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Spatial segregation of two petrel species

Abstract: Breeding in sympatry may increase competition among closely related species,
especially when these species are colonial central-place foragers. Niche partitioning, for
example through segregation in space, time, habitat or diet, can help mitigate such competition.
Here, we test for differences in the movement, space use and habitat selection of two closely-
related pelagic seabirds, the Antarctic petrel Thalassoica antarctica and snow petrel
Pagodroma nivea, breeding sympatrically in Antarctica. To do so, we tracked the foraging
movements of breeders from a large colony at Svarthamaren, Dronning Maud Land using GPS
loggers. We found that during incubation, Antarctic petrels traveled faster, and trips were longer
in duration and travel distance than those of snow petrels. Antarctic petrels foraged
predominantly northeast of the colony whereas snow petrels foraged further west, closer to the
coastline. This led to spatial segregation, with < 15% mean overlap between foraging areas of
the two species. Snow petrels foraged more frequently among sea ice, and closer to the sea-ice
edge than Antarctic petrels. These results support the hypothesis that the foraging niches of the
two species are differentiated in geographical space and habitat, possibly mediated by
differences in size and therefore flight performance. These results imply that foraging snow
petrels are more directly dependent on sea ice than Antarctic petrels and consequently more

immediately affected by loss of sea ice due to climate change.

Keywords: Climate change, Procellariiformes; interspecific competition; niche partitioning;

central-place foraging; GPS tracking; sea ice.
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Spatial segregation of two petrel species

1. INTRODUCTION

Understanding how different species use space and resources is an important question in
ecology (Roswag et al. 2015), because interspecific interactions strongly influence where
species occur and which habitats they select. This use of the environment can be framed by the
concept of the ecological niche, which Hutchinson (1957) defined as a multi-dimensional space
determined by both abiotic and biotic factors. If the use of environmental space by several
species overlaps in one or more niche dimensions, they can reduce competition by segregating
in geographical space or other dimensions of niche space (Schoener 1974). This adjustment
results in what is called the realized niche, as opposed to the fundamental niche, which
corresponds to the conditions that an animal would use in the absence of competition
(Hutchinson 1957). Such niche segregation can allow the co-existence of species in the same
geographical space (Volterra 1928, Gause 1934, Hutchinson 1957, Schoener 1974). As
ecological niches have multiple dimensions, there are numerous ways in which animals can
achieve niche segregation, for example, through differences in diet (e.g., Chillo ef al. 2010,
Steenweg et al. 2011, Florencio et al. 2013), use of geographical space (e.g., Pita et al. 2010,
Kappes et al. 2015, Picket et al. 2018, Rodriguez et al. 2020), allochrony (e.g., Bentley et al.
2022, Granroth-Wilding & Philips 2019, Ramos ef al. 2016) or habitat (e.g., Astarloa et al.
2021, Barger et al. 2016, Granroth-Wilding & Philips 2019), where habitats are defined by
combinations of environmental conditions (Aarts et al. 2008).

Although Hutchinson’s multidimensional niche concept remains foundational in ecology, it has
been refined to include dynamic and evolutionary processes that influence how species interact
with and modify their environments (Ferrante 2025, Holt 2009, Leibold 1995, Mclnermy &

Etienne 2012). We acknowledge these developments but rely here on the Hutchinsonian
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Spatial segregation of two petrel species

“requirement niche” framework (Leibold 1995), which remains particularly suitable for
describing patterns of space and habitat use in central-place foraging seabirds.

Seabirds are central-place foragers during the breeding season, i.e., they must return regularly
to the colony to incubate their egg(s) or feed their chick(s) (Petalas et al. 2024). When two
seabird species breed sympatrically, their potential home ranges overlap, and competition is
often mitigated via niche segregation (Philips et al. 2005, Connan et al. 2014, Pickett et al.
2018, Granroth-Wilding & Philips 2019), either by specializing on different prey (Croxall &
Prince 1980, Steenweg et al. 2011, Connan et al. 2014), segregating in space (Philips et al.
2005, Pickett et al. 2018, Granroth-Wilding & Philips 2019) or partitioning habitat (Barger et
al. 2016, Granroth-Wilding & Philips 2019). One mechanism behind these segregation patterns
is the influence of morphology on foraging behaviour. Variations in body size affect wing
loading, energy reserves, and the ability to exploit wind, leading larger species to travel faster
or over greater distances (Pennycuick ef al. 1984, Spear & Ainley 1997, Dehnhard et al. 2021).
These flight and energetic differences can promote spatial segregation even when species rely
on similar diet.

