamic soaring, because higher airspeeds 
are needed to generate lift and for birds to stay aloft when gliding 
(Pennycuick,  2008). Of the various metrics of aerodynamic per-
formance, stalling speed has the greatest impact on soaring ability 
because birds cannot achieve gliding flight below the stalling speed 
unless flying at a very steep angle of descent (Pennycuick, 2008). As 
a result, birds with high wing loadings, and therefore high stalling 
speeds, cannot maximize energy capture while dynamic soaring (i.e. 
cannot use low travel speeds, which minimize the vertical compo-
nent of the dynamic soaring arc) to the same extent as birds with 
lower wing loadings but otherwise similar wing morphology (i.e. as-
pect ratio). We calculated that stalling speeds were only ~7% higher 
in male than female giant petrels, but this may translate to a con-
siderable disadvantage in terms of flight energetic efficiency. This 
is supported by our observational data which suggest—given their 

higher flapping rates—that male giant petrels were less efficient at 
dynamic soaring than females (Table 1). Indeed, females had lower 
flapping rates throughout the range of observed wind speeds and 
swell heights (Figure 2). Further, when we predicted how frequently 
males would have to flap if they were to follow the same foraging 
routes as females (i.e. experience the same wind and wave condi-
tions), and vice versa (females following the tracks of males), we 
found that males would incur a considerably higher energetic cost 
(more flaps) (Table S3). Indeed, across all our analyses, differences in 
flight energetics were greater between sexes than between species.

The differences in morphology and influence on flight energetics 
appear to play a role in explaining the striking sexual segregation in 
habitat use in giant petrels for most of the breeding season; male giant 
petrels feed to a much greater extent on carrion and other prey on 
land, whereas females feed much further out at sea (González-Solís 
et al., 2000a, 2000b; Granroth-Wilding & Phillips, 2019; Hunter, 1983; 
Phillips et al., 2011; Reisinger et al., 2020; Thiers et al., 2014). Male 
giant petrels also feed further offshore in the non-breeding season 
and are generally more flexible in their foraging strategies (González-
Solís et al., 2000b; González-Solís et al., 2008; Granroth-Wilding & 
Phillips, 2019). Other ecological factors, such as the seasonal decline 
in carrion availability that follows the end of the pupping period of 
Antarctic fur seals (Arctocephalus gazella; Hunter,  1983; Phillips 
et  al.,  2011), contribute to temporal variation in sexual segregation 
during breeding, but here we focus on the mechanistic links between 
the environment (i.e. wind and waves) and energetics.

F I G U R E  5  Plots showing average ground speed relative to wind speed and categorical wind direction in giant petrels tracked during 
incubation and brood-guard in November 2022 to early March 2023 at Bird Island (South Georgia). The lines represent the average ground 
speed in different categories of relative wind direction (headwind, crosswind and tailwind), and the shading represents the 95% confidence 
interval.
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    |  11HALLET et al.

Several explanations have been proposed for the marked 
sexual segregation in giant petrels, including reduced intraspe-
cific competition, given the much larger body size of males and 
dominance at carcasses (González-Solís,  2004; González-Solís 
et  al.,  2000a; Granroth-Wilding & Phillips,  2019; Hunter,  1983; 
Reisinger et  al.,  2020; Thiers et  al.,  2014). It has also been sug-
gested that their larger size leads to a higher energetic cost for 
males during offshore foraging trips (González-Solís et al., 2000b). 
Our maps of suitable habitat for soaring, as well as the compar-
isons of wind and waves experienced by each sex, suggest that 
the ability to fly efficiently may constrain the distribution of male 

giant petrels more than females. Female giant petrels used regions 
with low wind speeds (< 20 km/h) more frequently than males, and 
the size of the predicted areas that were suitable for soaring for 
50% of the time based on wind and swell were much larger (by 
2.4 times in southern giant petrels; Table 2). Based on our models, 
males require higher wind speeds than females for gliding flight, 
and hence may avoid travelling offshore if environmental condi-
tions are not conducive to soaring flight.

