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The relationships between flying Antarctic seabirds and their at-sea environments
remain poorly understood, particularly outside of the breeding season. Improving
our knowledge of how these marine predators use their habitat is a critical step
towards conservation of these species. We tracked 27 adult Snow Petrels from two
large breeding colonies in East Antarctica during the Austral winter (non-breeding
period) — when they are primarily at sea away from their nesting sites. During this
time, Snow Petrel habitat use was most associated with bathymetry (> 5000 m),
low sea-surface height, relatively close distance to the southern boundary of the
Antarctic Circumpolar Current, relatively close distance to the ice-edge, relatively
high sea-ice concentration, and low sea-surface temperature. Individuals
displayed various movement patterns: 20 birds occupied overlapping winter
areas that ranged broadly (up to 2000 km) from their breeding sites. The
remaining birds ventured far beyond their breeding sites — reaching a maximal
distance from the colony of 5,268 km. One individual circumnavigated Antarctica.
Daily activity patterns were related to day length, with peak activity occurring near
dawn and dusk. Nocturnal activity increased from March until August/September.
Key results reveal and depict Snow Petrel habitat maps for the non-breeding
period in the East Antarctic region.
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1 Introduction

Understanding ecological interactions and habitat use are
fundamental tenets in spatial ecology (Cox et al.,, 2018). Such an
understanding is important for decision makers considering the use
of resources in ecosystem-based management (Hawkes et al., 2011).
However, gaining insights into ecosystem interactions can be
difficult in marine settings, where most fauna are difficult to
observe (Furness and Camphuysen, 1997; Roncon et al., 2018;
Riaz et al., 2021). To overcome this obstacle, tracking devices that
collect data in situ are often deployed on highly mobile marine
predators (Bondavalli and Ulanowicz, 1999; Hazen et al., 2019;
Hindell et al., 2020). Such predators are often active across large
expanses of habitat, where they hunt prey from multiple trophic
levels, and subsequently amplify trophic information across
multiple spatiotemporal dimensions (Hazen et al., 2019).

In the Southern Ocean, seabirds are top-order predators, many
of whom spend most of their life at sea, only returning to land (or in
the case of Emperor Penguins (Aptenodytes forsteri), sea-ice) to
breed (Brown, 1980; del Hoyo, 2020). This life strategy — shared
with seals - makes seabirds more accessible to study, and in situ
data collection more feasible, than other marine taxa. It also allows
researchers to deploy and retrieve tracking devices from a reliable
point of origin such as a breeding colony (Hipfner et al., 2020).
Tracking devices can remotely collect large quantities of data over
extended periods of time (Jaeger et al., 2017). This makes them
particularly valuable in marine ecology, as synoptic, at-sea
observations of marine species requires ship-time, and the
capacity for this is generally limited (Viola et al., 2022). This
limitation is amplified at high latitudes such as in the Southern
Ocean where environmental conditions are harsh and extended
marine-based field work is logistically difficult or hazardous (Poland
et al., 2003).

Many seabirds travel distances of thousands, tens of thousands
(MacLeod et al., 2008; Rayner et al., 2008; Pinet et al., 2011), or
hundreds of thousands of kilometers every year (Weimerskirch
et al,, 2015). The at-sea distribution of seabirds varies seasonally
(Menkhorst et al., 2017) with birds travelling to areas remote from
their breeding sites during the non-breeding season (Gonzalez-Solis
et al, 2007; Hedd et al, 2012; Gilg et al,, 2013). Variation in
conditions encountered during the non-breeding season can affect
important demographic parameters like breeding success and
quality of parental care (Webster and Marra, 2005; Reudink et al.,
2009; Puskic et al,, 2019). And when considering species with high
migratory connectivity — the degree to which migratory
movements of an individual or a population are linked spatially
and temporally between and within seasons — demographic
parameters associated with gene flow and natal dispersal become
important considerations (Steiner and Gaston, 2005). As seabirds
may be susceptible to benefits and stressors not encountered in their
terrestrial breeding territory (Davis et al, 2016), a thorough
understanding of at-sea distribution is vital to their conservation.
Resource managers (such as fisheries targeting the prey fields of
important marine predators) need to remain cognisant of at-sea
predator distributions throughout the year, and not just during the
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breeding season. Tracking seabirds throughout the non-breeding
period is an important step in addressing these concerns.

Despite the advantages and importance of studying seabirds,
and their global recognition as bio-indicators of ecosystem health
(Burger and Gochfeld, 2004; Piatt et al., 2007; Hazen et al., 2019),
there is a paucity of literature on Antarctic flying seabirds when
compared to seabird species in temperate and equatorial regions,
but also when compared to other Antarctic vertebrate fauna (i.e.,
pinnipeds, cetaceans, and penguins) (Ainley et al., 2012; Roncon
et al., 2018). Antarctic ecosystems host a suite of flying and non-
flying seabird species (Menkhorst et al., 2017; Harrison et al., 2021).
Many of the flying seabirds belong to the family Procellariidae, of
which the most diverse guild (in terms of body size) is the fulmarine
petrels (Harrison et al., 2021).

The smallest fulmarine petrel is the Snow Petrel (Pagodroma
nivea), whose body mass ranges from< 250 to nearly 500 g (Moe
et al, 2007). Snow Petrels occupy a circumpolar breeding
distribution (Croxall et al., 1995), and along with Antarctic
Petrels (Thalassoica antarctica) and South Polar Skuas
(Catharacta maccormicki), are the most southerly breeding birds
(Weathers et al., 2000). Much of the recent work regarding Snow
Petrels has focused on breeding ecology, breeding sites, or
understanding historical conditions using paleo-ecological
deposits (Amundsen, 1995; Barbraud and Chastel, 1999; Einoder
etal.,, 2014; Younger et al,, 2016; Berg et al., 2019; Carrea et al., 2019;
McClymont et al,, 2021). Snow Petrels breed during the austral
summer, often in small colonies or loose aggregations, along the
coast of Antarctica and surrounding islands (Olivier et al., 2004).
However, some birds breed in mountain ranges deep inland, up to
440 km from the coast (Goldsworthy and Thomson, 2000; Thor and
Low, 2011).

