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Abstract

Stable isotope ratios of carbon (813C) and nitrogen (8" N) were measured in feathers to compare the non-breeding distri-
butions and habitat use of adult brown skuas Stercorarius antarcticus lonnbergi from high-latitude colonies at Esperanza/
Hope Bay (Antarctic Peninsula, 63°S) and Signy Island (South Orkneys, 60°S), with those from Bird Island (South Georgia,
54°S), which have also been tracked previously using geolocators. Breeding colony, but not sex, had a significant effect on
feather 8!°C and !N values. Feather stable isotope data from South Georgia birds mostly corresponded to oceanic, mixed
subtropical-subantarctic to subantarctic waters, which agrees with the tracking data, as did a subset of the birds from the
two higher latitude populations. However, other individuals displayed feather stable isotope ratios that were consistent with
continental shelf or shelf-slope waters, suggesting that unlike the vast majority of brown skuas from South Georgia, many
birds from higher latitude colonies spend the non-breeding season on, or near, the Patagonian Shelf. These population-level
differences may have implications for exposure to anthropogenic threats or have carryover effects on subsequent breeding
behaviour or performance.
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Introduction
Responsible Editor: Vitor H. Paiva.

Brown skuas Stercorarius antarcticus lonnbergi have a
circumpolar breeding distribution in the Southern Hemi-
sphere, including on subantarctic islands and at higher lati-
tudes (Ritz et al. 2008). During the breeding period, brown
skuas are opportunistic predators and scavengers, with dif-
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ferences in diet composition among colonies reflecting the
seasonal availability of locally abundant prey (Burton 1968;
Reinhardt et al. 2000; Phillips et al. 2004; Anderson et al.
2009; Grana Grilli and Montalti 2015; Borghello et al. 2019;
Ibafiez et al. 2022; Mills et al. 2022). For instance, during
incubation, brown skuas at South Georgia predominantly
make coastal foraging trips and feed on the placentae and
carrion of Antarctic fur seals Arctocephalus gazella and
to some degree on burrowing petrels (Phillips et al. 2004;
Anderson et al. 2009; Carneiro et al. 2014). Brown skuas
breeding at more southerly colonies also feed mainly on land
but on penguin eggs and chicks, and shift later in the season
to consume marine resources (i.e., fish and cephalopods)
(Carneiro et al. 2015; Ibafiez et al. 2022).
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During the non-breeding period, brown skuas are no
longer restricted by the central-place foraging constraint
and can disperse widely. Brown skuas from South Geor-
gia, King George/25 de Mayo Island (South Shetland
Islands), Chatham, Crozet and Kerguelen Islands have all
been tracked during the non-breeding period (Phillips et al.
2007; Carneiro et al. 2016a; Krietsch et al. 2017; Delord
et al. 2018; Schultz et al. 2018). Unlike the closely-related
south polar skua S. maccormicki, which can undertake trans-
equatorial migrations (Kopp et al. 2011), brown skuas breed-
ing in the southwest Atlantic Ocean sector of the Southern
Ocean remain within the Southern Hemisphere during the
non-breeding period. Birds from South Georgia tracked in
the 2002 and 2012 winters targeted deep, oceanic waters,
mostly within the Argentine Basin, or elsewhere between
the Antarctic Polar Front (APF) and the northern extent
of the subtropical front (STF) (Phillips et al. 2007, 2009;
Carneiro et al. 2016a). In contrast, those from King George
Island tracked from 2007 to 2010 spent the non-breeding
season over the Patagonian Shelf, Argentine Basin and, to
a lesser extent, the southern Brazil Shelf (Krietsch et al.
2017). Brown skua populations on the Antarctic Peninsula
and South Orkney Islands have not been tracked; hence,
their migration strategies and wintering areas are currently
unknown.