Our findings suggest that giant petrels maximize time in cross- and 
tailwinds due to benefits in terms of both energy expenditure and 
travel speed. Previous studies suggested that birds are more likely 

TA B L E  2  Metrics describing the spatial extent of suitable habitat for soaring in giant petrels.

Sex and species
Total area (km2) of suitable soaring habitat 
(over 0.5 threshold)

Proportion of available habitat in study area 
(over 0.5 threshold)

Female northern giant petrel 13,414,221 0.47

Female southern giant petrel 9,328,511 0.34

Male southern giant petrel 3,939,821 0.14

Note: Includes the total area (km2) and the proportion of habitat within the study region (defined as the minimum and maximum latitude and 
longitude travelled by all birds in the study, respectively) suitable for soaring during at least 50% of hours during the middle month of incubation 
(November, 2022 for northern giant petrels, and December, 2022 for southern giant petrels).

F I G U R E  6  Maps showing the proportion of hours with suitable soaring conditions based on wind speed and swell height during the 
middle month of incubation of northern (November, 2022) and southern giant petrels (December, 2022) tracked at Bird Island (South 
Georgia).
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12  |    HALLET et al.

to utilize dynamic soaring in crosswinds and tailwinds (De Pascalis 
et al., 2020; Gibb et al., 2017), because flying is more costly in head-
winds (Richardson et  al.,  2018; Weimerskirch et  al.,  2000), and be-
cause the effects of wind speed on ground speed are dependent on 
wind direction (Harris et al., 2025; Spear & Ainley, 1997b). We demon-
strate that, in addition to increasing ground speed, use of cross- and 
tailwinds reduces energy expenditure in giant petrels. Thus, giant pe-
trels likely avoid travelling in headwinds due to both the increased en-
ergetic cost of travel and the decreased ground speed.