In this study, we aim to use tracking to confirm whether differences in space use and habitat
use by Antarctic petrels Thalassoica antarctica and snow petrels Pagodroma nivea previously
previously inferred from ship-based observations (Ainley et al. 1992, 1993, 1994, 1998) also
occur among sympatric breeders and whether these may be mediated by differences in flight
performance during central-place foraging. These two closely-related fulmarine petrels are
endemic to Antarctica and have similar life histories and foraging ecology (Marchant et al.
1990). Both breed from late November to early March, during the Austral summer and feed
mainly on krill, fish and squid (Griffiths 1983, Marchant et al. 1990, Lorentsen et al. 1998,

Ferretti et al. 2001). Both are associated with sea-ice habitats (Griffiths 1983, Ainley et al.
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1984, Fauchald et al. 2017, Tarroux et al. 2020, Delord et al. 2016). However, in these
studies, the breeding status and provenance of observed birds was unknown so it is unclear
how central-place constraint and flight performance during breeding affect niche
partitioning". Hence, we tracked Antarctic petrels and snow petrels breeding sympatrically at
Svarthamaren, in Dronning Maud Land, Antarctica with the aim of testing the following
predictions: (1) breeding Antarctic petrels fly faster and make foraging trips that are longer in
duration and distance (maximal and total) than those of breeding snow petrels due to their
difference in wing loading (Spear & Ainley 1997); (2), the foraging areas of the two breeding
species are segregated in geographical space due to habitat partitioning (Ainley et al. 1993,
Ainley et al. 1994), and (3) breeding Antarctic petrels are less associated with sea-ice habitats

than breeding snow petrels (Ainley et al. 1984, Ainley et al. 1993, Ainley et al. 1994).

Antarctic marine ecosystems are undergoing major transformations due to climate change, with
effects on sea-ice dynamics and prey availability (e.g. Stokes ef al. 2022, Kawaguchi et al.
2013, 2024). Understanding niche partitioning among Antarctic seabird species is a priority in
this context, as it can reveal how climate-driven changes may affect species differently. This
knowledge is critical for predicting the impacts of climate change on these species and the wider

ecosystem.

2. METHODS

2.1. Study species and data collection

Antarctic petrels and snow petrels (order Procellariiformes, family Procellariidae) have a

similar breeding phenology, laying eggs in late November to early December and early to mid
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December, with hatching in early to mid January and mid to late January, and fledging in late
February and late February to early march, respectively (Marchant ef al. 1990, del Hoyo et al.
1992; Descamps et al. 2016). In Dronning Maud Land, Antarctic petrels and snow petrels weigh
approximately 675 g and 250g, respectively, with a wingspan of 100-110 cm (Antarctic petrel)
and 75-95 cm (snow petrel). They occur at sea all around Antarctica up to 48°S, and breed in
snow-free areas (Marchant et al. 1990). Antarctic petrels nest in shallow depressions in gravel
and snow petrels in cavities under exposed rocks. Both species produce one egg that is
incubated for approximately 45 days. The chick-rearing period lasts approximately 45 days and
48 days for Antarctic petrels and snow petrels, respectively (Marchant et al. 1990).

The colony at Svarthamaren (71°53'S, 5°10'E) is located 200 km from the coast and is one of
the largest inland seabird colonies in Antarctica (Mehlum et al. 1988), a Specially Protected
Area (Antarctic Treaty Secretariat 2009). In the 2022/23 season (our study period), there was
an estimated 80,500 breeding pairs of Antarctic petrels, and 3,500 breeding pairs of snow
petrels (Descamps unpubl. data) at Svarthamaren. During this season, we captured breeding
Antarctic petrels and snow petrels at the nest and attached GPS loggers (nanoFix GEO+RF with
a solar panel for snow petrels, Pathtrack Ltd., Otley, UK) to the base of the middle two rectrices
using Tesa® tape (Table 1). Some data were excluded due to (1) tag loss or failure (22%), (2)
breeding failure which led to nest desertion (5%) and (3) trip coverage was incomplete due to
battery failure (11%). The GPS loggers were programmed to record locations every 30 min,
although this interval could increase if the battery became depleted. Loggers weighed
approximately 4 g for snow petrels and 5 g for Antarctic petrels, which is less than 2% of mean
body mass (Philips et al. 2003). Both during incubation and chick-rearing, most loggers were
deployed on birds that were about to be replaced by their partner on the nest and therefore about

to start a foraging trip (Table 1). Data from the loggers were downloaded automatically to base
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stations installed in the colony. If possible, GPS loggers deployed during incubation were
recovered that season. Tags deployed during chick-rearing were not recovered but continued to
transmit data to base stations until the tags failed, were lost, or the bird stopped visiting the
colony. These tags would have been shed during feather moult which occurs in March and April
(Marchant et al. 1990). Tracking durations ranged from 1.5 to 13 days for Antarctic petrels, and
from 2.5 to 11 days for snow petrels. We obtained data on 60 foraging trips during the breeding
period for snow petrels (2.0 trips on average per individual) and 51 for Antarctic petrels (2.3

trips on average per individual).