Stable isotope ratios of feathers are routinely used to
investigate the foraging ecology of adult seabirds during
the non-breeding period, which is when moult generally
takes place (Cherel et al. 2000; Phillips et al. 2009; Mills
et al. 2021). Feather stable isotope ratios reflect those of
prey during tissue formation, and because keratin is meta-
bolically inert, the dietary signal is preserved indefinitely.
Stable isotope ratios of carbon (*C:!2C, expressed as 5'°C)
and nitrogen (°N:!*N, 8!5N) are most commonly measured
in seabird tissues. The utility of 8!°N values relies on a
stepwise increase at each trophic level (—3-5 %o), whereas
8'3C values can provide spatial information on feeding areas
(Hobson and Clark 1992; Bearhop et al. 2002; Cherel and
Hobson 2007; Jaeger et al. 2010). This includes a depend-
ence on an inshore vs. offshore, benthic vs. pelagic diet,
and latitude/water mass where gradients exist, as is the case
in the Southern Ocean (Cherel and Hobson 2007; Phillips
et al. 2009; Jaeger et al. 2010). In this study, by measuring
stable isotope ratios in feathers, we investigated the migra-
tion strategies and habitat use of brown skuas during the
non-breeding period. Specifically, we examined differences
between sexes and among birds originating from three dif-
ferent breeding colonies located south of the APF in the
southwest Atlantic Ocean sector of the Southern Ocean. The
existence of individual and population-level differences in
migration strategies could have repercussions for exposure to
anthropogenic threats (e.g., pollutants and fisheries bycatch),
or have carryover effects on body condition, behaviour or
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performance in the subsequent breeding season, as in other
seabird species (Mills et al. 2020, 2021).

Methods

Feather sampling was undertaken at three brown skua breed-
ing colonies: (1) Esperanza/Hope Bay, Antarctic Peninsula
(63°24'S, 57°01'W) in November/December 2018 and
2019; (2) Signy Island, South Orkney Islands (60°43’S,
45°36’W) in January 2014; and (3) Bird Island, South
Georgia (54°00’S, 38°03’W) in December 2014. Population
sizes at these sites were 26 breeding pairs in 2022/23, 161
breeding pairs in 2013/14 and 467 breeding pairs in 2003/04,
respectively (Phillips et al. 2004; Carneiro et al. 2016b;
Ibafiez, unpublished data). During incubation, adult birds
were captured and fully grown body feathers were plucked
singly from different parts of the lower back at Bird Island
(n=26) and Signy Island (n=22), and the tip (~ 1 cm?) of
a fully grown primary feather (P7 or P8) was sampled at
Hope Bay (n=45). After collection, feathers were stored
dry in sealed polythene bags. Additionally, at Hope Bay
only, body feathers were collected from well-grown chicks
(n=17) in the 2019/20 breeding season. No bird was sam-
pled more than once. Adults were sexed via the analysis of
DNA extracted from blood samples at Bird Island, and sexes
were initially assigned morphologically (i.e., from weight
and tarsus length) at Hope Bay and Signy Island (Fridolfsson
and Ellegren 1999; Phillips et al. 2002). Morphological sex-
ing at Hope Bay was later confirmed through DNA analysis.

Brown skuas primarily moult body feathers and outer
primary feathers during the non-breeding period (Furness
1987; Phillips et al. 2007; Schultz et al. 2023; but see Grafia
Grilli and Cherel 2017). Hence, stable isotope ratios of fully
grown body feathers and outer primary feathers (both sam-
pled here) are highly likely to reflect diet and distribution
during the non-breeding period (Graifia Grilli and Cherel
2017; Schultz et al. 2023). Feathers (n =3 pooled per bird)
were cleaned of external lipids and contaminants using
chloroform:methanol solution (2:1 v/v) and Milli-Q® water
rinses. Feathers were then air-dried for 48 h and cut into
small fragments with stainless steel scissors. Homogenised
feathers were weighed (~ 0.7 mg) into 6 X4 mm tin capsules
using a microbalance. Stable isotope ratios of carbon and
nitrogen were measured at the Natural Environment Isotope
Facility Stable Isotope Ecology Lab using a continuous-
flow mass spectrometer (Delta Plus XP; Thermo Scientific,
Bremen, Germany) coupled to an elemental analyser (vario
PYRO cube; Elementar, Langenselbold, Germany). Three
internal laboratory standards were analysed for every 10
samples to correct for instrument drift and linearity. Results
are expressed as & values (%o) relative to the international
references Vienna PeeDee Belemnite and atmospheric N,
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(AIR) for carbon and nitrogen, respectively. Measurement
precision (SDs associated with replicate runs of USGS40)
was <0.2 %o for 8'"°C and 8"N.

Data were analysed using R version 4.0.3. and the fig-
ure was created using the ggplot2 package in R (Wickham
2016; R Core Team 2020). There was no significant effect
of year on adult feather 8'*C and 8N values at Hope Bay
(Wilcoxon rank sum tests, both P> 0.08), and hence data
were pooled for further analyses. The effects of sex, breeding
location and their two-way interaction on feather $'°C and
8'°N values were tested using two-way ANOVAs followed
by post hoc Tukey’s HSD tests. Statistical significance was
assumed at a=0.05 in all cases. To aid interpretation, we
present our data in relation to previously published feather
stable isotope data from adult brown skuas from South Geor-
gia and King George Island, and from adult white-chinned
petrels Procellaria aequinoctialis from South Georgia,
which have known non-breeding distributions within the
southwest Atlantic Ocean (Phillips et al. 2006, 2007, 2009;
Graiia Grilli and Cherel 2017).

