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Determining the year-round distribution and behaviour of birds is necessary for a better
understanding of their ecology and foraging strategies. Petrels form an important compo-
nent of the high-latitude seabird assemblages in terms of species and individuals. The dis-
tribution and foraging ecology of three sympatric fulmarine petrels (Southern Fulmar
Fulmarus glacialoides, Cape Petrel Daption capense and Snow Petrel Pagodroma nivea)
were studied at Ad�elie Land, East Antarctica, by combining information from miniatur-
ized saltwater immersion geolocators and stable isotopes from feathers. During the
breeding season at a large spatial scale (c. 200 km), the three species overlapped in their
foraging areas located in the vicinity of the colonies but were segregated by their diet
and trophic level, as indicated by the different chick d15N values that increased in the
order Cape Petrel < Southern Fulmar < Snow Petrel. During the non-breeding season,
the three fulmarines showed species-specific migration strategies along a wide latitudinal
gradient. Snow Petrels largely remained in ice-associated Antarctic waters, Southern Ful-
mars targeted primarily the sub-Antarctic zone and Cape Petrels migrated further north.
Overall, birds spent less time in flight during the non-breeding period than during the
breeding season, with the highest percentage of time spent sitting on the water occurring
during the breeding season and at the beginning of the non-breeding period before
migration. This activity pattern, together with the d13C values of most feathers, strongly
suggests that moult of the three fulmarine petrels occurred at that time in the very pro-
ductive high Antarctic waters, where birds fed on a combination of crustaceans and fish.
The study highlights different segregating mechanisms that allow the coexistence of clo-
sely related species, specifically, prey partitioning during the breeding season and spatial
segregation at sea during the non-breeding season.
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Determining the year-round distribution and beha-
viour of birds is of paramount importance for a bet-
ter understanding of their ecology, foraging
strategies and conservation. This is particularly true
for seabirds, which typically undertake large-scale

movements between their breeding grounds and
foraging areas at sea during the non-breeding per-
iod. In several seabird species, dispersal during the
non-breeding period may even encompass several
ocean basins with different ecological constraints
and potential threats (Shaffer et al. 2006, Egevang
et al. 2010). One of the main characteristics of the
Southern Ocean is the huge numbers of seabirds
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that forage in sub-Antarctic and Antarctic waters. A
well-defined community of seabirds breeds along
the Antarctic Continent, with additional species vis-
iting high-Antarctic waters to feed on Antarctic krill
and other resources during the summer months
(Croxall 1984, Ainley et al.1994). Species of this
community are generally pagophilic in their distri-
bution, being consistently associated with sea-ice or
its boundaries at least during the austral summer
(Ainley et al. 2003). Climate change is rapidly
affecting various components of Antarctic ecosys-
tems, including sea-surface temperature and sea-ice
conditions (Sokolov & Rintoul 2009b, Constable
et al. 2014). Climate change can affect the number
and demography of seabirds (Barbraud & Weimer-
skirch 2003), probably through trophic mechanisms
(Croxall et al. 2002, Jenouvrier et al. 2005, Cham-
bers et al. 2013).

Fulmarine petrels form an important compo-
nent of the high-latitude seabird assemblages in
terms of numbers of species and individuals (Ain-
ley et al. 1994, Veit & Hunt 1991, Woehler et al.
2010). Their foraging strategies remain poorly
known apart from observations at-sea (vessel-based
data), which form the basis of our knowledge on
their distribution (Griffiths 1983, Ainley et al.
1994, Woehler et al. 2010). At-sea surveys have
shown the primary importance of sea-ice and krill
abundance on the spatial foraging distribution of
fulmarine petrels, including the Southern Fulmar
Fulmarus glacialoides, Cape Petrel Daption capense
and Snow Petrel Pagodroma nivea (Ribic et al.
2008, 2011, Warren et al. 2009, Joiris et al.
2013). The species vary in the degree of associa-
tion with sea-ice, from the highly ice-affiliated
Snow Petrel, to the intermediate Southern Fulmar,
to the more open-water Cape Petrel (Veit & Hunt
1991, Ainley et al. 1992, Ribic et al. 2011). Dur-
ing the breeding season, seabirds are central place
foragers and their foraging distance is strongly con-
strained by the terrestrial location of their nests.
This may lead to potentially intense intra- and
inter-specific competition for key food resources in
surrounding waters. At the end of the breeding
season, Procellariiformes typically migrate from
the colony to distant non-breeding areas, where
foraging constraints due to nest-site provisioning
are lower than those typically experienced during
the breeding period (Phillips et al. 2009, Jaeger
et al. 2013, Quillfeldt et al. 2013, Weimerskirch
et al. 2014). To the best of our knowledge, few
tracking data are available on Southern Fulmar

(Jenouvrier et al. 2015) and no tracking data are
available on Snow Petrel and Cape Petrel, thus
precluding determination of their foraging grounds
during and outside the breeding season. To date,
their wintering ranges have been inferred from at-
sea sightings and ring recoveries, which suggest
that fulmarine petrels are resident (Snow Petrel),
move further north within the Southern Ocean
(Southern Fulmar), or reach warmer waters and
occasionally the Northern Hemisphere (Cape Pet-
rel) (Murphy 1964, Warham 1990, del Hoyo et al.
1996). However, at-sea observations do not give
any indication of the colony of origin, age and sta-
tus of the birds.