Whilst seemingly abundant, historical attempts to estimate the
global population size for Snow Petrels have been inconclusive, and
hence, a comprehensive measure of their abundance remains
unknown (Croxall et al., 1995). A sound ecological understanding
of Snow Petrels — and many other petrel species — remains elusive.
Despite concerted efforts to gather data on these seabirds in the
1980s, 1990s and early 2000s, the number of published datasets that
exist for petrels in the Antarctic regions is small (Olivier et al.,
2004). Moreover, early records are usually anecdotal, making it
difficult to identify changes in population size and patterns over
time (Olivier et al., 2004). To date, much of what we understand
about Snow Petrel marine habitat use is derived from shipboard
surveys in the 1980’s and 1990’s (Ainley et al., 1993; Ribic et al,
2011). Shipboard data is extremely beneficial to our understanding
of the pelagic distribution of seabirds, and many seabird
communities have been described via this method (Ainley
et al., 2012).

However, it is well established that integrating data from
tracking studies with observational data substantially improves
our understanding of the pelagic distribution of seabirds (Priddel
et al., 2014). Occasional sightings near research stations in winter
suggest that some individuals remain in Antarctica, either relatively
close to their breeding sites, or inland, during the non-breeding
period (AAD personnel, pers. comms.). Yet, the non-breeding
distribution of these birds is still poorly documented. To date,
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only one tracking study of birds breeding at ile des Pétrels, Pointe
Geologie archipelago (66.67°S, 140.02°E), examined the movements
of Snow Petrels during the non-breeding period (Delord et al,
2016). For all other colonies/breeding sites (> 195, based off
estimates from Croxall et al., 1995), it remains unclear where
important areas are during winter, or to what extent populations
overlap and individuals share foraging habitat. Increasing our
understanding of Snow Petrel habitat requirements will help
create a baseline from which potentially threatening changes can
be predicted and determined.

Hereby, to improve our understanding of how Snow Petrels use
habitat during the non-breeding period, we deployed geolocators
and concurrently tracked post-breeding Snow Petrels from two
widely separated breeding sites in East Antarctica. Our aims were to

determine their habitat use and foraging activity patterns
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throughout the non-breeding period, and to develop habitat
suitability maps for the non-breeding period relevant to Snow
Petrels in the East Antarctic region.

2 Methods
2.1 Study sites and field methods

Geolocator tracking devices (MK 18L geolocators (GLS), British
Antarctic Survey) were fitted to incubating adult Snow Petrels at
two widely separated breeding locations in East Antarctica:
Béchervaise Island (67.59°S, 62.82°E), Mac. Robertson Land, and
Filla Island (68.81°S, 77.83°E) in Prydz Bay, Princess Elizabeth Land
(Figure 1). At Béchervaise Island, the birds were equipped with GLS

20°W 10°W 0 10°E 20°E 30°E 40°E 50°E
L L L L s L L L L L
SO‘SE - -
v
\
30°S
40°S: K S
; v
i 3 R
1 _ %
Béchervaise 1 5
s Island G
/
'
FillaIsland
3
b
»
i
S
\
2012 Sea-ice extent
(red dotted) ,
2 2011 Sea-ice extent 0
\ (blue dotted) &
40°s <]
F30°S
30°S £ e 2
& L
V7o) U 5 YK
> G z i =
v g TR o o / e
%, 0 iz v
§ 7 ! \
A 3  Enderby =
X Abyssal X F30°S
° 54 Plain i
40°8 F < o
Cosinenauts Sea §
F ) N
i kS “
Bechervaise Island d{operat/on R0y Heard Island
Valdivia ;3
< Abyssal Kerguelen'Plateat
Plain 7
& '
b i
N \
! L
; v
i 2
i .
) '
/ i
)
Y
-
. lle des Petrels, . - *
40°5 N 5 _Pointe Geologie Archipelago
< z F3o
.\ southern boundary of ACC S : 30°8
W e e R 5
: —=L i 0 1,000 2000
A \Anja\rci/cﬁl-”gla{lrfrgn‘t G P Ay —————Kilometers
130°W 140W  150°'W 160°W 170°W 180° 170°E 160°E 150°E  140°E 130°E

FIGURE 1

(A) Tracks of Snow Petrels Pagodroma nivea from Béchervaise and Filla islands in 2011 and 2012. Each colored solid line represents a tracked
individual. The Antarctic Polar Front (or Antarctic Convergence) is shown as a dashed line. (B) Location of important sites and features mentioned
within this manuscript. The southern boundary of the Antarctic Circumpolar Current (ACC) (light blue) and the Antarctic Polar Front (dark blue) are
labelled and shown as dashed lines. The 2011 (blue) and 2012 (red) maximal sea-ice extents are added as dotted contours and labelled in (A).
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devices during the incubation stage from the 17 - 20" of January
2011 (n = 14), and from the 24™ — 25 of January 2012 (n = 14). At
Filla Island, devices were fitted from the 11" - 13 January 2011
(n =10). Devices were attached with small cable ties to 12 mm wide,
soft, double-sided Velcro®. The Velcro band was then wrapped
around the birds’ tarsi, and the end of the band was secured with an
industrial strength superglue, Loctite 401. The combined weight of
the device, cable ties, and Velcro was three grams, equivalent to ~1%
of the birds’ mean body mass. At Filla Island, eight of ten birds were
recaptured in the following season and the devices retrieved. At
Bechervaise Island, eight of 14 tags deployed in January 2011 were
retrieved in December 2011, while two were recovered in December
2012. Nine of 14 birds equipped in January 2012 were recaptured in
December 2012. All recovered tags delivered data.

2.2 Data analyses

Analyses were limited to data collected from the 1st of March —
when a clear day-night cycle occurs at the latitudes under study, and
all birds had left the colonies — until the 31st of October, just prior
to the birds’ return in early November (and subsequent tag
retrieval). All data handling and processing occurred in Microsoft
Excel (Microsoft Corporation 2018) and in the R statistical
environment (R Core Team 2021) unless stated otherwise.