Results and discussion

Feather §'°C and 8'°N values of adult brown skuas from
our three study populations were highly variable, ranging
from —20.4 to —15.0 %o and + 7.9 to + 19.4 %o, respectively
(Table 1; Fig. 1), reflecting the large overall distribution
during the non-breeding period. There was a significant
effect of breeding colony, but not sex, on feather 813C val-
ues (two-way ANOVA, colony: F2,s7= 14.21, P<0.001;
sex: F; g;=0.73, P=0.394; sex X colony: F,¢;,=0.41,
P=0.668). There was also a significant effect of breed-
ing colony, but not sex, on 8'°N values (log-transformed)

Table 1 Stable isotope ratios (%o) of carbon 8"C) and nitrogen
(8"N) measured in feathers of brown skuas Stercorarius antarcti-
cus lonnbergi sampled from three breeding colonies in the southwest
Atlantic sector of the Southern Ocean: (1) Esperanza/Hope Bay, Ant-

(colony: F, ¢;=12.73, P<0.001; sex: F, g;=0.11, P=0.738;
sex X colony: F, g;=2.45, P=0.09). Post hoc Tukey’s HSD
tests showed that feather 8'°C and 8'°N values of birds from
South Georgia were significantly lower than those of birds
from the other two locations (all P <0.001), which were
similar (P=0.10 and P=0.59, respectively).

All 8'3C values of adult feathers from brown skuas sam-
pled at our three study colonies were greater than the mean
8'3C values of chick feathers at Hope Bay (this study) and of
growing feathers of adults from King George Island, which
were measured by Grafia Grilli and Cherel (2017) (Fig. 1).
Hence, we infer that no adults from our study spent the non-
breeding season in high-latitude Antarctic waters, and that
the feathers we sampled were grown outside the breeding
period. Previous tracking and stable isotope studies show
that brown skuas from South Georgia disperse widely dur-
ing the non-breeding period, selecting deep, oceanic waters,
mostly within the Argentine Basin or elsewhere between the
APF and the northern extent of the STF (Phillips et al. 2007,
2009; Carneiro et al. 2016a). Our isotopic data are consist-
ent with this interpretation (i.e., the use of mixed subtropi-
cal-subantarctic to subantarctic waters) for the birds that we
sampled from South Georgia. However, this interpretation
held only for a subset of the birds from Signy Island and
Hope Bay, whereas the remainder of the birds sampled at
the two high-latitude colonies showed considerably higher
8'3C and 8N values, which were more similar to those
of white-chinned petrels from South Georgia (Fig. 1). As
such, we infer that this subset of brown skuas, like the white-
chinned petrels, make extensive use of the Patagonian Shelf
and shelf-slope during the non-breeding period (Phillips
et al. 2006). This is corroborated by the similar statistical
distributions of adult feather isotope data from brown skuas
at Hope Bay and Signy Island in our study with previously

arctic Peninsula (primary feather tips; P7 or P8); (2) Signy Island,
South Orkney Islands (body feathers); and (3) Bird Island, South
Georgia (body feathers)

Feather 8'°C

Feather §°N

Breeding location Age Sex n Mean+SD Minimum Maximum Mean+SD Minimum Maximum
Antarctic Peninsula Adult Female 22 -17.5+1.1 —-19.8 —-15.2 13.8+3.3 9.8 18.9
Adult Male 23 -17.5+1.4 -20.4 —15.8 14.6+3.7 7.9 194
Adult Both 45 -17.5+1.2 -20.4 —-15.2 14.2+3.5 7.9 194
Chick - 17 -23.1+0.3 -23.7 -22.5 8.8+0.2 8.5 9.2
South Orkney Is Adult Female 11 -16.8+1.1 —-19.2 —15.3 16.0+£2.3 12.0 18.6
Adult Male 11 -169+1.2 —18.7 —15.0 13.7+3.3 10.0 18.4
Adult Both 22 -169+1.1 —-19.2 -15.0 14.9+3.0 10.0 18.6
South Georgia Adult Female 15 -18.7+0.8 -20.1 -17.2 109+1.2 9.1 13.0
Adult Male 11 -18.3+£0.6 —-19.7 —17.6 11.4+0.9 9.7 13.1
Adult Both 26 -18.5+0.7 -20.1 -17.2 11.1+1.1 9.1 13.1
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Fig. 1 Stable isotope ratios (%o)
of carbon (8'3C) and nitrogen 20 Sex
(8" N) measured in body feath- E
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Peninsula). Filled white squares A
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values of body feathers from 5 @ South G .
brown skua chicks at Esper- u'>Z ou eorgia ‘ King George Island (adults, fully
anza/Hope Bay (this study, = 1 grown feathers, 2011/12)
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white-chinned petrels Procel- (O] 4
. . Lo < growing feathers, 2011/12)
laria aequinoctialis and brown e
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L