Miniaturized saltwater immersion geolocators or
Global Location Sensor (GLS) loggers have revolu-
tionized our understanding of the distribution of
many bird species (Wilson et al. 1992, Afanasyev
2004), including medium to small petrels (Shaffer
et al. 2006, Quillfeldt et al. 2015). However,
knowledge is still very limited for fulmarine petrel
populations endemic to Antarctica. Using GLS
loggers deployed on 55 adult birds, the main goal
of the present study was to describe and compare
the distribution of three fulmarine petrels that
breed sympatrically in Ad�elie Land (East Antarc-
tica) during their annual cycle. Our four objectives
were (1) to identify and compare intra- and inter-
specific at-sea distribution during the breeding and
non-breeding periods, (2) to study migration pat-
terns and (3) to analyse the at-sea activity in rela-
tion to the periods of the year, namely during
both the breeding and the non-breeding periods
that include the moulting period. In the three
studied species, moult of flight feathers is known
to begin at the end of the breeding cycle and to
continue at-sea afterwards (Beck 1969, Marchant
& Higgins 1990). Therefore (4) the isotopic niche
of Southern Fulmar, Cape Petrel and Snow Petrel
was investigated to provide complementary infor-
mation on their moulting habitats (d13C) and diet-
ary habits (d15N) in order to better define
potential segregating mechanisms allowing coexis-
tence of closely related seabird species.

METHODS

Study site and species

The study was carried out at Ile des P�etrels
(66°400S, 140°010E) located in the Pointe G�eolo-
gie archipelago, Ad�elie Land, East Antarctica. The
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archipelago holds a large population of seabirds
(c. 57 000 breeding pairs), including Southern Ful-
mar (c. 50 breeding pairs), Cape Petrel (c. 550
breeding pairs) and Snow Petrel (c. 1100 breeding
pairs) (Micol & Jouventin 2001, CEBC CNRS
unpublished data). Snow Petrel breeds in crevices
and clefts under boulders, whereas Southern Ful-
mar and Cape Petrel breed in open nests built on
flat rocks or gravel. The breeding season of the
three species is highly synchronized and lasts
approximately 5 months (Murphy 1964, Beck
1970). Adult birds arrive at the colonies in late
October to copulate; they then depart to sea for a
1.5- to 3.5-week pre-laying exodus before females
lay a single egg in early December (Mougin 1967,
Isenmann 1970, Isenmann & Trawa 1970). Chicks
hatch in late January and fledge in late February–
March (Isenmann & Trawa 1970, Mougin 1967).
Male and female birds alternate incubation duties,
performing foraging trips lasting a few days (3–
4 days for Snow Petrel; Isenmann & Trawa 1970).
Chicks are left alone at the nest after they have
acquired thermal independence at 1–2 weeks of
age (Mougin 1967). Adults leave the colony in
March. Unlike Southern Fulmar and Cape Petrel,
Snow Petrel adults visit the colony during a post-
breeding period (c. 15 days) in May (Marchant &
Higgins 1990). Overall, the three species feed on a
wide variety of prey including cephalopods, crus-
taceans and fish (Ridoux & Offredo 1989, March-
ant & Higgins 1990). They are mostly surface
feeders that catch prey by surface diving and sur-
face seizing (Harper et al. 1985, Ridoux & Offredo
1989, Marchant & Higgins 1990). In Ad�elie Land,
food of the chicks consists mainly of fish and crus-
taceans; Snow Petrels feed primarily on fish, and
Southern Fulmars and Cape Petrels prey more on
crustaceans (Ridoux & Offredo 1989).

Geolocator data and processing

To characterize the at-sea distribution of the three
species during their breeding and non-breeding
periods, we used GLS loggers (British Antarctic
Survey, Cambridge, UK). GLS loggers (Mk14
Southern Fulmars in 2007/08, Mk18-H Southern
Fulmars and Cape Petrels in 2010/11 and 2011/12
or Mk18-L Snow Petrels in 2010/11 and 2011/12)
were mounted on metal leg rings and weighed
1.5 g (Mk14, Mk18-L) or 1.9 g (Mk18-H), i.e.
0.1–0.5% of the bird’s body mass (mean value for
Southern Fulmars 0.23%, for Cape Petrels 0.41%

and for Snow Petrels 0.38%), well below the rec-
ommended threshold of 3% body mass (Phillips
et al. 2003). A detailed study found no evidence
for any substantial impact of GLS used in our
study on a smaller seabird species (Thin-billed
Prion Pachyptila belcheri): (1) breeding perfor-
mance was unaffected in the season of attachment
or following recovery, (2) eco-physiological mea-
surements suggested that adults adapted to the
higher load and (3) the similarity in d13C and
d15N values of blood and feathers of instrumented
adults and control birds indicated that feeding
ecology was unaffected (Quillfeldt et al. 2012).
Furthermore, for Snow Petrel we monitored the
growth rate of chicks for control vs. equipped
adults (results not reported here) and found that
the growth parameters were similar. Seventy-six
GLS were deployed on adults during the 2007/08
(10 Southern Fulmars), 2010/11 (10 Southern
Fulmars, 10 Cape Petrels, 10 Snow Petrels) and
2011/12 (16 Southern Fulmars, 20 Snow Petrels)
breeding seasons, during the brooding or chick-
rearing stage. The sex of the birds was unknown
except for Snow Petrels (four females, 21 males).
Sixty GLS (27 Southern Fulmars, six Cape Petrels
and 27 Snow Petrels) were recovered 1–2 years
after deployment. The proportion of GLS-
equipped animals recaptured was 70% for South-
ern Fulmars, 60% for Cape Petrels and 87% for
Snow Petrels. The high recovery rate of individuals
was in accordance with the estimated probability
of capture in the colonies (Chastel et al. 1993,
Jenouvrier et al. 2003). Data were successfully
downloaded from 55 GLS (24 Southern Fulmars,
six Cape Petrels and 25 Snow Petrels). The three
species were tracked simultaneously during only
one breeding season (2010/11), and only one spe-
cies (Southern Fulmar) was tracked during the 3-
year study. The sample sizes were too small to
allow testing for between-year differences, but the
pattern in distribution of species appeared to be
consistent over the breeding season (results not
reported here).