2.3 Tracking data

The geolocation tags recorded light levels every 10 minutes. The
positions of individual birds were estimated using the light-level
data twice daily (dawn and dusk) with the SGAT and BAStag
packages (Sumner et al., 2009; Lisovski and Hahn, 2012). These
packages apply a threshold method that determines twilight as the
time at which the ambient light levels cross a predefined threshold
(Sumner et al., 2009; Wotherspoon et al., 2013).

The GLS tags recorded saturation status (wet or dry) at three-
second intervals and stored the data in five-minute bins. We
assumed that the tags were always wet while a bird was feeding
but dried quickly once a bird became airborne. Prolonged ‘wet’
activity was most likely associated with resting and/or preening on
the ocean surface, but we acknowledge some feeding may have
occurred when the sensor read wet over this time. ‘Dry’ activity
included flying but also resting on a dry surface.

2.4 Distances travelled, at-sea movements,
and activity patterns

To compare differences in distances travelled by Snow Petrels
from the two deployment sites, Welch’s t-tests were used. All means
are given + 1 SE, and the level of significance was set at p = 0.05
unless stated otherwise. The proportions of wet/dry activities were
calculated per day per bird and summarised by month, as well as
day. The loggers recorded time in UT (universal time). For the
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examination of cathemeral patterns, these data were adjusted to
local times relative to the deployment location.

2.5 Habitat suitability, preference, and use

Throughout this manuscript, we use the following terms to
describe subtly different, but related, conditions: ‘Habitat’ refers to
the polar environment surrounding Snow Petrels; ‘habitat use’
refers to the environmental conditions in which tracked Snow
Petrels were recorded (i.e. the habitats that they were observed to
make use of); ‘available habitat’ refers to the environmental
conditions that were accessible to (within flying distance of) the
birds, and thus they could potentially have made use of; ‘habitat
preference’ is a measure of habitat use relative to availability,
whereby “preferred habitats” are environmental conditions that
are used more often than would be expected according to their
availability (the animals “prefer” to use these habitats). Note that
habitat preference is based only on the environmental conditions of
the area in question, and does not consider whether it is physically
accessible to the animals. ‘Habitat suitability’ is a modified version
of habitat preference that additionally accounts for the accessibility
of the area in question. A given area might therefore have a high
habitat preference value (indicating that it contains environmental
conditions preferred by the animals), but a low habitat suitability if
it is located far from the colony and therefore not readily accessible
to the animals.

Tracks of geographic positions and expected flight activities
(foraging/resting/travelling) were generated by a state-space model
using the BSAM package (Jonsen et al., 2015). Once the track of
each bird had been established, 50 random tracks were simulated
for each observed track, using the availability package (Raymond
et al., 2015; Reisinger et al., 2018). These simulated tracks provide
an estimate of available geographic space from which available
habitat (environmental conditions) can be inferred. By comparing
the environmental conditions associated with simulated tracks to
those of actual tracks, the model seeks to quantify preference.
Explicitly, the model identifies Snow Petrel preference for
environmental variables by comparing environmental conditions
at known locations with a continuous array of points in space and
time that reflect available habitat [see eqn. 1 below, Aarts
et al. (2012)].

Equation 1:

w(X)f*(X3)

= KilW(Xi)fa(Xi)
/ L MO0 00X

fu(Xi) =

Here, habitat i denotes a unique point in environmental space
X. Usage f*(X;) and availability f*(X;) are defined as two continuous
probability density functions. Preference w(X;) is related to the ratio
of habitat use over habitat availability (w(X;) o< ;:8((; ). The
denominator K is a normalizing constant ensuring that f*(X)

integrates to 1 over all of X (Aarts et al., 2012). Put simply, the
model compares simulated tracks to actual tracks and uses the
environmental differences between them to infer habitat preference.
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To ensure that simulated tracks remained in biologically
plausible areas, a conservative limit of 40°S (Menkhorst et al.,
2017) was set as the northern latitudinal boundary to the
simulated tracks. A land mask was also used to constrain
simulated tracks to remain over oceanic areas. Environmental
variables were then sourced to match true and simulated tracks at
values closest to the track date, time, latitude, and longitude.
Variables included oceanic parameters such as sea-surface
temperature, wind, eddy kinetic energy, and bathymetry that
could be ecologically important (Hindell et al., 2020; Skov et al,,
2021; Warwick-Evans et al., 2021), as well as Antarctic-specific
variables such as sea-ice concentration, distance to open-water,
distance to ice-edge, and ice category. Ice category information was
based on Fraser et al. (2020) and allocates a value under the
following classifications: 0 = pack ice or ocean; 1 = continent; 2 =
islands; 3 = ice shelf; 4 = fast ice; 5 = manually derived fast ice edge;
and 6 = automatically (i.e., reduced subjectivity) derived fast ice
edge. Additionally, a suite of variables was acquired and used as a
proxy for large environmental processes. These variables are
described in detail in Table 1. Upon completing these steps, there
were > 4.5 million data points with relevant environmental
information for each point/simulated point.

Following Reisinger et al. (2018), we then used a case-control
design that assigned location estimates from real tracks a value of 1,
and those from simulated tracks (habitat available to any given
individual Snow Petrel) a value of 0. Next, we used boosted
regression trees (BRTs) to discriminate between real and
simulated tracks based on their environmental covariates.
Boosting is an iterative technique that adjusts the weight of an
observation based on previous iterations (Boehmke and Greenwell,
2019). This approach vastly improves the predictive performance of
a model (Boehmke and Greenwell, 2019), and works well for
distribution modelling (Elith et al., 2008).

