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Abstract

Seabirds play a key role in maintaining the balance and functioning of marine ecosystems. Changing energy demands dur-
ing reproduction, coupled with prey availability and competition, shape seabird foraging behaviors and diets. Brown Skuas
Stercorarius antarcticus lonnbergi and South Polar Skuas S. maccormicki are opportunistic feeders and scavengers that
breed sympatrically on the Antarctic Peninsula and nearby islands. In shared nesting areas, Brown Skuas often monopolize
resources on land, compelling South Polar Skuas to exploit alternative trophic pathways at sea. This study investigates the
diets of Brown and South Polar Skuas by analyzing regurgitated pellets (n=443) collected during three breeding seasons
(2021-2023) and blood stable isotopes of carbon (6'*C) and nitrogen (§'°N) sampled in 2021/22 at the Potter Peninsula,
25 de Mayo/King George Island, South Shetland Islands, Antarctica. Pellet analysis showed that Brown Skuas consumed
penguins more frequently and had a broader dietary niche compared to South Polar Skuas, which consumed more large,
mesopelagic fish (predominantly Antarctic Lanternfish Electrona antarctica) and Storm Petrels. As the breeding season
progressed, both species increasingly relied on marine resources from incubation to the chick-rearing, indicating dietary
plasticity. Blood 0'*C values suggested greater coastal/inshore foraging for Brown Skuas and offshore foraging for South
Polar Skuas. Elevated 6'°N values in Brown Skuas indicated a higher trophic level, and their isotopic niche breadth was
wider than South Polar Skuas. No sex-related variations were detected in blood isotopic signatures. The dietary diversity,
adaptability and the presence of distinct ecological niches likely facilitate skua coexistence during sympatric breeding.
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>4 A.E. Ibafiez
aeibanez@fcnym.unlp.edu.ar Seabirds are globally important marine predators, with an
annual biomass consumption of ~70 million tonnes, which
is similar to commercial fisheries landings (Brooke 2004).
As mid to high trophic level predators, many seabirds spe-

cies play critical roles in regulating marine food webs and
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ecosystem dynamics. Seabirds are conspicuous, long-lived
species with high adult survival and low reproductive out-
put, making their populations relatively stable over time.
Understanding how seabirds use resources, such as through
diet studies, can provide insights into the variability in
marine food webs resulting from changing environmental
conditions, and into the factors driving their breeding suc-
cess and population dynamics (Furness and Camphuysen
1997; Barrett et al. 2007; Velarde et al. 2019).

Different methodologies are commonly used to study
seabirds diets, including analyses of regurgitated pellets,
regurgitations, stomach-flushing, as well as biochemical
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methods (e.g., stable isotope and fatty acid analyses) (Duffy
and Jackson 1986; Bearhop et al. 2002). Pellets are com-
pact masses of indigestible material (e.g., bones, feathers,
otoliths) that are naturally regurgitated by several seabird
species. The analysis of pellets offers several advantages,
including ease of sample collection, minimal impact on the
birds and high taxonomic resolution (i.e., species-level iden-
tification of prey); however, this approach underestimates
the amount of easily digestible soft-bodied prey (Votier et al.
2003; Malzof and Quintana 2008). Stable isotope ratios of
carbon (1*C/12C, expressed as 0'°C) and nitrogen (N/!*N,
0'°N) measured in seabird tissues are effective tracers of
foraging habitats and trophic levels, respectively, and reflect
diet over different temporal scales, depending on the tissue
(Bond and Hobson 2012; Layman et al. 2012; Mills et al.
2024). For instance, the isotopic values of blood plasma or
serum integrate dietary information over the previous few
days (typically 3—5 days), whereas the isotopic signature of
red blood cells (RBCs) integrate dietary inputs over a lon-
ger period, usually 2-3 weeks (Boecklen et al. 2011; Vander
Zanden et al. 2015; Grafia Grilli et al. 2023). Combining
traditional and biochemical diet analyses provides a more
comprehensive approach to investigating seabird trophic
ecology (Bearhop et al. 2004; Barrett et al. 2007; Grafia
Grilli et al. 2023).

Trophic niches of seabirds can vary among and within
species, including in relation to intrinsic (e.g., age, sex, indi-
vidual preferences, experience, breeding stage and season)
and extrinsic (e.g., competition, prey availability and acces-
sibility) factors (Bolnick et al. 2003; Carneiro et al. 2015;
Phillips et al. 2017). Moreover, even within populations of
generalist species sharing the same environment, individu-
als often exhibit specialist foraging strategies (Jakubas et al.
2018; Gal et al. 2021). Trophic niche partitioning can reduce
competition and facilitate coexistence among morphologi-
cally similar sympatric seabird species, especially during
the breeding period when seabirds behave as central-place
foragers and are restricted in their efforts (in time and dis-
tance from the colony) (Orians and Pearson 1979; Robert-
son et al. 2014; Petalas et al. 2021). While rearing chicks,
adult seabirds must adapt their foraging strategies and diets
to manage the energy requirements of themselves and their
chicks alongside seasonal fluctuations in prey accessibility
and availability (Shaffer et al. 2003; Hipfner et al. 2013;
Ibafiez et al. 2022).