GLS allows the estimation of latitude and longi-
tude from daylight measurements over extended
periods, although with a relatively poor precision
(186 � 114 km; Phillips et al. 2004), as well as
precise estimation of activity (Wilson et al. 1992,
Phillips et al. 2004). Loggers measured daylight
level intensity every 60 s and recorded the maxi-
mum light intensity for each 5 min (each 10 min
for Mk14). Thresholds in the light curves were
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used to determine sunrise and sunset. An internal
clock allows the estimation of latitude based on
day length and longitude based on the timing of
local midday with respect to Universal Time (Afa-
nasyev 2004). In addition to light, GLS loggers
also recorded saltwater immersion every 3 s and
stored the sum of immersion events for each 10-
min period.

Daylight data recorded by GLS were analysed
using a standardized procedure for flying species
(Phillips et al. 2004) to provide two locations per
day. Location fixes were calculated using BASTRAK

software (provided by British Antarctic Survey). It
was not possible to estimate locations when birds
experienced continuous daylight in December and
January at high latitudes (from the Antarctic Cir-
cle at 67°S to the Antarctic continent). As the
breeding status of tracked birds was not monitored
after deployment, life-cycle stages were assigned
based on the recorded dates of each species
observed during 2000–2015 in Ad�elie Land
(Table 1). For each bird, locations were assigned
to the breeding stages (pre-breeding, chick-rearing
(post-brood)) or non-breeding period. We
removed unrealistic positions from the GLS data
(1) when daylight curves showed major interfer-
ences at dawn or dusk, (2) when unrealistic flight
speeds were estimated (McConnell et al. 1992,
maximum speed threshold = 80 km/h) and (3)
when positions were recorded 2 weeks before and
after the equinoxes (20/21 March and 22/23
September) (Wilson et al. 1992). Locations were
only available for the pre-breeding, chick-rearing
(post-brood) and overwintering periods. The point
locations in each dataset were then twice-
smoothed (Phillips et al. 2004, Catry et al. 2011)
and were converted into residence time distribu-

tions using time spent per square (TSS). Using
GLS locations of the birds, the TSS was defined as
the proportion of time spent by each bird within a
2° cell. TSS-based methods have been extensively
used to convert tracking data to gridded distribu-
tions (P�eron et al. 2010, Louzao et al. 2011, Ped-
ersen et al. 2011, P�eron et al. 2012). The TSS was
calculated separately for each period and species.

Residence time was calculated using the trip-
Grid function (TRIP package, Sumner 2012) in R (R
Core Team 2015), which creates a grid of time
spent from each individual track by exact cell
crossing methods, weighted by the time between
locations for separate trip events, and then calcu-
lates the time spent in each spatial unit. Then, we
assigned the corresponding percentage of time
spent in relation to the total trip duration. The 2°
cell size (7200 cells) was chosen on the basis of
the mean accuracy of GLS locations. The TSS val-
ues for each combination of period/species were
then normalized (0–1) to be comparable and com-
bined so as to have residence time distributions.
The TSS distribution allows the occurrence distri-
bution (presence/pseudo-absence data) for each
period/species to be estimated. Spatial overlap
between species (‘hotspots’) was estimated using a
multiple-criterion approach with sequential filter-
ing (Williams 1998). The overlap index was
obtained by selecting grid cells where more than
one species was present, calculated by summing
the TSS (top-scoring of 5%) of the three species
by grid cell (Prendergast et al. 1993).

The raw immersion data had values from 0 (no
immersion or dry, in flight or sitting on the ground
or sea ice) to 200 (permanently immersed in sea
water or wet), indicating the number of 3-s periods
during 10-min blocks when the sensor was

Table 1. Timing of the breeding season for Southern Fulmars, Cape Petrels and Snow Petrels recorded during the period 2000–
2015 at Pointe G�eologie. Values are mean dates (earliest–latest).

First observationa Arrivalb Layingb Hatchingb
Thermal

emancipationb Fledging

Southern
Fulmar

12/10 (23/9–21/10) 28/10 (7/10–28/11) 8/12 (19/11–25/12) 26/1 (17/1–10/2) 9/2 (31/1–28/2) 17/3 (4/3–1/4)

Cape Petrel 9/10 (19/9–23/10) 23/10 (21/10–1/11) 2/12 (26/11–12/12) 18/1 (7/1–26/1) 25/1 (18/1–30/1) 4/3 (18/2–19/3)
Snow
Petrelc

26/9 (2/9–22/10) 5/11 (17/10–13/11) 8/12 (29/11–15/12) 20/1 (8/1–29/1) 23/1 (18/1–1/2) 6/3 (16/2–20/3)

aDate of first observation at the Pointe G�eologie. bFirst arrival, egg-laying, hatching and thermal independence of the chick (indicat-
ing the end of the brooding period) dates recorded at the breeding colony (Barbraud & Weimerskirch 2006). cPerform post-breeding
visit to the colony during late April–beginning of May.
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immersed in saltwater. The mean percentage of
time spent on the water (wet; immersion data > 0)
was calculated daily during the breeding and non-
breeding periods to provide information on seasonal
variation in resting and foraging behaviour. Con-
versely, the time spent dry is generally interpreted
as bird on land in the colony, sitting on ice or flying,
and thus not feeding. Nonetheless, this might be
only partially true for Snow Petrels, which are
known to feed by ice-gleaning or pattering on the
sides of icebergs (Marchant & Higgins 1990). Con-
sequently, dry time was not necessarily related to
flying time in this species. During chick-rearing
(post-brood), after careful examination of raw light
and immersion data, it was not possible to identify
time spent at the colony. This potential bias is prob-
ably small during this stage (compared with incuba-
tion for instance), as the adults spent little time at
the colony at this stage. Additionally, the propor-
tion of time spent entirely immersed (10-min blocks
with values of 200) over the total daily time spent
on the water was calculated daily (hereafter referred
to as resting time). This value was then used to
identify locations where birds exhibited low levels
of activity (high values of resting). Immersion data
were also used to estimate the percentage of time
spent on the sea surface during the day and at night
(based on local sunset and sunrise times derived by
analysis of the daylight curves in TransEdit2-BAS-
TRAK). The duration of daylight and darkness each
day (consecutive light and dark period) was assessed
directly from the daylight data.