2.2. Data preparation

All data processing and analyses were performed using R software version 4.3.1 (R Core Team
2023). The GPS locations were separated into individual trips with the tripSplit function from
the “Track2KBA” package (Beal et al. 2021). To do so, a minimum buffer of 35 km was defined
around the colony and all birds which travelled outside this buffer were considered as starting
a foraging trip. Trips were deemed to have been recorded completely if they returned to a buffer
of 1 km around the colony. Following Tarroux et al. (2016), excursions from the colony of <3
h were discarded because they were too brief for the bird to have foraged at sea. Trips were also
discarded if they did not end at the colony or had gaps between locations of >12 h. The breeding
status assigned to each trip corresponds to the last observed status at the start of the trip
(incubation or chick-rearing; nests were monitored 2-3 times a weekby direct observation of
the nest concent). A few foraging trips could not be associated with a specific breeding status
due to birds not being observed on the nest prior to the trip (Table 1).

To regularize location data to constant time interval of 30 minutes, we fitted correlated random
walk models for each trip and each bird using the aniMotum package (Jonsen et al. 2023). We
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used as starting parameters a maximum speed of 40 m/s, turning angles of 5-10 degrees and

step lengths of 5-10 km.
2.3. Trip characteristics

We calculated five foraging trip metrics (i) cumulative distance, (i1) maximum great circle
distance (maximum range) from the colony, (iii) duration, (iv) mean speed, and (v) bearing
between the colony and the distal location using the function tripSummary from the package
track2KBA (Beal et al. 2021).

To test for a difference in foraging trip metrics between the two species, we used linear mixed-
effects models fitted using the nlme package (Pinheiro et al. 2002). Fixed effects included
species and breeding stage (incubation vs. chick rearing) and their interaction. We included the
trip number nested within bird ID as random factors, to account for the hierarchical dependency
of the tracking data. We used Akaike Information Criterion for model selection (Burnham &
Anderson 2002), considering five different models (Table 2). If the difference in AIC values
between two models was <2, we assumed that the one with fewer parameters was more
parsimonious (Burnham & Anderson 2002). We used maximum likelihood (ML) to fit the
models and calculate AIC values, as all models considered here had the same random effect
structure but different fixed effects. However, to obtain unbiased estimates of the random
effects, the selected models were refitted using restricted maximum likelihood (REML, Zuur et

al. 2009).
2.4. |dentification of foraging areas

Our study species do not forage on land and in our study system make long (>200 km) overland

commutes prior to reaching the sea. We therefore restricted this part of our analysis to the at-
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sea segments of foraging trips. Positions on land were identified and removed using a medium-
resolution shapefile from Quantarctica defining the Antarctic coastline (Matsuoka et al. 2018).
As these points only occurred at the start and end of trips, their removal did not affect the
continuity of tracks required for the HMM analyses. To identify locations where birds engaged
in putative foraging behavior, we used Hidden Markov Models (HMM) fitted with the
momentuHMM package (McClintock et al. 2018), following Wakefield et al. (In review) and
Honan et al. (In Press). In brief, we assumed that three behavioral states could be discriminated
based on step length and turning angle: Travelling (step length high, turning angle
concentrated), foraging (step length intermediate, turning angle dispersed); and resting at sea
(step length low, turning angle very dispersed) (Hooten et al. 2017, Bennison et al. 2018).
Initially, we fitted 25 models, randomly drawing starting parameters from within realistic
ranges defined based on previous studies (Tarroux et al. 2020, Wakefield et al. 2024, Wakefield
et al. In review). Using the model with the highest likelithood (Michelot and Langrock 2022,
Table 3), we predicted the most likely sequence of states using the Viterbi decoding algorithm

(Zucchini et al. 2016).