Brown Skuas Stercorarius antarcticus lonnbergi and
South Polar Skuas S. maccormicki breed on the Antarctic
continent and subantarctic islands. Both species display
circumpolar breeding distributions, though Brown Skuas
mainly breed on subantarctic islands and South Polar Skuas
on the Antarctic continent (Young 1994; Ritz et al. 2008).
Skuas can be top predators, scavengers and kleptoparasites,
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and their diets include a wide variety of food resources on
land and at sea (Reinhardt and Hahn 2000; Borghello et al.
2019; Ibafiez et al. 2022). In the Antarctic Peninsula region
and the South Shetland Islands, there is an overlap in the
breeding distributions of these skua species (Furness 1987;
Pietz 1987; Ritz et al. 2006). Both species breed nearby pen-
guin colonies in the northern Antarctic Peninsula region — a
food resource that they can defend territorially — and also
have access to the sea (Trillmich 1978; Trivelpiece et al.
1980; Hahn and Peter 2003). When breeding in sympatry,
Brown Skuas initiate their breeding cycle, particularly
egg incubation, in close synchrony with that of penguins,
which facilitates their monopolization of this prey (eggs
and chicks) and other seabirds, thereby forcing South Polar
Skuas to feed in inshore and offshore pelagic waters (Mal-
zof and Quintana 2008; Grafa Grilli and Montalti 2012;
Reis et al. 2021). Nevertheless, when sympatry occurs in a
context of limited availability of penguin, and high energy
demands, both species supplement their diet with other
resources (Grafia Grilli and Montalti 2012; Carneiro et al.
2015; Ibafiez et al. 2022). This study investigated the feed-
ing ecology of both skuas during three consecutive breed-
ing seasons, considering the effects of sex, breeding stage
and season. Furthermore, the combination of stable isotope
and regurgitated pellets analyses demonstrates the utility of
combining methods to understand seabird diets and forag-
ing strategies. The central hypothesis here is that, under the
specific conditions of the study site, Brown Skuas monopo-
lizes the most highly valued resource, the penguin colony.

Materials and methods
Study area

Fieldwork was conducted at the Potter Peninsula, Isla 25 de
Mayo (King George Island), South Shetland Islands, Ant-
arctica (62°15°S, 58°40°W), part of which is included as
Antarctic Specially Protected Area (ASPA) no. 132, during
the breeding seasons 2020/2021, 2021/2022, and 2022/2023
(Fig. 1). At this site, Brown Skua pairs (2021/2022: n=17;
2022/2023: n=19), South Polar Skua pairs (2021/2022:
n=87; 2022/2023: n=80), and mixed pairs (composed of
one adult of each species or hybrid individuals; 2021/2022:
n=5; 2022/2023: n=11) breed in sympatry. A limited
number of pairs remained uncategorized in each year, as
only one member of the pair was seen (2021/2022: n=15;
2022/2023: n=13). Individuals were classified as Brown
or South Polar Skuas based on their coloration and mor-
phology (Parmelee 1988; Peter et al. 1990), and only active
pairs composed of two individuals of the same species were
included in this study. At the Potter Peninsula, there are
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Fig. 1 Spatial and temporal distribution of skuas species during breed-
ing season. (A) Study area within the southwest Atlantic sector of
the Southern Ocean. (B) Location of Potter Peninsula, 25 de Mayo/
King George Island, South Shetland Islands, Antarctica (62°15°S,
58°40°W). (C) Brown Skua Stercorarius antarcticus lonnbergi (BS)
and South Polar Skua S. maccormicki (SPS) nests identified during the

colonies of pygoscelid penguins, comprising~ 1700 pairs of
Adélie Penguins Pygoscelis adeliae, ~6700 pairs of Gentoo
Penguins P. papua and ~ 10 pairs of Chinstrap Penguins P,
antarcticus (Albarran et al. 2024). There are also other sea-
birds, which are potential prey of skuas, including Wilson’s
Storm Petrel Oceanites oceanicus, Black-bellied Storm
Petrel Fregetta tropica, Southern Giant Petrel Macronectes
giganteus, Cape Petrels Daption capense and Antarctic Tern
Sterna vittata (Aguirre 1994; Hahn et al. 1998; Ausems et
al. 2023). On the coasts, Southern Elephant Seals Mirounga
leonina and Antarctic Fur Seals Arctocephalus gazella can
be found and serve as prey in the form of carrion (Daneri et
al. 2005, 2015; Lanusse et al. 2022).

Sample collection
All active skua nests were monitored every 3—4 days

throughout the breeding season, where regurgitated pel-
lets were collected and the reproductive stage of the nest

2022/2023 season. Maps were created using the Quantarctica 3.2 pack-
age (Matsuoka et al. 2021) in QGIS 3.16. (D) Reproductive chronol-
ogy of Pygoscelid penguin species and skuas at the Potter Peninsula.
Breeding stages are indicated as follows: incubation (In) for both pen-
guins and skuas; parental chick care (Ch) and creche (Cr) for penguins
only; and chick-rearing (C) for skuas only

was recorded (In: incubation and C: chick-rearing). It was
not possible to determine the specific stage for pellets from
the 2020/2021 season; therefore, they were excluded from
subsequent analyses comparing stages. To ensure pellets
were from the current season and correctly assigned to each
stage, those from the start of the season and first monitor-
ing after hatching were removed. Pellets systematically col-
lected from the ground surrounding each nest site during the
In stage (mid-November for Brown Skua and mid-Decem-
ber for South Polar Skua) and during the C stage, from egg
hatching (late December for Brown Skua and mid-January
for South Polar Skua) until chicks were completely feath-
ered (~40 days old), including only those clearly assignable
to a defended nesting area (Fig. 1). Because of low repro-
ductive success, particularly for South Polar Skuas, many
pairs failed during the In stage, resulting in fewer pellets
collection, especifically from the C stage. Besides, Brown
Skuas produce well-formed, compact pellets that are less
prone to disintegration, allowing larger sample sizes to be
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collected. Pellets were dried in the laboratory and stored in
sealed plastic bags for subsequent analysis.

During the season 2021/2022 only, Brown Skuas (n=26)
and South Polar Skuas (n=37) were captured during early
In (10-15 days after clutch completion). Individuals were
either captured directly while sited on the nest, or by using
a noose placed on the ground near the nest. Handling time
per individual did not exceed 10 min to minimize stress.
Nests were only selected for capture when both adults were
present, ensuring that nest protection (eggs and chicks) was
never compromised during the procedure. Blood samples
(~2 mL) were extracted from the brachial vein using 23-G
needles. Samples were kept at 4 °C for approximately 5 h,
and then centrifuged for 10 min at 2,000 rpm to separate
RBCs and serum, and subsequently stored at —20 °C. Serum
and RBCs were then lyophilized and homogenised for iso-
topic analysis. RBCs was also used for molecular sexing
(Fridolfsson and Ellegren 1999). Occasionally, when spon-
taneous regurgitates (i.e., undigested food items expelled
during chick feeding or as a stress response) were observed
during fieldwork (e.g., after capture), their contents were
registered for descriptive purposes, but these were not
collected.