The output of this model (w(X;) from equation 1, above), is an
estimate of the habitat preference of the environment X; associated
with the i data point (Aarts et al., 2008). We used univariate and
bivariate partial effects plots to understand the influence of each
predictor variable on habitat preference. The birds were expected to
vary their habitat preferences over the course of the winter season,
but the standard method used for assessing variable importance in
BRTs (the sum of the squared improvements over all internal nodes
of the trees for which that variable was chosen as the split variable,
see e.g. Friedman, 2001) does not easily allow changes in
importance to be assessed over time. We therefore generated a
bivariate interaction between day of year and each of the other
predictor variables and, following the approach used by the vip
package in R (Greenwell et al., 2022), calculated the standard
deviation of each partial effect for each distinct day of year. This
gives a time-varying measure of the importance of each predictor
variable. At a time (day of year) when a predictor variable has no
influence on the model output, its partial effect will be flat and
standard deviation will be zero. The larger a variable’s influence at
other times, the greater the range of its partial effect and therefore
the larger its standard deviation. Standard deviations were
calculated on the response (probability) scale, and so these
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variable importance are comparable between predictor variables.
The steps described above yield a model that statistically describes
the difference between the habitats used by the animals and those
available to them, thus giving an indication of habitat preference.
We wanted to be able to predict from those models using a regional
grid of environmental data to obtain a spatial depiction of suitable
habitat in the region. To do so, it is also necessary to account
for accessibility.

During the breeding period the birds are biologically
constrained in terms of how far from their chick they can travel.
A grid cell that is far from the colony is less likely to be suitable than
one close to the colony, even if the cells contain identical
environmental conditions. This distance constraint will likely
change over time, becoming less pronounced as the non-breeding
period progresses. However, the habitat preference models
described above are fitted on training data from grid cells that are
all available to the animals (i.e., all data came from cells that were
visited by either a real or simulated track). The habitat preference
models do not account for the fact that when predicting on new
data, some of the cells in the new data might not be accessible to the
animals. Accordingly, we fitted a second set of binomial models in a
similar fashion to Reisinger et al. (2018), that assume accessibility to
be a function solely of distance from the colony. A grid cell was
deemed to be accessible if it contained any tracks (real or
simulated), and inaccessible if it did not. Probability of
accessibility was fitted as a non-increasing function of distance
from colony, using the scam package in R (Pya, 2022).

A regional grid for each environmental variable was constructed
by first acquiring data (on the native grid of the variable) over the
circumpolar region south of 40°S, for the same variables used in
fitting the models (Table 1). For time-varying variables, data were
acquired for the relevant dates and averaged for each day over the
winter period of each respective year. Each regional layer was
resampled at a resolution of 0.1 degree to create a set of
consistent, regional environmental layers.

Regional maps of suitable habitat were then produced by using
the habitat preference models to infer habitat preference over the
region using the regional environmental layers. The accessibility
models were used to infer the accessibility of each grid cell in the
regional grid, and the habitat suitability was calculated as the
product of those two (Reisinger et al., 2018; Hindell et al., 2020):

Equation 2:

habitat suitability = H(X;)+p(accessible)

The habitat suitability values obtained by the procedure
described above are not necessarily intuitive to interpret. The
mean value of habitat preference is arbitrary and is controlled by
the number of simulated tracks that were generated, because this
controls the number of zeros in the training data (the number of
simulated track points) relative to the number of ones (the number
of real track points). To provide more intuitive plots, we rescaled the
habitat suitability values following the percentile procedure of
Raymond et al. (2015) and Hindell et al. (2020). Habitat
suitability values above 80, for example, represent the top 20%
(by area) of most suitable habitat.
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TABLE 1 Environmental variables used for habitat modelling.

Variable

Spatial

resolution

Temporal
resolution

Source

10.3389/fmars.2023.1278229

Justification

Sea surface 0.25° Daily NOAA OISST Considered an important driver of ecosystem dynamics that
temperature (°C) https://doi.org/10.1175/JCLI-D-20- influences diversity, abundance, and richness of many species
0166.1 including those in prey fields (Tittensor et al., 2010; Hindell et al.,
2020)
Sea surface 0.25° Daily Derived from SST as per http:// Used to measure maximum rate of local change and is associated
temperature australianantarcticdivision.github.io/ with frontal activity (Skov et al.,, 2021)
gradient raadtools/reference/index.html
Sea surface height 0.25° Daily SSALTO/DUACS experimental Associated with oceanic surface pressure, and other physical factors
(m) products distributed by AVISO+ with (Vivier et al., 1999; Talley et al., 2011)
support from CNS
https://tinyurl.com/yx997ksf
Sea surface height 0.25° Daily Derived from SSH as per http:// Indicative of upwelling activity (Cropper et al., 2014)
anomaly (m) australianantarcticdivision.github.io/
raadtools/reference/index.html
Sea-ice 25 km grid Daily NSIDC Polar Stereographic Data Known to affect marine and terrestrial ecosystem dynamics (Post
concentration (%) https://tinyurl.com/bb3zr7r6 et al., 2013), such as abundance and availability of prey (Emmerson
et al,, 2015)
Ice category 1000 m grid 15-day High-resolution mapping of circum- Antarctic-specific variable that categorizes fine scale habitat type as
timestep Antarctic sea-ice distribution, derived  described in text preceding this table
from polar stereographic grid by
Fraser et al.
https://essd.copernicus.org/articles/12/
2987/2020/
Wind (speed and 0.25° at 6-hourly NOAA NCEP-DOE Reanalysis 2 Standard oceanographic parameter (Warwick-Evans et al., 2021) that
direction) (m/s) 10 m https://psl.noaa.gov/data/gridded/ also has ecological importance - particularly with relation to flying
data.ncep.reanalysis2.html seabirds (Spear & Ainley, 2008)
https://tinyurl.com/2zn6zz24
Eddy Kinetic 0.25° Daily Derived using link below. Data Considered to be an important driver of ecosystem dynamics such as
Energy (cm?/s%) accessible via SSH source. http:// species diversity (Tittensor et al., 2010), correlated with ocean
knossos.eas.ualberta.ca/anha/data/ stratification and temperature (Cordero Quiros et al., 2022)
EKE.pdf
Bathymetry (m) 30 arc-second N/A GEBCO_08 gridded bathymetry data  Associated with oceanic properties and sea-ice dynamics (Sun et al.,
grid http://www.gebco.net/ 2022)
data_and_products/
gridded_bathymetry_data/
Surface heat flux 0.25° Daily Derived using AAD files Reveals areas where polynyas are present (Tamura et al., 2008;
(W/m?) http:// Malpress et al., 2017)
australianantarcticdivision.github.io/
raadtools/reference/index.html
Distance to ice- 12.5 km grid Daily Derived from sea-ice concentration as | Standard polar oceanic ecological parameter (Hindell et al., 2020).
edge (m) per http:// included to see if sea-ice drives presence during the winter months.
australianantarcticdivision.github.io/ The ice edge represents both the physical boundary between the sea
raadtools/reference/index.html ice and the open ocean, as well as an area of elevated primary and
secondary productivity.
Distance to open 12.5 km grid Daily Derived from sea-ice concentration Distance to nearest open water excluding any open-water pixel that
water (m) (code available on request) is reachable from the open ocean (northern edge of the ice pack
generally do not count, but holes in the pack margin do)
Distance to the 0.125° N/A (mean Derived from Park and Durand Many Antarctic marine fauna are bound by this feature (Clarke

southern
boundary of the
Antarctic
Circumpolar
Current (m)