from Bird Island (Phillips et al.
2007, 2009), and brown skuas
from King George/25 de Mayo
Island (South Shetland Islands, 10
sampled in 2011/12, including

growing and fully grown feath-

ers) (Graiia Grilli and Cherel -+
2017). Grey vertical lines and
text reflect the approximate
locations of biogeographic
boundary zones (Phillips et al.
2009)

2019/20)

Hope Bay (chicks, m. !

A

3
South Georgia
(adults, 2001/02)

A

published data from King George Island (Grafa Grilli and
Cherel 2017), as well as tracking data from King George
Island which showed that adults spent the non-breeding sea-
son over the Patagonian Shelf, Argentine Basin and, to a
lesser extent, the southern Brazil Shelf (Krietsch et al. 2017).
None of the birds from South Georgia in our study showed
isotopic values consistent with use of shelf or shelf-slope
waters, though a single individual did in a previous study
(Phillips et al. 2007). Hence, although this migration strat-
egy occurs in the South Georgia population, it is much rarer
than in higher latitude populations.

The drivers of differences in migration strategies among
brown skua populations are unknown; however, factors such
as the predictability of certain prey, individual specialisation
and the levels of inter- and intraspecific competition likely
play a role. Variation in non-breeding distributions and
habitat use are likely to have repercussions for the relative
exposure to anthropogenic threats. For example, birds feed-
ing at lower compared to higher latitudes, or in coastal/ben-
thic versus offshore/pelagic waters, may be more exposed
to mercury in their prey (Fitzgerald et al. 2007; Mills et al.
2020; Renedo et al. 2020). In addition, the skuas feeding on
the Patagonian Shelf likely show a greater reliance during
the nonbreeding season on scavenging offal and discards

@ Springer
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Feather §'°C (%0)

from behind vessels, and hence may show higher bycatch
rates in trawl fisheries (Paz et al. 2018; Tamini et al. 2021).
Moreover, the recent outbreak of Highly Pathogenic Avian
Influenza (HPAI) at South Georgia could potentially have
originated from a brown skua that wintered off Argentina
prior to returning to the colony. If so, this is a rare migra-
tion strategy for this population, as one bird in Phillips et al.
(2007) but none in our study (as outlined above) had an
isotopic signature associated with feeding on the Patagonian
Shelf. Given that a high proportion of brown skuas from the
Antarctic Peninsula and South Orkneys in our study win-
tered on the Patagonian Shelf, these populations may also
be at risk.

Brown skuas show reversed (i.e., female-biased) sexual
size dimorphism (SSD), with females being considerably
larger and heavier than males (Phillips et al. 2002). Despite
the SSD, there was no significant effect of sex on feather
8!3C values, suggesting no consistent differences between
males and females in habitat use during the non-breeding
period. Similarly, previous tracking studies at South Georgia
did not find sex differences in foraging areas (Phillips et al.
2007; Carneiro et al. 2016a). There was also no significant
effect of sex on feather 8'°N values, which suggests no over-
all difference in trophic levels between sexes. Nonetheless,
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mean 8'°N values were slightly higher for males than
females at Hope Bay and South Georgia, whereas the oppo-
site pattern was found for birds from Signy Island (Table 1).

Conclusion

Our study highlighted the diverse migration strategies of
brown skuas from different breeding colonies in the south-
west Atlantic sector of the Southern Ocean. Birds from all
colonies, particularly those from South Georgia, targeted
deep, oceanic waters. However, a large proportion from the
South Orkneys and the Antarctic Peninsula instead utilised
the Patagonian Shelf. Although the factors driving these
differences remain unclear, it is likely that different strate-
gies lead to varying ecological and anthropogenic pressures
across populations, which underscores the importance of
considering such variability in future conservation planning
and management. Future work could use isotopic analyses
of feathers from adults to analyse annual consistency in the
migration strategies of brown skuas (potentially including
repeat sampling of the same individuals, or feathers from
museum skins), with the caveat that isotopic baselines may
also change over time.
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