Spatial and statistical analyses were performed
using R 3.2.1 (R Core Team 2015). Estimates are
presented as means � 1 sd. General linear models
were used to model mean daily proportion of time
spent wet (sitting on water – model GLM1 using
the ‘LME4’ package; Bates et al. 2015; see Support-
ing Information Table S1). Species and stage (in-
dependent variables) were included as fixed
effects. General linear mixed-effects models
(model GLMM2; Table S1) were used to model
the daily proportion of time spent wet during
24 h (using the ‘NLME’ package; Pinheiro et al.
2013) during the non-breeding period. Species and
month (independent variables) were included as
fixed effects. Because not all combinations of vari-
ables were available (i.e. not all species had data
for each month during the non-breeding period;
Fig. 4a) we formed a subset of the original dataset
(subset of months from April to September) to fit
the full mixed model with interactions and ran-

dom effects. General linear mixed-effects models
(models GLMM 3–5; Table S1) were used to
model the daily proportion of time spent wet dur-
ing the non-breeding period. Month and time of
day (daylight or darkness) were included as a fixed
effect. For models GLMM 2–5, the individual was
fitted as a random effect to account for pseudo-
replication, as the same individual could provide
several values. Response variables were visually
tested for normality (through Q-Q plots) and
homoscedasticity (using Cleveland dotplots; Zuur
et al. 2010) before each statistical test. The error
structure approached the normal distribution, and
therefore a Gaussian family was selected for all
models. Models including all combinations of vari-
ables were then tested and ranked using their
Akaike information criterion (AIC) values and
Akaike weights following the Information-theoretic
Approach (Burnham & Anderson 2002). The
model with the lowest AIC was considered to be
that receiving most support from the data. Two
models separated by a difference in AIC values of
< 2 were assumed to fit the data equally well.

Feather collection, moult and stable
isotopes

The isotopic method was validated in the southern
Indian Ocean, with d13C values of seabirds indicat-
ing the latitude of their foraging habitat (Cherel &
Hobson 2007, Jaeger et al. 2010) and their d15N
values increasing with trophic level (Cherel et al.
2010). Hence, the isotopic values of fulmarine
petrels were determined during both the breeding
and the adult moulting periods using body feathers
collected from chicks and breeding adults, respec-
tively. Feathers contain information about the diet
at the time they were grown, because keratin is
inert after synthesis (Hobson & Clark 1992, 1993,
Bearhop et al. 2002). Seabird chicks moult com-
pletely and body feathers grow almost syn-
chronously towards the end of the chick-rearing
period in summer (Phillips & Hamer 2000).
Unlike chicks, breeding adults have a protracted
moult over several weeks to months; hence, the
precise timing of synthesis of a given body feather
is not known. In Antarctic fulmarine petrels, body
moult is a gradual process extending over at least
4 months in summer and autumn. It begins during
incubation, but most feathers grow in the weeks
following the completion of breeding (Beck 1969,
Marchant & Higgins 1990).
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Body feathers from fulmarine petrels were col-
lected during the 2006/07 austral summer, when
10–11 breeding adults and well-feathered chicks
per species were sampled in December and Febru-
ary, respectively. For all species, several (n = 4–6)
whole body feathers per individual were pulled
out from the lower back and stored dry in sealed
plastic bags until analysis. As the main goal of the
present work was to depict the isotopic habitat at
the species level, potential effects of individuals
were not considered, and consequently only a sin-
gle body feather per individual was analysed (Jae-
ger et al. 2009). Prior to isotopic analysis, single
body feathers were cleaned of surface lipids and
contaminants using a 2 : 1 chloroform : methanol
solution for 2 min followed by two successive
methanol rinses. They were then oven-dried for
48 h at 50 °C. Every whole feather was homoge-
nized by cutting it with scissors into small frag-
ments and a subsample of c. 0.3 mg was packed
into tin containers for stable isotope analysis. The
relative abundance of carbon and nitrogen isotopes
was determined with a continuous flow mass spec-
trometer (Delta V Advantage with a Conflo IV
interface, Thermo Scientific, Bremen, Germany)
coupled to an elemental analyser (Flash EA 1112,
Thermo Scientific, Milan, Italy). Results are pre-
sented in the usual d notation relative to Vienna
PeeDee Belemnite and atmospheric N2 for d13C
and d15N, respectively. Replicate measurements of
internal laboratory standards (acetanilide) indicated
measurement errors < 0.15& for both d13C and
d15N values.

RESULTS

At-sea distribution

Geolocation data indicated a common migratory
strategy for each species; birds migrated from the
breeding grounds in March (Figs 1–3). Snow Pet-
rels and Southern Fulmars travelled westwards and
northwards, whereas Cape Petrels moved north-
wards from the breeding colony to winter at lower
latitudes.

Breeding period
The distribution during the breeding period was
only available during the early and late breeding
stages (pre-breeding and chick-rearing periods)
due to continuous daylight during the mid-breed-
ing period (December and January). A greater resi-

dence time (greater value of time spent per
square) of Southern Fulmars, Cape Petrels and
Snow Petrels was observed in the vicinity of the
breeding colonies, well south of the Southern
Antarctic Circumpolar Current Front (Supporting
Information Fig. S1). The three species overlapped
in distribution during the breeding period (mean
latitude Southern Fulmar: �64.2 � 3.2°S; Cape
Petrel: �62.2 � 1.3°S and Snow Petrel:
�65.2 � 1.0°S; Figs 2 & 3a, Supporting Informa-
tion Fig. S4; Table 1).