N/A, Not applicable.
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front position)

(2019) Altimetry-derived Antarctic
Circumpolar Current fronts. https://
doi.org/10.17882/59800. See reference
list for full citations.
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et al., 2005). This feature is known to have profound effects on
Southern Ocean productivity (Sokolov & Rintoul, 2007)
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We assumed that the responses of birds to environmental
features were the same regardless of colony or year, meaning that
inter-annual or inter-colony differences in habitat usage are the
result of differences in environmental conditions, rather than
different responses to environmental conditions. We therefore
fitted a single model to all data and present habitat suitability
maps for these combined data. Notably, we also fitted separate
models by year and colony, and present these outputs in the
Supplementary Material. Encouragingly, the influence assigned to
environmental variables on Snow Petrel presence by the boosted
regression models did not show substantial differences between the
inter-colony, inter-annual, or combined models.

3 Results

3.1 Deployment duration and
distances travelled

Snow Petrels from Bechervaise Island were tracked for 330 + 12
days. Two individuals were recaptured two years post-deployment
after 695 and 701 days, respectively. At Filla Island, the petrels were
recaptured after 361 + 6 days. At both locations, all Snow Petrels
had returned to their nests by the 10" of November. One individual
performed a complete circumpolar navigation. Tracks are shown in
Figure 1. The Snow Petrels from Bechervaise Island travelled on
average 86,192 + 2670 km and 106,077 + 11,607 km in 2011 and
2012, respectively (Table 2). The difference was not statistically
significant (Welch’s t-test, #1916 = 2.17, p = 0.98). The birds from
Filla Island travelled 107,094 + 16,735 km in 2011. This was not
significantly different from the distances of Snow Petrels from
Béchervaise Island in 2011 (f7840 = 10.32, p = 1.0) (Table 2).

3.2 At-sea movements

In 2011, the main area used by Snow Petrels from Bechervaise
in the non-breeding period covered waters near the southern
Kerguelen Plateau and the Valdivia Abyssal Plain (Figure 1, but
see also Supplementary Material). Generally, despite covering
greater distance, and hosting the greatest vagrant within this
study (Table 2), Snow Petrels from Filla Island remained closer to
their breeding colony than birds from Béchervaise Island (Figure 2).
For birds from both colonies in each year, the monthly distribution
of individuals tended to remain within eastern longitudes, and at
latitudes south of 54° (Figure 2).

3.3 Activity patterns

Tags remained dry for 55-73% of the time of deployment.
Immersion/moisture sensor data alternating between wet and dry
were attributed to feeding activity (herein: foraging), and accounted
for 21-35% of recordings. The least time was spent with immersed
sensors (wet) (7-18%), and such activity was attributed to rafting
(resting on the water), preening, or extended feeding events. For all
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TABLE 2 Characteristics of winter movements of Snow Petrels
Pagodroma nivea from two colonies in East Antarctica.

Variable Béchervaise Filla
Island* Island
2011 (n=9) (n=8)
Mean distance travelled per bird per year 86,192 + 2670 107,094 +
(km) + standard error (83,522-88,862) 16,735
(90,360~
123,829)
Maximal distance from colony (km) ~5500 ~5900
Latitudinal range (°S) 55-72 49-72
Most westerly position (W) 82.5 176.9
Most easterly position (°E) 174.5 178.2
2012 (n =10)

106,077 + 11,607 -
(94,470-117,684)

Mean distance travelled per bird per year
(km) + standard error

Maximal distance from colony (km) ~3900 -
Latitudinal range (°S) 54-71 -
Most westerly position (°W) 35.0 -
Most easterly position (°E) 120.0 -

Differences between mean distance travelled per bird at Béchervaise Island and Filla Island
(2011) were not significant (p > 0.05). Differences between mean distance travelled per bird at
Béchervaise Island in 2011 and 2012 were not significant (p > 0.05).

*two birds carried tags for 2 years.

individuals, foraging times were shortest in March to May ranging
from 21-27% for birds from Béchervaise Island, and from 22-39%
for birds from Filla Island. In the remaining months, foraging status
ranged from 30-32% and 31-35% at Bechervaise and
Filla, respectively.

Foraging by birds from Filla occurred 43 + 12% of the time
during diurnal hours (57 + 12% nocturnal). This was slightly lower
(higher) than the foraging efforts observed for birds from
Bechervaise 48 + 12% diurnal (52 + 12% nocturnal) (Figure 3).
The diel differences between colony foraging were not statistically
significant (ANOVA (day), F = 0.791, df =15, p= 0.389; ANOVA
(night), F = 0.856, df =15, p = 0.371). However, throughout the
tracking period, foraging activity changed for both colonies. From
March until July, foraging activity was predominantly nocturnal
(50-75%) and was highest in June and July. Petrels from
Béchervaise switched to a diurnal pattern in August while the
petrels from Filla did so in September (Figure 3).