Pellet analysis

Pellet dimensions were measured and volume calculated
as: V=34 n X (a x b x ¢), where a, b and c are the length,
height and width axes, respectively (Borghello et al. 2019).
Some pellets were disassembled and could not be measured.
Pellets were disaggregated into a Petri dish, contents were
analyzed with a binocular microscope (x4) and items were
sorted into five categories using published guides and ref-
erence material. These categories were: Pygoscelis spp.;
Teleostei; Aves (excluding penguins); Invertebrata and
Mammalia. Non-food items (e.g., rocks, algae and lichens)
were excluded from analyses. Items were also further clas-
sified as being obtained on land, hereafter “terrestrial”
(including Pygoscelis spp., Aves and Mammalia), or marine
prey (Teleostei and Invertebrata). The Pygoscelis spp. and
terrestrial prey categories were analyzed both with and with-
out penguin feathers. This distinction was made because
penguin feathers are highly abundant, potentially biasing
statistical analyses, and because their consumption has
been suggested to reflect scavenging behavior and may also
serve for pellet formation and antiparasitic function rather
than a strictly trophic one (Piersma and Van Eerden 1989).
Otoliths were identified, mostly to species level, based on
their shape (Hecht 1987). Lengths and masses of fish were
estimated from otolith lengths (OLs) measured using a bin-
ocular microscope (*6) with an incorporated scale, and spe-
cific equations for each fish species were used (Hecht 1987).
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Bird bones and eggshell remains were identified by com-
parison with reference material preserved in the Ornitho-
logical Collection of the La Plata Museum, Natural Science
Faculty and Museum, La Plata National University, Argen-
tina. Mammals and invertebrates were identified according
to published guides (Xavier and Cherel 2009; Reid 2016;
Schories and Kohlberg 2016; Xavier et al. 2020). Results
are expressed as frequency of occurrence (FO), according
to the equation FO = (fi/N), where fi is the number of pellets
containing item i, and N is the total number of pellets (Dufty
and Jackson 1986).

Stable isotope analysis

Given the timing of sampling and isotopic turnover rates,
serum isotope values predominantly reflect diet during early
In, while RBCs isotope values mainly integrate diet during
both early In and late pre-laying periods (Hobson and Clark
1993; Bearhop et al. 2002). Stable isotope values of carbon
and nitrogen were determined in serum and RBCs using
a continuous-flow system consisting of an elemental ana-
lyzer (Flash 2000, Thermo Scientific, Milan, Italy) equipped
with the smart EA option and an autosampler (Zero Blank,
Costech, Valencia, CA, United States) in the laboratory Lit-
toral Environnement et Sociétés (La Rochelle Université,
France). The elemental analyzer was connected via a Con-
flo IV peripheral to a Delta V Plus isotope ratio mass spec-
trometer (Thermo Scientific, Bremen, Germany). Results
were expressed using the conventional delta (J) notation in
per mil (%o) and normalized using a two-point calibration
against the international standards Vienna PeeDee Belem-
nite (VPDB) for carbon and atmospheric N, (AIR) for nitro-
gen (Coplen 2011). The measurement data were obtained
using the instrumental software Isodat 3.0 (Thermo Sci-
entific, Bremen, Germany). Accuracy and precision were
assessed using certified reference materials USGS-61 (6'°C:
—35.05+£0.04%0; O°N: —2.87+0.04%0) and USGS-63
(6"3C: = 1.17£0.04%0; 5'°N: +37.83+£0.06%0) (US Geologi-
cal Survey, Reston, VA, USA). Measurement errors were
<0.10%o for both 6'3C and 6'°N values.

Data analysis
Regurgitated pellets

Data processing and analysis was conducted using R (ver-
sion4.2.1, R Core Team 2022). Significance was assumed at
a=0.05 in all cases. Variation in pellet volume was modeled
using generalized linear models (GLMs; Gamma distribu-
tion and a log link function). Two models were fitted: (1)
a model including all seasons, species and their two-way
interaction; and (2) a model restricted to seasons 2021/2022
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and 2022/2023, to evaluate the effects of season, species,
breeding stage and two-way interactions. To evaluate dif-
ferences in the FO of prey, binomial GLMs were fitted for
each diet category, considering the effects of skua species,
season and their two-way interaction. Similarly, separate
GLMs were fitted for marine and terrestrial prey (as groups)
to compare the FO across skua species, breeding stages, and
their two-way interactions. Regarding penguin FO and ter-
restrial prey (as a group), separate models were run includ-
ing and excluding feathers. All models assumptions were
verified using diagnostic plots and residual analyses.

Differences in total length and mass of fish species were
evaluated using a Welch’s t-test to compare consumption
between skua species. The normality of variances was first
assessed using the Shapiro-Wilk test. We focused on Antarc-
tic Lanternfish Electrona antarctica consumption because
sample sizes for Antarctic Silverfish Pleuragramma ant-
arcticum were insufficient.

To estimate the overall diet diversity of each species,
seasons and during each breeding stage, the trophic niche
breadth was calculated using the Levin’s index (B) and the
Standardized Levin’s index (BA), following the formulas
B=1/Zp?, where p; is the proportion of individuals consum-
ing resource i, and BA = (B—1)/(n—1), where # is the total
number of food items (Levins 1968; Colwell and Futuyma
1971; Krebs 1999). Additionally, the percentage niche over-
lap between seasons and species was calculated as: 0% =
[Zp.q/(Ep? Zq7) V?] x 100, where pi is the proportion of
individuals of one species consuming item i, and gi is the
proportion of individuals of the other species consuming the
same item (Colwell and Futuyma 1971; Krebs 1999).