Using only locations classified as foraging, we created surfaces containing the 95% of the
utilization distribution (UD) of each species (the UD describes the probability density of an
animal’s use of space (Worton 1989)). We estimated UDs using a kernel density estimate with
a smoothing parameter of 1 km on a 3.125 x 3.125 km regular grid (matching the spatial
resolution of the sea-ice concentration data used in our analyses - see below). We calculated
the overlap between the 95% foraging UDs of the two species, using the kerneloverlap function
(Calenge 2006), and the Home Range (HR) method (Fieberg & Kochanny 2005). This method
gives the proportion of each UD that overlaps with that of the other, ranging from 0 (no overlap)

to 1 (complete overlap). To quantify the uncertainty in the overlap, a bootstrap was used, with
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500 iterations. At each iteration, the foraging locations from 22 Antarctic petrels and 30 snow
petrels were randomly selected with replacement and the overlap was calculated. The 95%
confidence interval of these 500 overlap scores was then used to estimate the uncertainty around

the overlap.

2.5. Useof seaice

To quantify sea-ice conditions at locations used by the two species, we considered sea-ice
concentration (SIC) and distance to sea-ice edge. The SIC is the percentage of a given grid
cell’s surface covered by sea ice. Daily sea ice concentration at a 3.125 km resolution was
downloaded from Bremen University sea-ice dataset (https://data.seaice.uni-
bremen.de/databrowser/). The SIC data results from applying the ARTIST Sea Ice algorithm to
the brightness temperature obtained by the AMSR2 sensors flown aboard the JAXA satellite

(Spreen et al. 2008).

We used these sea-ice data to answer three questions. (i) How frequently do the two species
forage in areas covered by sea ice? (i1)) What is the mean SIC in those areas? (ii1) When the two
species forage in open water, how far are they from the ice edge? For the first two questions,
we used zero-inflated mixed-effect beta-regression models fitted using the glmmTMB package
(Brooks et al. 2017) to account for the large number of zeros in our dataset. This type of model
has two components: The first, the zero-inflation component, is a logistic regression that models
the probability of a SIC value being exactly zero (completely open water), which is used to
answer our first question. The second component, a beta regression, then models the SIC values
that are strictly between 0 and 1 (i.e., >0 - 1), after converting the percentages to proportion,
using a logit link function. This allows us to evaluate how SIC usage varies between species

and breeding stages, conditional on the bird foraging in areas with some sea-ice cover,
Page 10 of 41



222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

Spatial segregation of two petrel species

answering our second question. To address the third question, we defined the sea-ice edge as
the 15% SIC contour, marking the boundary between open water and ice-covered areas and for
each foraging GPS location in open water (i.e., SIC < 15%), calculated the absolute distance to
the nearest point on the 15% SIC contour. We modelled these distances using linear mixed
models fitted with the Ime function from the “nlme” package (Pinheiro et al. 2002). We
included random intercepts for bird ID and trip number nested within bird ID. The distance to
the ice edge was square root transformed to further meet the assumptions of homoscedasticity
and normality of residuals (model residuals were checked visually). For both the zero-inflated,
beta regression and linear models, we used AIC to assess whether model performance was

improved by including species, breeding status or their interactions as fixed effects.

3. RESULTS

3.1. Foraging trip metrics

Maximum range, cumulative distance and trip duration were highly correlated (Pearson’s r
> 0.85; Table Al) so we only report the former. AIC provided evidence that maximum range
varied between species and breeding stages, whereas mean speed and bearing to distal location
varied only between species (Tables 2 and 4; Fig. 1). During incubation and chick-rearing,
maximum range was on average 608 and 145 km further, respectively, from the colony for
Antarctic petrels than snow petrels but the difference was significant only during incubation
(Table A2). During both incubation and chick-rearing, distal locations of trips of Antarctic
petrels were 62° further east and travel speeds were 4 km h™! faster than for snow petrels (Figs.

1; Tables 4 and A2).
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3.2. Spatial segregation

HMMs classified 37% of locations of Antarctic petrels and 35% of locations of snow petrels as
foraging (Table A3). Antarctic petrels foraged in areas further east and north than snow petrels
(Fig. 2). The latter’s UD was centred closer to the coast, predominantly to the west of the
colony. There was very little overlap between core UDs of the two species (overlap index: snow
petrels over Antarctic petrels, 12% [95% confidence interval: 1% - 21%]; Antarctic petrels over

snow petrels, 14% [95% CI: 0% - 28%]).
3.3. Use of sea-ice habitats

Among the models of SIC at foraging locations, the best models for the zero-inflated section
included species, breeding status, and their interaction. In contrast, for the beta-regression
section, the null model was most parsimonious, suggesting that neither species nor breeding
status had a significant effect (Fig. 3, Table 5). The zero-inflated section, testing the use of
completely open water (i.e., the logistic regression predicting whether a proportion is 0 or not)
indicated that Antarctic petrels and snow petrels foraged for a similar proportion of time in
completely open water (0% SIC) during incubation (56% vs. 44%). However, during chick-
rearing, Antarctic petrels foraged more frequently in open water than snow petrels (90% vs.
50%; Fig. 3, Table 6).