3.4 Habitat suitability, preference, and use

The rank importance (ranked by relative importance of
variable) of environmental predictors were similar between years
and colonies. Bathymetry, sea-surface height, distance to the
southern boundary of the Antarctic Circumpolar Current,
distance to the ice-edge, sea-ice concentration, and sea-surface
temperature were broadly found to be important predictors for
single colony models, and the combined model (Table 3). Notably,

frontiersin.org


https://doi.org/10.3389/fmars.2023.1278229
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Viola et al. 10.3389/fmars.2023.1278229
Longitude
West East West
[ Il Il 1
A -90|° -6(}° -3(|)° 0;’ 3|0° 6(l)° 9(|)° 1%0°1?0°1€|§0°—1[50°-1120°I90°-|60° |-30°
MAR -1 I{D--
APR _[dI]-
- Wy ' ———————— {[F]}-
S  yun | 00 el
g ==
T s = N
AUG | emmemeefemoeee- UEI—H --------------------------
—J
SEP | bee-e- ﬁiﬂ ---------------------------------
oc [ | eeee-- {Eﬁ ------------------------
T T T T T T T T T T T T T L T
B
-54 L
v : : ! T
=l 1
= '
E’. ! EE Dl
MAR  APR MAY  JUN JUL  AUG SEP  OCT
Month
FIGURE 2

Box plots of monthly longitudinal (A) and latitudinal (B) distribution of Snow Petrels Pagodroma nivea from Béchervaise (grey), and Filla (white)
islands in 2011. Colony locations are shown by the blue (Béchervaise), and yellow (Filla) lines. The 0-degree longitude line is shown in grey.

the partial plots for variable contribution (see Supplementary
Material) show that bathymetric depths greater than 5000 meters
were associated with more preferred habitat. Such deep features are
not habitat features of direct relevance to a surface-feeding species,
but rather are indicating the effect of depth on other environmental
processes (such as circulation and subsequent sea-ice coverage, Sun
et al., 2022).

The contribution of environmental variables changed
temporally, and the importance of some variables, such as
distance to the southern boundary of the Antarctic Circumpolar
Current were found to be most important between April and May,
before sharply dropping off in the later months (Figure 4). Other
variables, such as distance to ice edge were consistently important
during the non-breeding period (Figure 4).

Habitat suitability maps for Snow Petrels in the non-breeding
period (Figure 5) show that suitable habitat was circumpolar, but
with the higher values tending to be in areas closer to breeding sites.
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In June, suitable cells were observed further away from the coast,
and continued to expand around west Antarctica until the end of
the non-breeding cycle in October. The maps signify waters over the
Kerguelen Plateau, and the Enderby and Valdivia Abyssal Plains as
areas highly associated with Snow Petrel habitat suitability (a trend
consistent with Figure 2). Highly suitable cells tend to be
seen around the Cosmonaut Sea in earlier months, before
shifting around to the Cooperation Sea in the later months. Maps
and outputs for individual colonies are presented in the
Supplementary Material.

4 Discussion

This work presents an important step in our understanding of
Snow Petrel habitat suitability throughout the non-breeding period
for two large colonies in East Antarctica. It provides habitat

frontiersin.org


https://doi.org/10.3389/fmars.2023.1278229
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Viola et al. 10.3389/fmars.2023.1278229

80
> 60 -
=
©
®©
239
8= 40 -
1S
=
&
o —&—°Filla - night
>
< 20 1 —a—Filla- day

—@—Béchervaise - night
—O—Béchervaise - day
0 T T T T T T T
MAR APR MAY JuL AUG SEP OoCT
Month
FIGURE 3

Monthly percentages of diurnal and nocturnal foraging activities of Snow Petrels Pagodroma nivea from Filla and Béchervaise islands in 2011.

suitability maps for Snow Petrels during the non-breeding period,
and contributes to knowledge of their at-sea winter habitat
requirements. The mean distances travelled by adult Snow Petrels
were similar across years and between colonies, and in all cases, the
mean distance travelled by individuals during the non-breeding
period exceeded 80,000 km (Table 2). Individual tracks suggest a
wide range of movement strategies throughout the winter — with
four of 27 individuals reaching west Antarctica, and one individual
performing a complete circumpolar navigation (Figure 1). To our

knowledge, this is the first record of a Snow Petrel completing such
a feat, though it is not uncommon for other, larger, Antarctic
seabirds such as Wandering Albatross (Diomedea exulans) to
perform single, double, or even triple circumnavigations over the
course of a year (Weimerskirch et al,, 2015).

Bathymetry, sea-surface height, distance to the southern
boundary of the Antarctic Circumpolar Current, distance to the
ice-edge, sea-ice concentration, and sea-surface temperature were
important determinants of Snow Petrel habitat preference (Table 3,

TABLE 3 Influence of environmental variables on Snow Petrel (Pagodroma nivea) habitat preference as determined by boosted regression tree
(BRT) analyses.

Variable
(2011)

Béchervaise Island = Béchervaise Island

Filla Island (2011)
(2012)

Sea surface temperature

Sea surface temperature gradient

Sea surface height

Sea surface height anomaly 2.05 0.81 0.77 1.03
Sea-ice concentration 5.39 9.55 6.65 9.34
Ice category 3.37 7.08 123 1.10
Wind 0.01 0.11 0.04 0.07
Eddy kinetic energy 2.19 0.61 1.50 1.05
Surface heat flux 3.72 2.95 1.64 3.36
Distance to open water 0.87 1.05 1.94 0.36
Distance to ice-edge 3.15 831 9.70
Distance to southern boundary of the Antarctic 12.97

Circumpolar Current

Day of Year 14.72 10.02 9.03 8.90

Red cells indicate preference associated with higher values (as per BRT partial plots; see Supplementary Material), and blue cells indicate preference associated with lower values. For ice category,
red cells indicate preference associated with icier regions, and blue cells indicate preference associated with open water. White indicates neutral association with preference. Variables with a
stronger influence are represented by larger values, and increasing opacity.
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Figure 4). Areas between the breeding colonies, Cosmonauts Sea,
Cooperation Sea, and the southern Kerguelen Plateau were
particularly important regions. However, suitable habitat was
observed around the entire continent (Figure 5). Given suitability
was informed by presence data, this observation suggests Snow
Petrels are highly mobile and have generalist habitat requirements
throughout the winter, and likely contributes to their existence as
the singular species within their genus with a circumpolar
distribution [i.e., there has been a lack of environmental pressure
to promote speciation. We note that there are two sub-species, but
this is subject to debate (Carrea et al., 2019; Kim and Kim, 2020)].