Stable isotopes

Two-way ANOVAs were used to assess variation in 0'°C
and 0"°N values of serum and RBCs according to species,
sex and their interaction. Isotopic niches were estimated
considering the species and the sex of the individuals.
Assumptions of normality, homogeneity of variances, and
independence were checked before analysis.

Analysis involved standard bivariate ellipses (SEA)
with a small-sample-size correction applied via maxi-
mum likelihood (SEAc) with the Stable Isotope Bayesian
Ellipses in R (SIBER) package in R (Jackson et al. 2011).
SEAc is a bivariate analogue of the standard deviation and
encompasses ~40% of the data. The isotopic niche was also
described using Bayesian Standard Ellipse Areas (SEADb),
which estimate the posterior distribution of ellipse areas
for each group. SEAb were summarized as the mode of the
posterior distribution with 95% credible intervals, provid-
ing a measure of central tendency and uncertainty. Over-
laps between SEAb and SEAc of species and sexes were

calculated as proportions by dividing the areas of overlap
by the total areas of the groups being compared. Statistical
comparison of isotopic niche size was considered the pos-
terior probability that one condition exceeded another was
greater than 0.95, corresponding to an a.=0.05 threshold for
a one-tailed test (Jackson and Parnell 2023).

Results
Pellet analysis

A total of 443 pellets were collected (Table 1), from Brown
(7, 16, and 13 nests) and South Polar Skuas (5, 28, and 8
nests) in 2020/2021, 2021/2022, and 2022/2023, respec-
tively. South Polar Skuas produced significantly smaller
pellets than Brown Skuas (GLM, p<0.001), and pellet
volumes were lower in the 2021/2022 and 2022/2023 sea-
sons compared to 2020/2021. Furthermore, breeding stage
explained more variation in pellet volume than species; vol-
umes were consistently higher during In than during C stage
in both species (p<0.05), whereas no significant differences
between species were detected in this subset. No significant
interaction terms were found in either GLM.

A total of 838 food items from Brown Skua and 208 from
South Polar Skua were identified (Table 1). In both species,
prey remains belonging to the five categories were observed,
with a high contribution of Pygoscelis spp., followed by
Teleostei. In South Polar Skua, Mammalia category had
only one observation in the season 2020/2021. The GLMs
revealed that only the categories Teleostei and Pygoscelis
spp. (excluding feathers) showed significant responses to
the predictors (Table S1). Brown Skuas exhibited a signifi-
cantly higher FO of penguins (excluding feathers) compared
to South Polar Skuas (p<0.001). Furthermore, based on the
GLM including all three study seasons, the FO of these
prey items significantly decreased across years in both spe-
cies (p<0.05), except for South Polar Skuas in 2022/2023,
which did not follow this decreasing trend. GLMs indicated
that South Polar Skuas consumed a significantly higher FO
of fish compared to Brown Skuas (Table S1). Neither season
nor the interaction between species and season had a sig-
nificant effect on fish FO, suggesting that the interspecific
difference in fish consumption is stable across years. There
were no significant effects of species or season in GLMs
considering Pygoscelis spp. with feathers, Aves, Mammalia,
and Invertebrata. The categories with penguin feathers and
invertebrates could not be reliably estimated, as they were
either consistently present or absent within groups, prevent-
ing model estimation. In both species, the FO of marine
and terrestrial resources (analysed as groups and exclud-
ing penguin feathers) were significantly lower during the
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incubation stage compared to the chick-rearing stage (Table
S3). Contrarily, when including penguin feathers, the FO of
terrestrial prey did not differ significantly between breed-
ing stages (Table S3). Additionally, a non-significant trend
towards a higher consumption of marine resources in South
Polar Skuas relative to Brown Skuas was observed, whereas
Brown Skuas seem to consume more terrestrial prey when
feathers were included (Fig. 2).

A total of 180 otoliths were collected from the pellets
(Table 2), and Antarctic Lanternfish, Antarctic Silverfish
and Gymnoscopelus sp. were identified, with Antarctic Lan-
ternfish being most frequent in all cases. Only 10 otoliths
could not be identified, which were broken or eroded. Ant-
arctic Lanternfish consumed by South Polar Skua were sig-
nificantly larger in length (Brown Skua=88.15+8.71 mm;
South Polar Skua=91.524+7.34 mm) and mass (Brown
Skua=9.52+2.75 g; South Polar Skua=10.58+2.57 g) than
those consumed by Brown Skua (Welch’s t-tests, t=2.38,
p<0.05 and t=2.28, p<0.05). Descriptive statistics for total
length and mass of Antarctic Lanternfish and Antarctic Sil-
verfish are presented (Table S2). Otoliths of Gymnocopelus
sp. were fragmented only allowing the identification at the
genus level.

Avian species were identified to genus or species level
(Table 2), with most remains belonging to Storm Petrels.
Egg remains belonged to skuas and, in one case, to Southern
Giant Petrel. Remains of birds from the vicinity of the nests
were collected, and Wilson’s Storm Petrel and Black-bellied
Storm Petrel were identified, along with some species not

represented in the pellets: Snowy Sheathbill Chionis alba,
Kelp Gull Larus dominicanus, Blue Petrel Halobaena cae-
rulea and Snow Petrel Pagodroma nivea (excluded from
Table 2).

Within the Mammalia category, Southern Elephant Seal
and Antarctic Fur Seal remains were observed. Invertebrata
species comprised Antarctic Krill Fuphausia superba and
Antarctic Limpet Nacella concinna (Table 2). Unidentified
invertebrate items included one gastropod shell sample and
five squid beaks.