Advancements in biologging technology and the availability of 
global environmental data in recent decades have greatly improved our 
understanding of how wind influences seabird energetics and move-
ment, even if many questions remain (Thorne et al., 2023). Our study 
demonstrates the advantages of combining accelerometry and GPS 
data with metrics of aerodynamic efficiency to quantify the energetic 
responses of seabirds to environmental variability. We highlight how 
morphology, wind and waves combine to influence energetics of flight 
in giant petrels and suggest how these factors could constrain their 
at-sea distribution and partly explain sexual segregation during the 
breeding season. The Southern Ocean westerly winds are projected to 
shift poleward (Goyal et al., 2021; Toggweiler, 2009), which will influ-
ence wind regimes, including the regions where wind speeds are high 
within foraging distances of giant petrels and other seabirds breeding 
on subantarctic islands and in Antarctica. There is ample evidence that 
changing wind conditions affect breeding success and population dy-
namics of seabirds in general (Thorne et al., 2023). Understanding the 
interplay of these factors is important for predicting changes in habitat 
use and energetics of giant petrels and other seabirds under future 
climate change, which can ultimately guide management decisions to 
improve their conservation.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Figure S1. Boxplots of the proportion of time giant petrels spent in 
relative wind and wave angles. Bird-wind angles are categorized as 
tailwinds (<60°), crosswinds (≥60° & <120°) and headwinds (≥120°), 
while bird-swell angles are categorized as with (<60°), across (≥60° 
& <120°) and against (≥120°) the swell.
Figure S2. Boxplots of the proportion of time female giant petrels 
spent in different relative wind angles and wind intensities. Wind 
intensities are categorized as being low, medium or high, and relative 
wind angles are categorized as head-, cross- or tailwinds. Wind 
speeds were categorized such that the distribution of wind speeds 
experienced by all species and sexes were divided into 1/3 quantiles. 
Proportions are calculated within each relative wind direction 
category (e.g. the proportion of time in low headwinds is calculated 
as the time spent in low headwinds divided by total time spent in 
headwinds).
Figure S3. Boxplots of the proportion of time male giant petrels 
spent in different relative wind angles and wind intensities. Wind 
intensities are categorized as being low, medium or high, and relative 
wind angles are categorized as head-, cross- or tailwinds. Wind 
speeds were categorized such that the distribution of wind speeds 
experienced by all species and sexes were divided into 1/3 quantiles. 
Proportions are calculated within each relative wind direction 
category (e.g. the proportion of time in low headwinds is calculated 
as the time spent in low headwinds divided by total time spent in 
headwinds).
Figure S4. Flapping rates predicted from wind speed and relative wind 
direction of tracked female giant petrels. Models were constructed 
using data from northern and southern giant petrels tracked during 
the incubation and brood-guard periods in November 2022 to early 
March 2023 at Bird Island (South Georgia). The lines represent the 
predicted flapping responses for different relative wind directions 
(derived bird-wind-angle) and the shading represents the 95% 
confidence interval. Bird-wind angles are calculated on a 0–180° 
scale, such that bird-wind angles <60° represent tailwinds, bird-
wind-angles ≥60° and <120° are crosswinds, and bird-wind-angles 
≥120° are headwinds.
Figure S5. Boxplots of predicted flapping rates along giant petrel 
tracks. Flapping rates were predicted for female giant petrels and 
male giant petrels based on wind and wave conditions along tracks 
of female giant petrels, and based on wind and wave conditions 
along tracks of male giant petrels.
Table  S1. Table summarizing the number of deployments and 
available data used in models. Models were constructed to predict 
flapping rates relative to windspeed and swell height for male 
and female northern and southern giant petrels tracked during 
the incubation and brood-guard periods in November 2022 to 
early March 2023 from Bird Island (South Georgia). The number 
of successful deployments refers to the number of birds that 
were deployed with tags and returned with all tags present and 
functioning. The number of deployments included in models refers 
to the number of successful deployments that were actually used 
when constructing the models. The mean deployment duration 
refers to the number of days that the tags were deployed on birds 
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(i.e. number of days between initial tag deployment and when the 
tag was removed).
Table  S2. Table summarizing model performance metrics. 
Performance metrics are given for models of flapping rate (flaps 
per hour) relative to wind speed and swell height for northern and 
southern giant petrels tracked during the incubation and brood-
guard periods in November 2022 to early March 2023 at Bird Island 
(South Georgia). Terms that were not significant are in grey text. 
Abbreviations are as follows: AICc, corrected AIC; dAICc, delta 
AICc; df, degrees of freedom; weight, AICc weight; DE, deviance 
explained. The most parsimonious models (in which deltaAICc = 0) 
for each species/sex are in bold text.
Table  S3. Table summarizing results of predicted flapping rate 
comparisons between sexes. Predicted flapping rates of female 
giant petrels and male giant petrels were based on wind and wave 
conditions along tracks of female giant petrels, and based on wind 
and wave conditions along tracks of male giant petrels, during the 
incubation and brood-guard periods in November 2022 to early 
March 2023 at Bird Island (South Georgia). Sex (predicted flaps) 
refers to the sex that flapping rates are being predicted for, while Sex 

(tracks) refers to the tracks on which flapping rates were predicted 
for. All comparisons were significant (Dunn-Šidák correction for 
multiple comparisons: α = 0.0127).
Table  S4. Table summarizing the spatial distribution of tracked 
birds. Includes the minimum and maximum latitude and longitude, 
respectively, travelled by each species of giant petrel tracked during 
the incubation and brood-guard periods in November 2022 to early 
March 2023 at Bird Island (South Georgia). All coordinates are 
rounded to the nearest whole degree, and coordinates in bold text 
were used to define the spatial bounding box in our map of suitable 
habitat for soaring (slightly adjusted for visualization purposes; 
Figure 6), which are given in the last row.
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