Timing of migration, migration pattern and non-breeding
period
Outside the breeding season, the at-sea distribution
of the three fulmarine species ranged across 30° of
latitude and 200° of longitude in the southern
Indian Ocean (Figs 1 & 2; 40–70°S, 30°W–170°E).
The widest latitudinal range was observed for Cape
Petrels, which spent most of the non-breeding per-
iod in the sub-Antarctic waters of the Tasman Sea
and off New Zealand. The widest longitudinal range
was observed for Southern Fulmars and Snow Pet-
rels, which spent the non-breeding period in
Antarctic and sub-Antarctic waters in the southern
Indian and Atlantic Oceans. During the non-breed-
ing period, the overlap in distribution of the species
was mainly restricted to the Commission for the
Conservation of Antarctic Marine Living Resources
area (CCAMLR, subarea 58.4.1), specifically to a
unique post-breeding area, in the Mawson Sea,
between the Knox Coast and Banzare Coast
(Fig. 3b & Supporting Information Fig. S2; 110–
126°E, 60–66°S). All three species left the breeding
colony in mid-March (Table 2) and most individu-
als moved westward (Figs 2 & S2).

Later departure dates of Snow Petrels corre-
spond to adults that transiently return to the col-
ony in autumn during a post-breeding visit, after
which all the individuals departed for migration,
with most of them spending some time in an area
at c. 120°E. All Snow Petrels migrated westward
in the southern Indian Ocean, with four individu-
als reaching the southern Atlantic Ocean. All left
their overwintering areas in late September
(median date: 24 September, range: 26 August–16
November) and were back at the breeding sites in
October (median date: 14 October, range: 25
September–17 November). Southern Fulmars also
migrated westward to the southern Indian Ocean
basin after breeding. They spent time at high lati-
tudes, as Snow Petrels do (Figs 1 & 2), but they
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Figure 1. Distributions of sympatric fulmarine petrels tracked using geolocators (per cent of time of residence spent in each cell) dur-
ing the non-breeding period: (a) Southern Fulmar, (b) Cape Petrel and (c) Snow Petrel. Oceanographic frontal structures are shown:
the South Subtropical Front (dark grey line), Polar Front (grey line) and Southern Antarctic Circumpolar Current Front (light grey line)
(Belkin & Gordon 1996 (updated 2003), Sokolov & Rintoul 2009a). Boundaries of CCAMLR (Commission for the Conservation of
Antarctic Marine Living Resources) (light blue lines) and of Exclusive Economic Zones (dark blue lines) are also shown. The black
inverted triangle indicates the breeding colony
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overwintered at lower latitudes than Snow Petrels
(Figs 1, 2 & S2, Table 2). They remained over the
Australian-Antarctic Basin (Kerguelen-Heard and
McDonald Plateau and north of Ad�elie Land),
where they reached the southeast Indian Ridge.
All Southern Fulmars departed from the wintering
grounds in October (median date: 14 October,
range: 26 September–12 November) and were
back at the colony in late October/early November
(median date: 23 October, range: 9 October–19
November; Figs 2 & S2). The third species, Cape
Petrel, migrated in similar southerly areas (90–
120°E) during the post-breeding period. Cape Pet-
rels overwintered at more northerly latitudes than
the two other species (Exclusive Economic Zones
of New Zealand and Australia: South New Zeal-
and, South Tasmania and Macquarie area), and
remained latitudinally segregated from Southern
Fulmars and Snow Petrels from June to August.
All Cape Petrels left their wintering areas in Octo-
ber (median date: 11 October, range: 4 October–4
November) and were back at the colony in late
October/early November (median date: 27 Octo-
ber, range: 18 October–6 November; Figs 1, 2 &
S2).

Activity patterns

The three species shared a similar activity pattern
overall: the proportion of time spent wet was
greater during the non-breeding than the breeding

period (Fig. 4, Supporting Information Tables S1
and S2). During the non-breeding period the daily
proportion of time spent wet differed between
species and months (average 22–69%; Supporting
Information Tables S1 and S3, Fig. 5a). Interest-
ingly, the proportion of time spent wet by South-
ern Fulmars and Cape Petrels was greater at the
end of the breeding period and at the beginning of
the non-breeding period (up to average values of
45 and 69%, respectively, in March–April; Sup-
porting Information Tables S1, S4 and S5, Fig. 5b,
c). In contrast, the proportion of time spent on
the water by Snow Petrels reached a smaller peak
at a later date (31% in July–August; Supporting
Information Tables S1 and S6, Fig. 5d). Activity
levels differed between day and night within sea-
sons (Fig. 5b–d). The proportions of time spent
wet (max. 62% for Cape Petrels) were lower dur-
ing the night than during the day whatever the
period (max. 75% for Cape Petrels; Fig. 5, Tables
S1, S4, S5 and S6).

Resting time
The daily proportions of resting time were not
homogeneously distributed throughout the track-
ing period (Fig. S3). The proportion of resting
time by Southern Fulmars and Cape Petrels was
greater at the end of the breeding period and at
the beginning of the non-breeding period (up to
average values of 6%, in April). The spatial distri-
bution of resting activity revealed differences in

Figure 2. Mean latitudes and longitudes of fulmarine petrels during the non-breeding period (blue: Southern Fulmar, red: Cape Petrel
and green: Snow Petrel). Values are means � 1 sd.
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spatial distribution of the three species (Fig. S3).
These sectors corresponded to the areas where the
three species overlapped in distribution, mainly
during the early non-breeding period (Figs 2 &
3b). The highest concentration of resting time was
principally restricted to an area located in the
Mawson Sea during the early non-breeding period.