The Standardized Levin’s Index (BA) was higher in
South Polar Skuas (0.43) than in Brown Skuas (0.28). Niche
overlap between species was 80.97%, 92.14%, and 96.03%
in the 2020/2021, 2021/2022, and 2022/2023 seasons,
respectively, with an overall overlap of 92.3%. When pen-
guin feathers were excluded as prey, the pattern reversed:
Brown Skuas showed a higher BA (0.42) than South Polar
Skuas (0.35), and the total trophic overlap decreased to
70.2%, with lower values in each season (51.27%, 63.30%,
and 89.29%). Across breeding stages, BA increased from
incubation to chick-rearing in both species, with a stron-
ger change in Brown Skuas (In =0.19, C=0.34) than in
South Polar Skuas (In =0.43, C=0.44). Excluding feath-
ers, the same pattern was observed but with smaller differ-
ences (Brown Skua: In =0.44, C=0.45; South Polar Skua:
In =0.38, C=0.40). Finally, Brown Skuas showed a steady
increase in BA across seasons (including feathers: 0.21,
0.27,0.31; excluding feathers: 0.28, 0.41, 0.50). South Polar
Skuas exhibited a similar increasing trend when feathers

Fig. 2 Frequency of occurrence

(FO) of prey obtained on land 1.01
(“terrestrial”’; squares and solid

lines, including penguin, flying

birds and mammal items) and

marine prey (circles and dotted

lines; including fish and inverte- 0.8
brates items) consumed during

the incubation (In) and chick-

rearing (C) by Brown Skuas

Stercorarius antarcticus lon-

nbergi (A) and South Polar Skuas o)

S. maccormicki (B), from Potter L 0.61
Peninsula, 25 de Mayo/King

George Island, South Shetland

Islands, Antarctica, over three

consecutive breeding seasons

(2021-2023). Data are presented 0.41
with penguin feathers included

(fill squares) and excluded .
(empty squares) as a prey item .t

0.21

— 1.0

0.81

0.21

In

—8— Terrestrial —=— Terrestrial (no feathers) - -@®-

C In C

Marine

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



187 Page 8 of 16

Marine Biology (2025) 172:187

Table 2 Identification of prey species consumed from regurgitated pellets analysis. Prey species consumed by brown Skua Stercorarius antarcticus
lonnbergi (BS) and South Polar Skua S. maccormicki (SPS) from potter Peninsula, 25 de Mayo/King George Island, South Shetland Islands, Ant-
arctica, over three consecutive breeding seasons (2021-2023), identified from prey remains found in pellets: otoliths for Teleostei, bone fragments,

feathers and eggshell fragments for Aves

2020/2021 2021/2022 2022/2023
Species BS SPS BS SPS BS SPS
Teleostei
Electrona antarctica 4 17 25 66 22 22
Pleuragramma antarcticum 0 1 2 7 0 0
Gymnoscopelus sp. 0 0 3 1 0
Unidentified 2 1 1 2 1 3
Aves
Oceanites oceanicus 1 0 2 5 4 0
Fregetta tropica 0 1 3 3 1 1
Storm petrel unid. 1 1 3 2 4 0
Stercorarius sp 0 0 1 1 2 0
Sterna vittata 1 0 0 0 0 0
Macronectes giganteus 0 0 0 0 1 0
Daption capense 0 1 0 0 1 0
Pachyptila sp. 0 0 0 1 0 0
Unidentified 5 0 2 2 5 0
Invertebrata
Nacella concinna 0 0 3
Euphausia superba 0 0 1 2 0
Unidentified 0 0 4 0 1 1
Mammalia
Mirounga leonina 0 0 2 0 2 0
Arctophoca gazella 2 1 2 0 4 0

Mammalia were identified by the hair characteristics, and invertebrata by exoskeletons or beaks. The Aves category excluded Penguins

were excluded (0.23, 0.32, 0.47), but not when they were
included (0.38, 0.43, 0.41).

Spontaneous regurgitates

A total of 22 spontaneous regurgitates (excluded from the
quantitative analyses presented in tables and figures) were
observed and described across the three breeding seasons
(Brown Skua: n=9, South Polar Skua: n=13). Penguin
remains (feathers and viscera) were exclusively found in
Brown Skua regurgitates (n=4). Fish were a prevalent com-
ponent, particularly in South Polar Skua regurgitates (Brown
Skua: n=3, South Polar Skua: n=11). Krill was present in
both species (Brown Skua: n=3, South Polar Skua: n=2),
often co-occurring with fish. Less frequent items included
feathers, potentially of a Storm Petrel (n=2), and a single
occurrence of the giant deep-sea amphipod Eurythenes gryl-
lus in a South Polar Skua regurgitate.

Stable isotope analysis
Mean values of 6'3C and 6'°N in RBCs and serum are pre-

sented in Table 3. Interspecific differences were significant
for 0'3C and ¢'°N in RBCs (two-way ANOVAs, F=73.8,
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p<0.0001 and F=9.9, p<0.01). Serum §'3C, but not 6'"°N
values, was significantly different between species (F=44.4,
p<0.0001 and F=3.5, p=0.07). There were no sex dif-
ferences in the 6'°C and 6"°N values of RBCs (F=2.91,
p=0.09 and F=2.88, p=0.10) or serum (F=0.575, p=0.45,
F=1.22, p=0.27). No interaction terms were significant (all
p=0.79).

The intraspecific overlap in SEAb between male and
female Brown Skua was 40.7% in serum and 39.9% in
RBCs, whereas in South Polar Skua, it was 35% and 17.2%,
respectively. At the interspecific level, no overlap was
detected in SEAc for RBCs, and only a minimal overlap
(0.03%) was observed in serum (Fig. 3). In contrast, SEAb
revealed greater interspecific overlap, with 9.6% in serum
and 18.2% in RBCs (Table S4). Highest sex-specific inter-
specific overlaps in SEAb occurred between females of both
species (11.2% in serum; 21.1% in RBCs), and between
male Brown Skuas and female South Polar Skuas (8.9%
in serum; 26.9% in RBCs) (Table S4). The isotopic niche
breadth of Brown Skua was significantly greater than that
of South Polar Skua in both RBCs and serum (Fig. 3). Sig-
nificant sex-related differences in isotopic niche were only
detected in South Polar Skuas, with females exhibiting
higher values than males (Table 3).
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Table 3 Mean (£SD) stable isotope values (%o) of carbon (6'3C) and nitrogen (6'°N) in red blood cells (RBC) and serum from brown Skuas Ster-
corarius antarcticus lonnbergi (BS) and South Polar Skuas S. maccormicki (SPS) from potter Peninsula, 25 de Mayo/King George Island, South
Shetland Islands, Antarctica, during the 2021/2022 breeding season