The only other study to assess habitat use by Snow Petrels
during the non-breeding period was conducted at Pointe Géologie,
Adélie Land, East Antarctica — roughly 2,500 kilometers to the east
of Filla Island (Figure 1). The Snow Petrels from Pointe Geéologie
remained in ice-associated waters, and moved towards similar
geographic regions as those described in this paper throughout
the non-breeding period (Delord et al., 2016). Notably, the previous
study used immersion sensors to understand Snow Petrel activity
patterns (Delord et al., 2016). Though our values differ slightly (due
to differences in method), our findings on immersion and diurnal
activity align with the French study (Figure 3). Snow Petrels from
both colonies were predominantly active during nocturnal hours
throughout the non-breeding period (Figure 3), and remained in
ice-associated waters (Figure 1). Petrels from Béchervaise Island
switched to a diurnal pattern in August, and petrels from Filla
Island did so in September (Figure 3). This earlier change in
cathemeral activity is possibly because birds from Béchervaise
Island tended to be farther north than those from Filla Island
(Figure 2). Snow Petrels are known to be particularly active during
crepuscular hours. It is believed that such activity is associated with
the vertical movement of prey (such as Antarctic Krill (Euphausia
superba)) towards the sea surface during hours of darkness (Fraser
etal,, 1989; Delord et al., 2016). It is likely that the nocturnal activity
observed in Snow Petrels from Béchervaise, and Filla Islands is also
in response to this, though we expect greater foraging success
during twilight as Snow Petrels are visual predators and it is
slightly lighter at dawn/dusk than during the night.

The comparatively lower foraging activity of Snow Petrels
during autumn (March/April, Figure 3) may be related to their
complex and protracted annual moult that occurs in several phases.
Their primary feathers are moulted in January; by March, all wing
and tail feathers have been replaced; flight feathers are replaced
continuously without impairing the ability to fly (allowing adults to
feed their chicks); and the final phase is the post-breeding moult
in late March/April when the body feathers are replaced
(Maher, 1962). During this final phase, Snow Petrels may limit
their exposure to water as body feathers are crucial for
thermoregulation and, at least in some terrestrial birds, the
disorder of plumage caused by moult can induce heat loss and
increased energy demands (Schieltz and Murphy, 1997). Although
the Snow Petrel plumage is very dense and heat loss may not be
severe, a disruption to the integrity of the plumage is likely.

Given the foraging potential associated with the Kerguelen Axis
(the area extending from the Kerguelen Plateau, over the BANZARE
Bank south to east Antarctica) (Constable and Swadling, 2020), and
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its proximity to our study sites, it is unsurprising that most of the
Snow Petrels in this study remained relatively close (< 1000 km) to
their breeding area (and thus the Kerguelen region) throughout the
non-breeding period (Figures 1, 2, 5). Throughout winter,
chlorophyll-a levels are particularly low in the Southern Ocean
(Sokolov and Rintoul, 2007). In summer studies, chlorophyll-a
levels are routinely used as a proxy for primary productivity in the
ocean — where planktivorous species (such as krill, zooplankton, and
small fish) are present within their prey fields (Hammond et al.,
2020; Hellessey et al., 2020). This is then used to infer biological
activity within a region, and it is expected that tertiary consumers
(such as Snow Petrels) will follow the secondary consumers (such as
planktivores) to the prey fields (Santora et al., 2009). We did not
include ocean color as a predictor in the habitat preference models,
because satellite-derived chlorophyll-a concentration is not available
during times of darkness, or in areas covered by sea ice or cloud,
which constituted the majority of our study. Nevertheless, though
reduced, phytoplankton production persists in areas where the
Antarctic Circumpolar Current interacts with large topographic
features such as the Kerguelen Islands (Sokolov and Rintoul,
2007). Thus, the Kerguelen Axis is one of the most important
locations for primary production in the region (Arrigo et al,
2008). If chlorophyll-a levels in the Southern Ocean decrease
during winter, while areas near the breeding colonies remain
productive, it seems unnecessary for a bird to expend additional
energy to reach a more distant foraging area. It is more practical for
them to rely on a nearby and dependable food source. However, it
should be noted that this theory may not apply uniformly to all Snow
Petrel colonies, given the variations in conditions between breeding
sites and the fact that the south-polar region is not homogeneous
(Subramaniam et al., 2022).

The early peak (around April 10"/Day 100) in the importance
of distance to the southern boundary of the Antarctic Circumpolar
Current (SBACC, Figure 4) is driven by birds from Béchervaise
Island in 2011 (see Supplementary Figure 1; herein Figure SI).
Many of the environmental predictors deemed to be important for
habitat preference are shared between the single colony models and
the combined model (Table 3). However, there are temporal
differences between colonies regarding the time of year in which
each variable is most important (Figure S1). For birds from
Béchervaise Island in 2011, SBACC was important throughout
the non-breeding period, but most important in the earlier
months (Figure S1). This may be associated with the biological
productivity, and subsequent foraging potential, linked to the
Antarctic Circumpolar Current (Ito et al., 2005; Ribic et al,
2011). We suspect the proximity to SBACC may be more
important at the start of the non-breeding period as local (closer)
foraging areas could be depleted by foraging effort related to the
chick-rearing stages — where shorter flights and larger catches are
required to maintain proximity to, and satiety of, newly hatched
Snow Petrel chicks. Such localized prey depletion has been observed
around breeding areas for other Antarctic seabirds such as the
Macaroni Penguin (Eudyptes chrysolophus) (Bedford et al., 2015).
However, the quantification of prey-fields is an emerging area of
research, and not yet applicable to the areas described within
this manuscript.
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Bathymetry was overwhelmingly the most important
environmental predictor throughout the year for birds from Filla
Island in 2011(Figure S1). Bathymetry has previously been
recognized as an important environmental feature for other
groups of seabirds with variable foraging strategies, such as sulids
(Young et al,, 2015). It is thought that individual birds may seek out
distinct bathymetric features known to increase productivity, or
oceanographic features that harbor prey due to bathymetric
variability (Young et al., 2015). The same may be true for
Snow Petrels.