Distances to the sea-ice edge of foraging locations in open water (>15% SIC), beyond the ice
edge, differed according to species, breeding status, and their interaction (Table 5). On average,
Antarctic petrels foraged 357 km farther from the ice edge than snow petrels during incubation,

and 9 km farther during chick-rearing (Fig. 3, Table 6).
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4. DISCUSSION

Sympatric central-place foragers, especially those that are closely related, are expected to
develop strategies that mitigate the effects of competition, leading to spatial, temporal,
behavioral or some other form of segregation (Gonzélez-Solis ef al. 2000, Navarro et al. 2013,
Fromant et al. 2022). Our study revealed that, despite many similarities in their foraging
behavior, Antarctic petrels generally travelled faster and covered greater distances than snow
petrels during incubation. The small overlap in their foraging areas (12% and 14% during
incubation and chick-rearing, respectively) supports the hypothesis that these species segregate
spatially, presumably to reduce competitive pressures, even though they share a similar
fundamental niche. Moreover, our results reveal habitat segregation: although both species
forage in sea-ice habitats, snow petrels were more closely associated with sea-ice than Antarctic
petrels. However, it is important to stress that our study is limited to a single breeding season.
Segregation among Antarctic and snow petrels may vary across years depending on

environmental conditions.

4.1. Difference in foraging trip metrics
During the incubation period, Antarctic petrels made longer foraging trips, both in terms of
distance and duration, and traveled further from the colony than snow petrels. This is potentially
attributable to differences in wing loading (Spear & Ainley 1997). Antarctic petrels have a
higher wing loading than snow petrels and consequently have higher optimal airspeeds,
enabling them to cover greater distances in a given time (Griffiths 1983; Marchant et al. 1990,
Spear & Ainley 1997). Moreover, during incubation, foraging duration might be influenced by

the fasting capacity of the partner. The larger body size of Antarctic petrels likely allows the
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incubating partner to withstand longer fasting periods, allowing the foraging bird to undertake
longer trips than snow petrels (Shoji et al. 2015).

Both species traveled shorter distances during chick-rearing than incubation. Foraging trips in
chick-rearing need to meet the energetic requirements of both parents and the chick(s) (Varpe
et al. 2004), which represent an intrinsic constraint, especially during early chick rearing — the
period observed in our study — when the energy demands of chicks is important, requiring the
parent to do shorter trip. In addition, the progressive melting of sea ice throughout the breeding
season likely allows Antarctic and snow petrels to forage closer to the colony during chick-
rearing, reducing trip distances and potentially enabling more frequent chick provisioning. This
habitat shift represents a key extrinsic factor that shapes foraging decisions. The observed
convergence in foraging trip distances between the two species could be the result of Antarctic
petrels’ and snow petrels’ chicks having similar mass-specific energy requirements. However,
our results also suggest that snow petrels tended to forage slightly farther from the colony
during chick-rearing than Antarctic petrels, although this difference was not statistically
significant. The reason for this pattern could be that by the chick-rearing period, the ice edge
has reached the coast, forcing snow petrels to travel farther west along the coast and into the
Weddell Sea embayment to find suitable ice-edge or MIZ habitat. In contrast, Antarctic petrels

can access open water close to the colony.
4.2. Spatial Segregation

We found clear spatial segregation between the two species. We presume that this is a way of
reducing competition, which otherwise might be intense given the ecological similarities
between these two species, including overlapping diets (Marchant ez al. 1990, del Hoyo ef al.

1992). However, previous studies on sympatrically breeding petrels have yielded mixed results
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regarding spatial segregation. Some reported evidence of segregation (e.g., Gonzalez-Solis et
al. 2000 and Granroth-Wilding & Phillips 2019 for giant petrel spp.; Navarro et al. 2013 for
blue petrels, Antarctic prions, common diving petrels, and South Georgian diving petrels;
Fromant et al. 2022 for common and South Georgian diving petrels), while others did not (e.g.,
Dehnhard et al. 2020 for Antarctic petrels, southern fulmars and cape petrels; Delord ef al. 2016
for southern fulmars, cape petrels, and snow petrels). These contrasting findings may reflect
differences in local ecological conditions, as the studies were conducted at different colonies,
varying in distance to the sea and across distinct Antarctic regions. It is also possible that in
those locations, competition was reduced through other mechanisms, such as dietary or
temporal segregation. Indeed, a lack of spatial segregation can arise when sympatric species
target different prey taxa (Delord et al. 2016), prey of different sizes, or prey caught at different
depths or times of day. These strategies can reduce the need for spatial segregation to avoid
competition. At Svarthamaren, the clear spatial segregation between Antarctic petrels and snow
petrels suggests that alternative strategies, such as dietary or temporal segregation, may not be
needed. This is supported by previous findings indicating similarities in their diets (Marchant
et al. 1990; del Hoyo et al., 1992), similarities inforaging tactics, such as surface-seizing and
surface-diving and difference in preferred foraging habitat (Marchant et al. 1990, Ainley et al.
1993, Ainley et al. 1994). However, environmental conditions such as sea-ice concentration,
ocean temperature, and productivity strongly affect prey availability and distribution in
Antarctic waters (Ainley ef al. 1998, Ainley et al. 1993, Ainley et al. 1994, Ribic & Ainley
1997, Ribic et al. 2011). Consequently, spatial segregation observed in one season may not
necessarily persist under different environmental regimes.