Species Tissue Sex n 3'13C (%o) 315N (%o) SEAc (%0%) SEAD (%0°)
BS Serum - 26 228+1.6 11.8£1.0 - -
Male 14 —22.8+1.7 11.9+1.1 6.06 5.29[3.07, 9.48]
Female 12 —22.8+15 11.7£0.9 473 4.08 [2.24, 7.65]
RBC - 26 —222+1.1 11.8+1.2 - -
Male 14 —22.1+122 12.1+1.3 452 2.86[1.60, 5.36]
Female 12 —223+1.0 11.5+1.0 3.36 3.99[2.31,7.11]
SPS Serum - 37 —247+0.5 122403 - -
Male 18 —24.9+0.4 12.3+£0.3 0.28 0.26 [0.17, 0.44]
Female 19 —245+0.5 12.0+0.3 0.55 0.49 [0.32, 0.81]
RBC - 37 —24.1+0.8 11.2+0.4 - -
Male 18 —245+0.4 11.3+0.2 0.23 0.21[0.13, 0.36]
Female 19 —23.8+0.9 11.0+0.5 1.13 1.07 [0.67, 1.73]

Standard ellipse areas (%o°) corrected for small samples sizes (SEAc) and the mode and 95% credible intervals for bayesian standard ellipse

areas (SEAb, %o?) are shown

Fig. 3 Individual stable isotope
values (%o) of carbon (6'C) and
nitrogen (9'°N) measured in the
serum (A) and red blood cells
(B) of Brown Skuas Sterco-
rarius antarcticus lonnbergi
(BS) and South Polar Skuas S.
maccormicki (SPS) from Potter
Peninsula, 25 de Mayo/King
George Island, South Shetland
Islands, Antarctica, during the
2021/2022 breeding season.
Lines indicated the Standard
Ellipse Areas corrected for small
sample size (SEAc) for males
(M; triangles and dashed lines)
and females (F; circles and solid
lines) of each species. Addition-
ally, the filled ellipses without
contours represent the SEAc for
each species without distinguish-
ing between sexes
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Discussion
Diet of Skuas based on regurgitated pellets

Analysis of regurgitated pellets indicated interspecific dif-
ferences in Brown Skua and South Polar Skua diet at the
South Shetland Islands. The two species differed signifi-
cantly in their consumption of Pygoscelis spp. (excluding
feathers) and Teleostei (Table 1 and S1). Brown Skua exhib-
ited a significantly higher preference for penguins, whereas
South Polar Skua showed a significantly greater consump-
tion of fish. These results are in line with previous studies
in areas of sympatry for these species, where Brown Skua
and South Polar Skua feed mostly on resources obtained on
land (land-breeding penguins or other seabirds) and pelagic
marine resources, respectively (Pietz 1987; Malzof and
Quintana 2008; Grafia Grilli and Montalti 2012). This pat-
tern may be attributed to the competitive exclusion of South
Polar Skua from terrestrial and most abundant resources by
Brown Skua due to their greater size and aggressiveness
(Burton 1968; Trivelpiece and Volkman 1982; Pietz 1987,
Grafia Grilli and Montalti 2012). Similarly to other Antarc-
tic locations, at the Potter Peninsula, Brown Skua nest near
penguin colonies (Fig. 1), which increases their ability to
monopolize and access this resource (Malzof and Quintana
2008; Grafia Grilli and Montalti 2012; Ibafiez et al. 2022).
Penguin colonies serve as a primary food source for many
breeding skua populations (Young 1994; Emslie et al. 1995;
Borghello et al. 2019). Due to their abundance, mass and
high energy content, penguins provide a more valuable food
source for breeding skuas compared to fish, which require
longer and costly, in terms of energy expenditure, foraging
trips (Norman et al. 1994; Votier et al. 2004). In line with
this, the breeding cycle of Brown Skua overlaps with that of
Pygoscelid penguins (Ibafiez et al. 2022), and they begin the
incubation stage earlier than South Polar Skua in the sea-
son, therefore increasing their ease of monopolizing these
areas and resource (Fig. 1). Breeding allochrony is therefore
another factor that contributes to the differences in diet com-
position at the South Shetland Islands.

Competition for penguins can depend on their abundance,
as well as the number of skuas competing for this prey (Col-
well and Futuyma 1971; Votier et al. 2007; Dehnhard et al.
2020). When penguin abundance or accessibility is low,
both Brown Skua and South Polar Skua supplement their
diet with other prey, such as fish, flying seabirds, mammal
and invertebrates (Malzof and Quintana 2008; Ibafiez et al.
2022). The consumption of penguins by both skua species
decreased across the seasons (except for South Polar Skuas
in the 2022/2023 season), which may be related to a decline
in the penguin colony at Potter Peninsula, increasing com-
petition for this resource and forcing the skuas to exploit
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alternative food sources (Sander et al. 2007). Additionally,
Brown Skua pairs hold feeding territories with an optimal
ratio of one skua pair to 766 penguin pairs (Trivelpiece et al.
1980; Hahn and Peter 2003). At the study site, the penguin
colony is constituted by 8450 breeding pairs (considering
the three Pygoscelis species) (Albarran et al. 2024), reflect-
ing a low skua-penguin ratio (1:70). In this scenario, pen-
guins may represent a resource with limited availability for
skuas, which ultimately may force them to use alternative
resources (Ibafez et al. 2022). However, for both species,
penguins remained the most frequent prey found in pellets
(Table 1). Penguin bones and eggshell remains were present
almost exclusively in Brown Skua pellets, whereas South
Polar Skua pellets predominantly contained feathers. These
findings may reflect interspecific differences in the use of
this resource, with predatory behavior in Brown Skuas and
scavenging behavior in South Polar Skuas (Young 1990;
Santos et al. 2012; Golubev 2024). This interpretation is
supported by the observation of spontaneous regurgitation
events containing penguin remains, which were recorded
exclusively in Brown Skua individuals during the study
seasons. When excluding feathers as prey item, the inter-
specific dietary difference becomes more pronounced, sug-
gesting that South Polar Skua rely on penguins to a lesser
extent than Brown Skua (Fig. 2, Table S1). Previous studies
have suggested that feather consumption may fulfill a non-
nutritional role; specifically, aiding in pellet formation and
inhibiting gastric parasites, thus proposing scavenging as a
potential antiparasitic strategy besides its trophic function
(Piersma and Van Eerden 1989). In line with this hypothesis,
gastrointestinal parasites have been detected in the pellets of
piscivorous seabirds, suggesting that pellet formation could
play a role in controlling parasite load (Garbin et al. 2019).
This highlights a valuable research direction to explore in
skuas, particularly given the higher proportion of fish in
the diet of South Polar Skuas, which may increase their
exposure to diet-transmitted parasites. Hence, both species
may utilize penguins differently: Brown Skuas as a primary
energy source, by consuming eggs and chicks in synchrony
with the penguin breeding season, and South Polar Skuas
primarily through scavenging on dead individuals, poten-
tially to facilitate pellet formation and reduce parasitic load.