The temporal importance of environmental predictors was most
variable when modelled for birds from Beéchervaise Island in 2012
(Figure S1). Almost all variables were highly important at one point of
the year, but bathymetry, distance to open water, and sea-surface height
were the strongest predictors for habitat preference. These variables are
associated with the Antarctic Circumpolar Current and are likely
representing preference for biological productivity associated with the
current (Sokolov and Rintoul, 2009).

Despite the increase in sea-ice concentrations from March to
September, monthly activity remained relatively constant throughout
the non-breeding period for birds from both colonies (Figure 3). This
suggests that Snow Petrels remain to the north of the sea ice zone, utilize
gaps in the sea-ice to forage, or do both. Our “distance to open water”
predictor was based on gridded sea ice data (Table 1). The grid size
(12.5 km) is sufficient to detect large gaps in the sea-ice, but too coarse
to detect leads that are usable by highly mobile flying birds. Notably, we
initially conducted analyses using daily leads data (Reiser et al., 2020),
but we did not find a strong association between the presence of Snow
Petrels and the presence of leads. Consequently, we excluded the leads
data from the final results. However, we are confident that future
studies, with improved tracking accuracy, will be able to incorporate
leads data as an environmental variable. Although our model included a
range of sea-ice variables, the mismatch between the spatial resolution
of current satellite sensors and the tracking inaccuracies of GLS devices
may explain the unexpectedly weak associations between sea-ice
variables and the tracking data.

To clarify, the use of GLS tracking devices allowed us to monitor
the birds continuously throughout the study period without being
limited by battery capacity. However, these devices have relatively
poor location accuracy (~186 + 114 km for flying birds; Phillips
et al,, 2004). Nonetheless, the scale of our study far exceeded the
scale of inaccuracy, and in conjunction with our quantitative
approach (Elith et al.,, 2008; Reisinger et al., 2018; Hindell et al.,
2020), the accuracy of GLS devices is unlikely to have significantly
impacted the results. Therefore, our findings provide a broad
indication of distribution and habitat suitability rather than a
detailed account of fine-scale movement dynamics (Quillfeldt
et al., 2017).

Future studies in the region will benefit from advancements in
battery technology, enabling the use of smaller GPS tracking devices
that offer higher accuracy compared to GLS devices (Bernard et al.,
2021). These devices will allow researchers to track animals with
GPS-scale resolution for extended periods, further enhancing the
understanding of animal movements.

It is possible that Snow Petrels spend the majority of their sea-
time in productive areas where they forage successfully, but this
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interpretation is limited to nesting birds (a common limitation in
seabird tracking studies (Priddel et al., 2014), as those are the
individuals accessible to researchers (i.e., juveniles, pre-breeders,
and non-breeders are generally not constrained to a nest and are
therefore extremely difficult to retrieve from the same location when
attaching/detaching tracking devices). State-space modelling of GPS
tracking data would allow researchers to identify specific “foraging
only” regions [i.e., environmental features actively targeted by the
birds; Halpin et al. (2022)]. Moreover, with the emergence of
circumpolar databases that increasingly provide information on
mesopelagic fish species (Woods et al., 2022), and krill (Atkinson
et al., 2017), relevant seabird studies whose data overlap with prey
data could gain valuable insight on which prey species are most
commonly associated with seabird presence. Ideally, these foraging
areas are regions that should be considered in conservation
management planning (Thaxter et al, 2012; Veit and Harrison,
2017). Other species of seabird, such as penguins and shearwaters,
associate with areas of subsurface productivity influenced by
topographic features (Raymond et al., 2010; Kokubun et al., 2015;
Riaz et al,, 2021), and it is possible that Snow Petrels do the same.
Subsurface productivity is not well detected by the satellite
chlorophyll-a sensors currently available, but could also be
considered in future works. Interestingly, the knots’ observed in
the flight paths of tracked Snow Petrels (Figure 1), may indicate the
use of icebergs for roosting and temporary foraging mounts. Snow
Petrels are well known to roost on icebergs (Brown, 1966), and
increased primary productivity has been shown to occur around
icebergs (Hopwood et al., 2019; Liniger et al., 2020; Smith et al,,
2007). Such enhanced primary productivity could lead to hotspots
of bountiful prey, distant from breeding locations.

Our study presents the first detailed analysis of environmental
variables associated with Snow Petrel presence throughout the
winter in East Antarctica using colonies near Mawson
(Beéchervaise) and Davis (Filla) stations. Congruent with other
ecological studies in the region (Bestley et al., 2018; Hindell et al.,
2020), our research demonstrates the great biological importance of
the Kerguelen axis. The Kerguelen region is subject to both research
and commercial fishing activity (Hill et al., 2017; Tixier et al., 2019;
Subramaniam et al.,, 2022). Preliminary studies show little impact
from commercial fishing activities on ecosystem interactions
(Subramaniam et al., 2020). However, more research is needed to
disentangle the influence of human activity and natural variation in
the region on ecosystems and their inhabitants such as Snow Petrels
(Subramaniam et al., 2022). The single most important habitat
feature for fulmarine petrels (including Snow Petrels) to persist on
Earth’s coldest continent is an abundance of food (Weathers et al.,
2000). Although Antarctic Petrels (Thalassoica antarctica) and
Snow Petrels are better insulated than lower-latitude species, their
best adaptation to dealing with cold environments is an increased
metabolic rate (Weathers et al., 2000). When combined with
plasticity in behavior, and variations between individuals
regarding habitat use, Snow Petrels may be able to overcome
challenges associated with anthropogenic climate change provided
their prey fields remain plentiful. Once a more comprehensive
understanding of Snow Petrel at-sea habitat use has been realized,
we also recommend that future studies seek to explore how the
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suitability of Snow Petrel habitat will change under different climate
scenarios. In any case, to give the Snow Petrel the best possible
chance of adapting to climate change, we must ensure it has time to
do so. As with other wide-ranging species, protecting their prey
availability and suitable nesting habitat will contribute to their
conservation (Guixe and Arroyo, 2011).
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