One potential explanation for the pronounced segregation at Svarthamaren lies in the

considerable distance that birds must travel to reach the sea, which increases the energetic cost
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of commuting. Although prey in Antarctic waters during summer is often considered
superabundant and not typically limiting for seabirds, this additional travel cost may reduce the
net energetic return from prey, thereby amplifying the effects of competition. Moreover, even
under conditions of high overall prey abundance, prey can be patchily distributed, and energetic
constraints linked to the long commuting distance from Svarthamaren may favor segregation
as a way to reduce overlap and competition in profitable foraging zones.As such, spatial
segregation may become more advantageous in distant colonies like Svarthamaren, compared
to sites located closer to the coast, such as those studied by Dehnhard et al. (2020) and Delord
et al. (2016).

However, our study is based on a single breeding season, and the observed segregation patterns
should therefore be interpreted with caution. Inter-annual variations in sea-ice extent, prey
availability, and environmental conditions could influence the degree, or even the direction, of
spatial segregation between these two species (Ainley ef al. 1993, Ainley et al. 1994, Ainley et
al. 1998). Consequently, spatial segregation observed in one season may not necessarily
persist under different environmental regimes. However, very few studies (e.g. Picket et
al 2018) have investigated such inter-annual variation and it remains unclear how
changes in the environment may affect spatial segregation in seabird. Further studies

would be valuable to assess whether the pattern observed at Svarthamaren is consistent across

years or specific to the environmental context of our study period.

4.3. Difference in sea-ice use

Previous studies on snow petrels and Antarctic petrels suggest that the former forage in close
association with sea-ice, whereas the latter often forages in open water near or beyond the ice

edge (Ainley et al. 1984; Ainley et al. 1993, Ainley et al. 1994, Ribic et al. 2008; Woehler et
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al. 2003, 2010; Zink 1981). Notably, all of these previous studies relied on at-sea observations
and cannot determine whether birds observed are breeders and therefore subject to central-place
foraging constraints; our study is the first to use tracking data to compare habitat use by
breeding birds from the two species, providing a more nuanced picture of their foraging
ecology. Our results support these previous findings and indicate that snow petrel had, as
predicted, a higher probability than Antarctic petrel of foraging in areas with some (> 0%) sea-
ice cover. However, there were no significant differences between species or breeding stages
in the SIC. This suggests that once within the ice, both species utilize similar sea-ice conditions.
As expected, snow petrels foraged on average closer to the sea-ice edge than Antarctic petrels,
particularly during incubation, consistent with the studies cited above. Despite this general
pattern, snow petrels showed substantial variability in the distance to the ice edge during
incubation, with some individuals foraging far into open water (Fig. 2). This variation may be
due to the use of small sea-ice patches or icebergs in open water that fall below the detection
threshold of the satellite data used in this study (3.125 km cell size), suggesting that finer-scale
sea-ice data would be needed to verify this hypothesis. A similar pattern was observed in
Antarctic petrels, which also foraged significantly farther from the ice edge during incubation
than during chick-rearing.

Foraging ranges of both species reduced during chick-rearing, likely due to the need to return
regularly to the nest to feed chicks. This shift toward more localized foraging may explain the
closer proximity to the sea-ice edge observed during this stage. Alternatively, both species may
simply track the ice edge and associated habitats (e.g., post-melt blooms) as they recede towards
the coastline over the breeding season, as shown for Antarctic petrels by Fauchald et al. (2017).

This could also help explain the unexpectedly high association with open water from snow
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petrels, as both species may target recently melted areas that support ephemeral, highly
productive habitats.