A notothenioid fish species, the Antarctic silverfish,
and a myctophid species, the Antarctic lanternfish, as well
as Gymnocopelus sp. were identified in pellets (Table 2).
These species have also been recorded in skua diets at other
Antarctic locations (Malzof and Quintana 2008; Grafia
Grilli and Montalti 2012; Ibafiez et al. 2022). At this lati-
tude, Antarctic fish availability increases during the austral
spring and summer (Kellermann 1986; Hubold and Tomo
1989; Hahn et al. 2008; Caccavo et al. 2018). Based on
otolith size, South Polar Skua consumed larger Antarctic
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lanternfish (in length and mass) than Brown Skua, whereas
the size of Antarctic silverfish consumed by both species
was similar (Please see attachment). Variations in fish size
reflect differences in the developmental stage of the species,
with individuals at different stages distributed asymmetri-
cally across the water column (Kellermann 1986; Hubold
and Tomo 1989; Greely et al. 1999; Caccavo et al. 2018).
Larger and older Antarctic lanternfish are generally found at
greater depths. Consequently, South Polar Skua likely need
to dive deeper to access these larger individuals, whereas
Brown Skua focuses on shallower, inshore waters, where
smaller individuals of the same species are more prevalent.
(Grana Grilli et al. 2023). In addition, larger fish may be
actively selected due to their higher lipid and energy con-
tent, which is especially advantageous during chick-rearing
periods or in species that undertake long foraging trips, such
as the South Polar Skua (Golet et al. 2000).

The consumption of Aves category was higher by South
Polar Skua compared to Brown Skua (Table 2 and S1).
Storm Petrels were the most common consumed by South
Polar Skua, although their remains appeared less frequently
in pellets than around nests, suggesting an underestimation
of their consumption based on pellet analysis (Malzof and
Quintana 2008). South Polar Skua may possibly exhibit spe-
cialist foraging behavior on this prey, thus supplementing
their energy demands (Baker 2001; Carneiro et al. 2014).
Alternatively, as Brown Skua monopolize the penguin
colony making them unavailable for other predators, South
Polar Skua may take advantage on this prey (Young et al.
1988; Ryan and Moloney 1991; Mougeot et al. 1998; Ryan
et al. 2009). In line with this assumption, minor contribution
of Invertebrata and Mammalia was observed, which could
be used as alternative food resources by South Polar Skua,
or the result of secondary ingestion, as is likely the case with
the single Eurythenes gryllus found in one regurgitate.

Prey availability and competition are extrinsic factors
that may influence individual foraging behavior (Ratcliffe
et al. 2018; Busdicker et al. 2020). Interspecific competi-
tion may constrain the accessibility and the apparent abun-
dance of preferred prey, which can result in intra-seasonal
diet variation at individual and population levels (Ratcliffe
et al. 2018). In the studied seasons, interspecific differences
in the use of trophic resources were observed (Fig. 3 and
Table S3). During the chick-rearing stage, both skua spe-
cies relied more on marine resources; however, throughout
both breeding stages, South Polar Skuas tended to consume
more marine prey (mainly inshore and offshore fish species)
across the three breeding seasons. This is likely due to com-
petitive exclusion by Brown Skua, which are larger and con-
sidered to be more aggressive (Pietz 1987). Additionally,
our results suggest greater dietary flexibility in Brown Skua
by supplementing food obtained on land or coastal/inshore

waters with feeding in offshore waters throughout the breed-
ing period (Carneiro et al. 2015; Ibafiez et al. 2022; Grana
Grilli et al. 2023). This behavior may represent an optimal
strategy in Brown Skua to cope with the energy require-
ments for reproduction. Alternatively, resource accessibility
is often influenced by the breeding status of prey (Navarro et
al. 2009). In colonial species such as penguins, areas of high
prey density represent a potential food source for predators;
however, they also impose energetic costs as prey often
display effective defense strategies (Halupka and Halupka
1996; Busdieker et al. 2020). Young (1994) reported that
skuas generally exhibit low predation success on active
penguin nests. However, breeding synchrony with penguins
may increase access to eggs and chicks—more vulnerable
prey than adults, more defensive individuals. In this context,
Brown Skuas initiate incubation earlier (mid-November)
than South Polar Skuas (mid-December) (Morales unpubl.
data), thereby exploiting a temporal window of higher prey
vulnerability (Fig. 1D). In contrast, South Polar Skuas begin
breeding when penguin chicks are entering or already in
the créche stage, and thus less accessible, likely requiring
greater reliance on alternative food sources (Fig. 1D). Thus,
earlier breeding and dietary flexibility in Brown Skuas may
represent an adaptive strategy to cope with both declining
prey accessibility over the season and inherently low preda-
tion success on penguin nests.