Stable isotopes

Body feather d13C and d15N values of chicks and
breeding adults encompassed relatively small and

large ranges, amounting to differences of 1.6&
(mean values from �24.7 to �23.1&) and 3.5&
(8.8–12.3&), respectively (Fig. 6). In univariate
analyses, both d13C and d15N values differed sig-
nificantly across groups (ANOVA, F5,55 = 7.11 and
9.18, respectively, both P < 0.0001). In chicks,
post-hoc Tukey’s HSD multiple comparison tests
showed that Cape Petrels and Snow Petrels had
significantly different d13C values (P < 0.0001),
and that the three species differed in their d15N
values (all P ≤ 0.039). In contrast to chicks, breed-
ing adults did not segregate by their stable isotope

Figure 3. Hotspots of sympatric fulmarine petrels tracked using geolocators (distribution overlap of species-specific top-scoring 5%
of time spent per square corresponds to the values of the upper quartile for cells with at least two species; see Methods) during (a)
pre-breeding and (b) non-breeding periods. Oceanographic frontal structures are shown: the South Subtropical Front (dark grey line),
Polar Front (grey line) and Southern Antarctic Circumpolar Current Front (light grey line) (Sokolov & Rintoul 2009a, updated 2003).
Boundaries of CCAMLR (light blue lines) and of Exclusive Economic Zones (dark blue lines) are also shown. The black inverted tri-
angle indicates the breeding colony
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values (all P > 0.05). Chicks and adults of each
species showed no significant d13C differences (all
P > 0.05), but feather d15N values were lower and
higher in chicks than in adults of Cape Petrels and
Snow Petrels, respectively (P = 0.049 and 0.002).

DISCUSSION

The complementary use of spatial, activity and iso-
topic data highlights the year-round foraging
strategies of high-Antarctic seabirds and sheds light
on the mechanisms that allow the coexistence of

closely related fulmarine petrels. Southern Ful-
mars, Cape Petrels and Snow Petrels segregated
during the breeding season primarily by feeding at
different trophic levels, whereas during the non-
breeding period they differed in their migratory
movements and wintering areas. However, each
method suffers its own biases and this study had
one main limitation. The location accuracy of GLS
loggers (186 � 114 km; Phillips et al. 2004) pre-
cludes the collection of spatial information at small
spatial scales. Thus, we cannot form clear conclu-
sions about the spatial segregation between species
during the breeding season. The method is at its
best for depicting large-scale movements, but is of
more limited use when birds are central-place for-
agers and feed at short distances from the colonies.
Finally, between-year differences could not be
investigated and we cannot exclude that species
and year effect may be partly confounded. Clearly,
more tracking investigations using satellite or GPS
tags are needed to better define petrel foraging
areas during the incubation and chick-rearing peri-
ods (e.g. Jenouvrier et al. 2015).

Trophic segregation during the breeding
period

During the breeding season, the three petrels over-
lapped in time and space, as illustrated by areas
with the greatest residence times. Given that dur-
ing breeding their movements were restricted to
small spatial scales, it cannot be excluded that they
might segregate spatially, but at a scale that was
simply not detectable by the method used here

Table 2. Mean characteristics of foraging areas of Southern Fulmars, Cape Petrels and Snow Petrels during the breeding and non-
breeding periods (values are means � 1 sd).

Breeding period Non-breeding period

Southern
Fulmar (n = 24)

Cape Petrel
(n = 6)

Snow Petrel
(n = 25)

Southern Fulmar
(n = 21)

Cape Petrel
(n = 6)

Snow Petrel
(n = 24)

Latitude range (°S) 49–71 60–63 52–71 53–68 41–71 51–71
Mean latitude (°S) 64.2 � 3.2 62.2 � 1.3 65.2 � 1.0 57.3 � 4.4 54.7 � 1.65 61.2 � 2.8
Longitude range 72°E–160°E 134°E–145°E 10°W–140°E 11°W–169°E 94°E –178°E 11°W–134°E
Mean longitude
(°E)

139.3 � 3.7 140.9 � 3.8 124.6 � 8.6 100.2 � 37.7 147.9 � 6.9 85.7 � 40.4

Mean range (km) 1257 � 603 1557 � 547 2648 � 1054 3402 � 1429 4247 � 961 2664 � 1500
Maximal range
(km)

2986 2527 4978 7269 5727 6314

Mean bathymetry �1448 � 1392 �2569 � 460 �827 � 724 �3149 � 1073 �2382 � 947 �3613 � 852
Median departure
date

23/3 (10/3–3/4) 7/3 (6/3–17/3) 10/3 (30/1–2/4) – – –

Figure 4. Activity patterns (proportion of time spent on water)
calculated from geolocator-immersion loggers for breeding
adults of three Antarctic fulmarine species: average daily activ-
ity pattern during breeding: pre-breeding and chick-rearing
(post-brood) and non-breeding (over-wintering) periods. Values
are means � 1 sd.
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due to poor GLS accuracy. Overall, Southern Ful-
mars, Cape Petrels and Snow Petrels foraged
mainly in high Antarctic waters in the vicinity of
the colonies in summer. Accordingly, the low
feather d13C values of chicks are typical of marine
organisms feeding in the high-Antarctic pelagic
habitat (Hodum & Hobson 2000, Cherel 2008,
Cherel et al. 2011). Adult Southern Fulmars satel-
lite tracked during breeding foraged in the vicinity
of the colony (200–600 km) where they target
shelf slopes areas (1000–3000 m depth) with a
pack-ice concentration of c. 20% (Jenouvrier et al.
2015). However, some individuals of all three spe-
cies foraged several thousand kilometres away
(Fig. S1, Table 2), which may reflect the pre-lay-

ing exodus at the beginning of the breeding cycle
or the behavioural shift of failed breeders after-
wards.