Despite the stronger overall association of snow petrels than Antarctic petrels with sea ice, our
results indicate that their probability of occurrence in sea-ice habitats was only slightly above
50%. This could indicate that, even if snow petrels have a preference for sea-ice habitats, they
show a larger flexibility in their foraging habitats than previously inferred by at-sea studies
(Ainley et al. 1984; Ainley et al. 1993, Ainley et al. 1994, Ribic et al. 2008; Woehler et al.
2003; Woehler et al. 2010; Zink 1981).

Overall, these patterns suggest a difference in how the two species interact with sea-ice habitats:
snow petrels could be more reliant on the physical presence of sea ice, while Antarctic petrels
might be more influenced by its broader ecological effects, targeting areas recently modified
by ice retreat (Fauchald ez al. 2017).

However, we caution that our study analyzed habitat use. Formal analysis of habitat selection
(i.e., use relative to availability) would be required to test whether sea-ice habitats are preferred
over open-water habitats and whether this depends on availability (Wakefield et al. 2009). This

approach could also test whether habitat selection differs between the two species.

CONCLUSION

Our findings enhance the knowledge of the at-sea foraging behavior and habitats of Antarctic
petrels and snow petrels. Such insights are valuable for informing conservation efforts and
guiding the design of future marine protected areas in the Southern Ocean (Teschke et al.,
2020). The contrasting population trends at Svarthamaren (i.e. Antarctic petrels decline

(Descamps et al. 2016, 2023) versus relatively stable snow petrels’ numbers (Descamps unpubl.
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data)) raise the question of whether differences in spatial segregation and habitat dependence
might contribute to species-specific responses to environmental change, a possibility that
warrants further investigation. Given the projected reductions in Antarctic sea-ice extent
(Turner et al. 2019, 2022), snow petrels may also become increasingly vulnerable, due to their
stronger dependence on habitats directly associated with sea ice. As such, continued monitoring
and targeted research will be essential to anticipate species-specific responses to climate change

and to inform adaptive conservation strategies in the Southern Ocean.
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Tables

Table 1. Number of Antarctic petrels and snow petrels equipped with GPS loggers, and
availability of tracking data during each breeding stage at Svarthamaren, Dronning Maud Land.
‘Unknown’ breeding stage refers to cases where nest monitoring prior to deployment did not
allow us to reliably determine whether the bird was incubating, chick-rearing, or had failed, due
to limited visibility of the nest chamber. Breeding stage was subsequently updated during data

analysis by comparing the trip start date with the closest nest monitoring session (conducted

biweekly).
Species Snow petrel Antarctic petrel
Deployed 45 38
Tracks available for analysis 30 22
Breeding stage Incubating 19 13
Chick-rearing 11 9
Unknown 5 0
Time period 2 Dec. 2022 — 12 Jan. 2023 6 Dec. 2022 — 17 Jan. 2023

Table 2: Relative performance of generalized linear mixed-effects models of foraging trip

metrics of breeding Antarctic petrels and snow petrels tracked from Svarthamaren, Dronning

Maud Land.
Response Fixed effects Deviance AAIC
Cumulative distance Bo + B:-species + B,'status + B;-(species x status) 1704.67 0.00
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Bo + B1-species + B, status 1764.82 58.15
Bo + By status 1784.11  74.44
Bo + B1'species 1788.80  80.13
Bo 1798.53 87.86
Bo + Bi-species + B, status + B;-(species x status) 1476.33 0.00
Bo + B1'species + B, status 1506.46  28.13
Maximal range Bo + B -status 151593  35.60
Bo + B1-species 1533.84 53.51
Bo 1538.28 55.95
Bo *+ Br-species + B,-status + B;-(species x status) 1067.54 0.00
Bo + B1-species + B,-status 111446  44.93
Trip duration Bo + By-status 1121.93  50.39
Bo + B1'species 114412 72.58
Bo 1147.10 73.56
Bo + Br'species 996.28  0.00
Bo + B1-species + B,-status 995.19 0.91
Bearing B, + B1-species + B,-status + B3-(species x status) 993.68  2.40
Bo 1036.84  39.56
Bo + Bi-status 1036.61 41.33
Bo + Bi-species 581.43  0.00
Bo + B1-species + B, status 581.32 1.89
Mean speed Bo + B1-species + B,-status + B3-(species x status) 581.31 3.88
Bo 595.63 12.20
Bo + By status 595.50  14.07

1 Bird ID is the identity of each individual bird and trip ID the identity given to each trip, used as

random intercepts

Page 34 of 41



740

741

742

743

744

745

746

747

748

Spatial segregation of two petrel species

Table 3: Movement parameters estimated by Hidden Markov Models fitted to locations of

Antarctic petrels and snow petrels tracked from Svarthamaren, Dronning Maud Land at 30-

minute intervals.