Resource abundance is related to the number and type
of prey consumed by predators. Nevertheless, intra- and
interspecific competition and changes in prey availability
force organisms to use alternative resources, which result
in changes in the niche width (Terraube and Arroyo 2011).
Brown Skua displayed a 1.2 wider Standardized Levin’s
index than South Polar Skua, with an overlap of 70%, when
penguin feathers are excluded. These differences agree with
studies in other Antarctic locations with sympatry where a
partition of the feeding niche occurs (Malzof and Quintana
2008; Grana Grilli et al. 2011; Grana Grilli and Montalti
2012). Furthermore, considering the breeding stage, the
Standardized Levin’s index increased for both Skua species
from incubation towards the chick-rearing stages, likely
reflecting that at this stage of high energy demand skuas
increase the consumption of different rich energy prey such
as fish to improve breeding fitness and chicks quality (van
Donk et al. 2017).

Diet of Skuas based on blood stable isotopes

Blood isotopic composition also suggested interspecific dif-
ferences in the feeding habits of Brown Skuas and South
Polar Skuas when breeding in sympatry. The range of 6'°N
values in RBCs indicated that Brown Skua consumed prey
from various trophic levels (Table 3). However, this could
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also result from the secondary ingestion of penguin stomach
contents, which may distort the apparent prey spectrum and
overestimate the diversity of prey actually selected by skuas
(Norman et al. 1994; Grafia Grilli et al. 2023). The §'°N
values, and thus the trophic positions of the consumed prey,
were higher and had greater standard deviation in Brown
Skua compared to South Polar Skua. This contrasts with
previous reports on skuas from Barton Peninsula (South
Shetland Islands) where no differences were observed
between Skua species (Gal et al. 2021), and are similar to
those from Brown Skua at this location (Grafia Grilli et al.
2023). In agreement with the results from regurgitated pel-
lets, interspecific differences in RBCs for both ¢'°N and
013C and in serum only for 6'3C were observed, indicating
that both species feed in different areas and on different prey
(Table 3). The ¢'°C values of Brown Skua and South Polar
Skua broadly reflect their greater reliance on penguins and
inshore and more surface-associated prey, and mesopelagic
fish, respectively (Cherel and Hobson 2007; Mills et al.
2025), and are consistent with the prey composition identi-
fied in the pellet analysis conducted in the present study.
Furthermore, the interspecific differences observed in RBCs
05N and 6'3C may be slightly biased towards the consump-
tion of different prey during the pre-laying period (Carneiro
etal. 2016).

Foraging in seabirds can vary between sexes, with males
and females exhibiting different foraging behaviors and diet
during the breeding period (Forero et al. 2002; Lewis et al.
2002; Navarro et al. 2009). Brown Skua and South Polar
Skua show sexual size dimorphism with females being con-
siderably larger and heavier than males (Catry et al. 1999;
Phillips et al. 2002). Here, there were no significant sex-
related differences in blood isotope values, suggesting that
males and females feed on similar trophic levels and habi-
tats at this location (Table 3). Supporting our observations,
in Brown Skua populations from Bird Island (South Geor-
gia Islands) during late incubation and early chick-rearing,
both sexes show similar foraging behavior and habitat use
(Phillips et al. 2007; Carneiro et al. 2016). Furthermore, the
stable isotope study in Brown Skua at South Georgia found
no evidence for sex-specific foraging preferences during the
breeding period (Anderson et al. 2009; Carneiro et al. 2014),
nor in the habitat use by breeding South Polar Skua at Svar-
thamaren, Dronning Maud Land (Busdieker et al. 2020).

Ecological niche theory predicts that in closely related
sympatric species breeding in environments with limited
resources, partitioning of feeding habitats (spatially and
temporally) reduces competition (Schoener 1974; Pianka
1981; Robertson et al. 2014). Moreover, ecological segrega-
tion among breeding seabirds can be achieved by the combi-
nation of diference in timing of breeding, foraging areas and
diet (Phillips et al. 2004; Moreno et al. 2016). Here, Brown
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Skua exhibited a greater isotopic niche breadth than South
Polar Skua (Table 3), indicating that Brown Skua feeds on a
wider diversity of prey and uses different habitats, which is
supported by the Levin’s Index estimated from pellets (Table
S3). Interespecific overlap in SEAb was observed, although
it was low, 9.6% in serum and 18.2% in RBC, when com-
paring species as a whole. However, when analyzing sexes
separately, South Polar Skua females showed higher over-
lap with both male and female Brown Skua (Fig. 3; Table
S4). This suggests that during the pre-laying and early incu-
bation stages feeding niche partitioning occurs; however,
resources consumed by South Polar Skua females may be
shared to a lesser extent by Brown Skua. There is a slight
overlap in the timing of incubation and chick-rearing in the
study species (Fig. 1D). This breeding allochrony may alle-
viate the interspecific competition for the most abundant
resource (penguins). Our results emphazise dietary segrega-
tion between these two species, with Brown Skua and South
Polar Skua preferring penguins and marine resources (pri-
marily fish), respectively (Grafia Grilli and Montalti 2012,
2015). Thus, understanding the diet of these populations is
crucial for assessing the potential implications on generalist
seabirds populations under environmental changes (Nussey
et al. 2007).

Conclusion

This study investigated the feeding ecology of Brown Skua
and South Polar Skua when breeding in sympatry at Pot-
ter Peninsula, South Shetland Islands, Antarctica. Interspe-
cific differences in diet and trophic niche partitioning were
observed; nevertheless, penguins constituted the main prey
for both skua species. Brown Skuas relied more heavily on
this terrestrial-breeding prey, whereas South Polar Skuas
also made substantial use of marine resources. This pattern
is consistent with previous studies on these species (Malzof
and Quintana 2008; Grana Grilli and Montalti 2012). Fur-
thermore, Brown Skuas exhibited greater dietary diversity
and plasticity than South Polar Skuas throughout the breed-
ing season. Results suggested that when coexisting, skuas
are able to adapt their feeding behavior to cope with the
energy demands (Ibafiez et al. 2022), and to alleviate inter-
specific competition for similar resource within the same
area (Petalas et al. 2021).
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