Interestingly, feather d15N values of chicks indi-
cated trophic separation among the petrel species,
with d15N values increasing in the order Cape
Petrels < Southern Fulmars < Snow Petrels, and
the overall d15N difference encompassing a full
trophic level (3.4&). This segregation contrasts
with the only other available isotopic investigation
on Antarctic fulmarine petrels, which indicated a
more limited d15N range (1.0&) among species at
Hop Island, East Antarctica (Hodum & Hobson
2000). In Ad�elie Land, the low Cape Petrel and
high Snow Petrel d15N values are close to those of

(a) (b)

(c) (d)

Figure 5. Activity patterns (proportion of time spent on water) calculated from geolocator-immersion loggers for breeding adults of
three Antarctic fulmarine species: average daily activity pattern with time (a) and during daytime (grey) and darkness (black) for (b)
Southern Fulmars, (c) Cape Petrels and (d) Snow Petrels. Values are means � 1 sd.
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the primarily crustacean-eater Ad�elie Penguin
Pygoscelis adeliae and primarily fish-eater Emperor
Penguin Aptenodytes forsteri, respectively (Offredo
& Ridoux 1986, Ridoux & Offredo 1989, Cherel
2008). Consequently, the intermediate d15N value
of Southern Fulmar suggests that birds are feeding
on a mixture of crustaceans and fish. Stomach con-
tent analysis showed that Southern Fulmar chicks
were fed with fish and euphausiids, while the sta-
ple food of Snow Petrel chicks was fish (Ridoux &
Offredo 1989). However, Cape Petrel chicks were
fed with fish and euphausiids (Ridoux & Offredo
1989), which did not fit well the d15N indication
of a crustacean-based diet. Such a discrepancy may
result from a differential temporal integration
between the methods (dietary snapshot vs. feather
growth period) and/or from inter-annual changes
in food availability (1982 vs. 2007). Elsewhere,
Cape Petrels breeding in Antarctica feed predomi-
nantly either on crustaceans (Green 1986, Arnould

& Whitehead 1991, Soave et al. 1996) or on crus-
taceans and fish (Creet et al. 1994, Coria et al.
1997), thus highlighting the foraging plasticity of
the species.

Spatial segregation during the non-
breeding period

One of the main findings of this study is the
almost complete spatial segregation at sea of the
three petrels during the non-breeding period
(Fig. 2). All the individuals migrated far away
from the breeding colonies but showed species-
specific and contrasting overwintering strategies
along well-marked spatial gradients. Longitudi-
nally, Snow Petrels moved to the western Indian
Ocean (occasionally reaching the Atlantic Ocean),
whereas Cape Petrels migrated eastward into the
Pacific Ocean and Southern Fulmars foraged in the
eastern Indian Ocean. Latitudinally, Snow Petrels
essentially remained in Antarctic waters (south of
the Polar Front) including both the Seasonal Ice
Zone and also the Permanent Open Ocean Zone
further north. In contrast, Southern Fulmars and
Cape Petrels favoured warmer waters in the mid-
dle of the austral winter (June–August); both spe-
cies foraged in the sub-Antarctic Zone and Cape
Petrels crossed the Subtropical Front to reach sub-
tropical and even tropical waters. The latitudinal
segregation of the GLS-equipped petrels is in gen-
eral agreement with vessel-based observations of
birds of unknown origin, age and status (Marchant
& Higgins 1990). Cape Petrels are widespread
within the Southern Hemisphere, and Southern
Fulmars are also widely distributed, whereas Snow
Petrels, a pack-ice-affiliated species, are virtually
confined to cold waters (≤ 1 °C) (Murphy 1964).
The last two species breed only in the Antarctic
Zone, whereas the first has a more widespread
northern breeding distribution (44–70°S) that
includes sub-Antarctic islands (Brooke 2004). This
wide latitudinal breeding range indicates the need
to track Cape Petrels from different colonies, pop-
ulations and marine areas in order to get a synoptic
view of the wintering strategies of the species (e.g.
Weimerskirch et al. 2015).

Activity patterns and moult

Three main features characterized the activity pat-
terns of fulmarine petrels, here quantified by the
proportion of time spent on water, presumably

Figure 6. Body feather d13C (upper panel) and d15N (lower
panel) values of chicks and breeding adults of sympatric ful-
marine petrels from Ad�elie Land. Values not sharing the same
superscript letter are significantly different. Values are
means � 1 sd.
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resting: (1) birds were more active during than
outside the breeding period; (2) they were gener-
ally less active during the day than at night; and
(3) Southern Fulmar and Cape Petrel, but not
Snow Petrel, showed a pronounced peak of inac-
tivity in autumn (March–April). Less time spent
on water during the chick-rearing than the non-
breeding period is likely to be due to numerous
commuting flights between foraging grounds and
colony to feed the chick, compared with non-
breeding birds that are no longer under breeding
constraints. An identical seasonal activity pattern
has been recorded in other petrel species (Pinet
et al. 2011, Rayner et al. 2012) and in albatrosses
(Mackley et al. 2010). Hence, more resting time
during the non-breeding period may occur regard-
less of the species, the wintering zones and the
prey consumed, suggesting that it is a common
feature among seabirds. It also indicates that birds
readily meet their energy demands during the non-
breeding period. During the non-breeding period,
the petrels spent more time on water during the
day and were thus more active at night, which
concurs with the little information available for
petrels (Mackley et al. 2011, Pinet et al. 2011,
Rayner et al. 2012). The greater night-time activ-
ity of petrels suggests that they exploit nocturnally
available prey (Brooke & Prince 1991) during non-
breeding, a hypothesis that needs to be tested
using bio-logging.

The proportion of time spent on water by South-
ern Fulmars and Cape Petrels was remarkably high
during the day and at night in March–April, indicat-
ing low flight activity at the end of the breeding
cycle and the beginning of the non-breeding period
before birds initiated their migration. Similarly, the
highest values of proportion of resting were
reported in April for these two species. Interest-
ingly, the resting peak corresponds to the moulting
period of fulmarine petrels, which are known to ini-
tiate feather growth during the breeding period
(Beck 1969, Marchant & Higgins 1990). Conse-
quently, it is likely that the prolonged period of rel-
ative flightlessness of Southern Fulmars and Cape
Petrels was a direct consequence of the loss of sev-
eral old flight feathers while the new ones were still
too small to be used efficiently. This time overlap
between two events (chick-rearing and moult) was
explained by the high abundance of food at the end
of the short summer and autumn in high-Antarctica
(Beck 1969). Surprisingly, although Snow Petrels
also moult at that time of the year during a ‘moult

exodus’ (Beck 1969, 1970), they did not present
any concomitant resting peak at the sea surface.
Snow Petrels had a stronger association with ice
than other petrels (Ainley et al. 1994) and the spe-
cies is often observed sitting on sea ice and icebergs
(Ainley et al. 1993). Hence, the most likely expla-
nation for the lack of sea surface resting peak in
autumn in Snow Petrels is that they spent a large
amount of time resting on the ice while moulting, a
behaviour that cannot be distinguished from flight
activity by the wet/dry activity recorders.