Species State Step length (m) Turning angle (radians)
Mean sd Mean concentration
Antarctic petrel Resting 1642 1460 0.04 0.74
Foraging 9077 5016 -0.01 2.07
Travelling 18770 6271 -0.01 40.23
Snow petrel Resting 1131 1094 0.04 0.69
Foraging 7471 4075 0.03 1.39
Travelling 15316 5675 0.00 10.47

Table 4: Mean = SD (range) of trip metrics of breeding Antarctic petrels and snow petrels

tracked from Svarthamaren, Dronning Maud Land, Antarctica, during the 2022/23 breeding

season.
Metric Antarctic petrel Snow petrel
Incubation Chick-rearing Incubation Chick-rearing
Trip duration (h) 267 35 63 15 153 61 103 £30
(207 - 312) (37 - 96) (67 — 264) (61— 186)
Cumulative distance (km) 5893 +968 1445 +433 2622 1086 1936 +566
(4256 — 8457) (732 - 2232) (1203 — 4595) (1080 — 3431)
Maximum range (km) 1437 276 462 £163 819 +381 603 +199
(935 — 1810) (270 — 853) (405 — 1513) (295 — 1109)
Bearing (°) 9 +39 -5 23 -60 +21 -67 +30
(-75 - 74) (-40 — 42) (-96 — -3) (-117 — 49)
Mean speed (km/h) 22 +2 22 +5 18 +4 19 +4
(18 -27) (15— 30) (13 - 26) (10=31)
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Table 5: Relative performance of generalized linear mixed-effects models of sea-ice use as a

function of species and breeding status (incubating vs. chick-rearing) for Antarctic petrels and

snow petrels tracked from Svarthamaren, Dronning Maud Land.

Response Fixed effects Deviance  AAIC
Ice Concentration' Conditional section Bo 12431.31 0.00
Bo + By status 1243025  0.94
Bo + B1-species 1243121 191
Bo + B1-species + B, status 12430.05 2.75
Bo + B1-species + B,-status + B3-(species x status) 12430.04 4,74
Zero inflated section Bo *+ B1-species + B,-status + B;-(species x status) 11437.10 0.00
Bo + B1-species + B, status 11716.88 277.77
Bo + B1-species 12055.08 613.97
Bo + B1-status 12206.16 765.06
Bo 12431.31  988.20
\/Distance to ice edge Bo + B1-species + B,-status + B3-(species x status) 35309.49 0.00
Bo + B1-species + B,-status 35299.42 16.58
Bo + B1-status 35281.08  31.25
Bo + B1-species 35264.41  49.59
Bo 3524583  57.66

"Modelled via zero inflated beta regression.

The most parsimonious models are indicated in bold. Bird ID is the identity of each individual

bird and trip ID the identity given to each trip, used as random intercepts

Table 6: Sea-ice habitat use estimated via zero-inflated mixed-effects beta-regression for

Antarctic petrels (AP) and snow petrels (SP) tracked from Svarthamaren, Dronning Maud

Land, during incubation (INC) and chick-rearing (CR). The model estimates (1) the

probability of foraging locations being ice-free and (2), among ice-free locations, the mean

distance to the ice edge.

Ice Concentration (zero inflated section)

Group Estimated values
AP INC 55.70%
AP CR 86.95%
SP INC 43.78%
SPCR 49.24%
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Distance to Ice Edge (km)

Group Estimated values
AP INC 534

AP CR 65

SP INC 177

SPCR 56

762
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Figures

Figure 1: Metrics of foraging trips made by Antarctic petrels and snow petrels breeding
Svarthamaren, Dronning Maud Land, Antarctica, during the 2022/23 breeding season. The
Total distance and Speed plots show mean (+ Standard Error). Bearings are from
Svarthamaren to the distal foraging location of each trip. INC = incubation and CR = chick-
rearing.

Figure 2: Foraging areas (95% and 50% utilization distribution contours) used by Antarctic
petrels and snow petrels tracked from Svarthamaren, Dronning Maud Land, Antarctica (red
dot), during the 2022/23 breeding season.

Figure 3: Mean (+ Standard Error) sea-ice conditions at foraging locations used by Antarctic
petrels and snow petrels tracked from Svarthamaren, Dronning Maud Land, Antarctica,
during the 2022/23 breeding season. INC = incubation and CR = chick-rearing. Distance to

ice edge only includes locations found beyond the ice edge.

Page 38 of 41



776

777
778

779

Spatial segregation of two petrel species

Fig. 1
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Fig. 2
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