A final notable finding of the work is that the
spatial overlap index delineated an oceanic area
located at high latitudes west of Ad�elie Land,
which was used by all three species. The time
spent in this area corresponds to the autumnal
resting peak of Southern Fulmars and Cape Petrels
and, hence, to the zone where they probably
moulted. Thus, after breeding, petrels resumed
feather growth in the same moulting area before
departing with a new plumage for different spe-
cies-specific wintering zones. The low and similar
feather d13C values of adult birds indicated that
the three species grew feathers in pelagic Antarctic
waters, and not further north. In contrast to the
breeding period, however, adult moult was not
marked by any trophic separation among the pet-
rels. Instead, their feather d15N values were not
different and showed a similarly wide range of val-
ues within each species, meaning that the popula-
tions were isotopically generalists and relied on
different prey from different trophic levels during
moult (most likely Antarctic krill, mid-water fish
and possibly squid). This moulting area should be
considered a hotspot for these species’ conserva-
tion. It therefore constitutes a previously unknown
hotspot of marine resources (Raymond et al.
2015), highlighting the usefulness of tracking mar-
ine consumers to gather relevant information on
remote marine zones of biological interest (Bost
et al. 2009).

CONCLUSION

During the summer breeding period, Southern
Fulmars, Cape Petrels and Snow Petrels all foraged
in high-Antarctic waters in the vicinity of their
breeding colonies. Accordingly, the low feather
d13C values of chicks are typical of the high-
Antarctic pelagic habitat. Interestingly, feather
d15N values of chicks depicted trophic segregation
at that time, with feather d15N values increasing in
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the order Cape Petrels < Southern Ful-
mars < Snow Petrels. One of the main findings of
the study is the almost complete spatial segrega-
tion at sea of the three petrels during the non-
breeding period. All the individuals migrated far
away from the breeding colonies but showed spe-
cies-specific and contrasting overwintering strate-
gies along well-marked spatial gradients. Three
main features characterized the activity patterns of
the petrels: (1) birds were more active during than
outside the breeding period; (2) they were gener-
ally less active during the day than at night; and
(3) Southern Fulmars and Cape Petrels, but not
Snow Petrels, showed a pronounced peak of inac-
tivity in autumn (March–April). The spatial over-
lap index delineated an oceanic area located west
of Ad�elie Land. This area was used by all species,
and by Southern Fulmars and Cape Petrels proba-
bly for moulting their flight feathers.

Despite their low conservation threat status
(all are listed as Least Concern according to
IUCN 2015), fulmarine petrels face a range of
threats in the marine environment, including
direct interactions with fisheries (Brothers et al.
2010, Favero et al. 2011, Richard et al. 2011),
contamination from pollutants (Tartu et al.
2015), over-fishing of prey species and climate
change (Barbraud et al. 2011). The areas of high
use identified in this study highlighted that
CCAMLR was the management organization with
the greatest responsibility, given the overlap
between the species distribution at sea and the
CCAMLR jurisdiction zone. CCAMLR is a well-
known exemplar ecosystem-based management
organization which has implemented successful
bycatch mitigation measures. However, a signifi-
cant part of the high-use areas by these fulmarine
petrels extends beyond CCAMLR boundaries,
highlighting the need to implement similar miti-
gation measures by other regional fisheries man-
agement organizations.
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SUPPORTING INFORMATION

Additional Supporting Information may be found
in the online version of this article:

Figure S1. Distributions of sympatric fulmarine
petrels tracked using geolocators (per cent of time
of residence spent in each cell) during breeding
period, (1) pre-breeding (left panel) and (2) chick-
rearing (post-brood; right panel) of (a) Southern
Fulmar, (b) Cape Petrel, and (c) Snow Petrel.

Figure S2. Monthly spatial distribution of ful-
marine petrels.

Figure S3. Spatial distribution of proportion of
resting time (mean) of sympatric fulmarine petrels
tracked using geolocators during non-breeding: (a)
Southern Fulmar, (b) Cape Petrel and (c) Snow
Petrel.

Figure S4. Hotspots of sympatric fulmarine pet-
rels tracked using geolocators (distribution overlap
of species-specific top-scoring 5% of time spent
per square corresponds to the values of the upper
quartile for cells with at least two species; see
Material and Methods section) during chick-rear-
ing period (post-brood).

Table S1. Detailed list of the analyses
performed (Generalized Linear Mixed Models
with a random factor ‘individual’, except when
mentioned*).

Table S2. Fixed-effect parameters of generalized
linear model of the variation of the activity pattern
(mean daily proportion of time spent wet) for
Southern Fulmar (SOFU), Cape Petrel (CAPE)
and Snow Petrel (SNPE).

Table S3. Fixed-effect parameters of generalized
linear mixed model of the variation of the activity
pattern (daily proportion of time spent wet) for
Southern Fulmar (SOFU), Cape Petrel (CAPE),
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and Snow Petrel (SNPE) during the non-breeding
period.

Table S4. Fixed-effect parameters of generalized
linear mixed model of the variation of the activity
pattern (proportion of time spent wet) for South-
ern Fulmar during the non-breeding period.

Table S5. Fixed-effect parameters of generalized
linear mixed model of the variation of the activity

pattern (proportion of time spent wet) for Cape
Petrel during the non-breeding period.

Table S6. Fixed-effect parameters of generalized
linear mixed model of the variation of the activity
pattern (proportion of time spent wet) for Snow
Petrel during the non-breeding period.
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