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Abstract
Stable isotope analyses were used to investigate the diet of Weddell seals in Terra Nova Bay (Ross Sea) and the potential
variation of their foraging behaviour with age, sex and body mass. For this purpose, skin samples were collected from adult
breeding seals and pups, together with muscle samples of their potential prey. Our results showed variation in foraging
behavior between age classes, with pups reporting lower δ13C values than adults, while no significant differences in
δ15N were recorded. In addition, contrary to expectations, a mixing model analysis showed that adult seals foraged mainly
on shallow benthic prey, such as Trematomus spp. (34.1%) and Dissostichus mawsoni (21.1%), rather than on pelagic fish,
such as Pleuragramma antarcticum (9.8%). Overall, with this paper we provide novel diet information on a seal colony not
previously sampled, adding new insight into the feeding ecology of a top Antarctic predator.
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1. Introduction

The Ross Sea is a region of the Southern Ocean,
consisting of an extensive ice shelf with variable
topography and several ice-free areas during the
austral summer (Smith et al. 2007). It is a highly
productive ecosystem, mostly due to the abundant
macronutrients on the Antarctic continental shelves
(Moore et al. 2013), and therefore hosts a large
number of top predators, such as Adelie penguins
(Pygoscelis adeliae), emperor penguins (Aptenodytes
forsteri), killer whales (Orcinus orca), minke whales
(Balaenoptera bonaerensis), leopard seals (Hydrurga
leptonyx) and Weddell seals (Leptonychotes weddellii).
Within the Ross Sea, Terra Nova Bay has been

recognised as an area of high ecological and scien-
tific value (Antarctic Treaty Secretariat 2013), and it
has been lately made an Antarctic Special Protected
Area (ASPANo 161). The high biodiversity of Terra
Nova Bay is likely the consequence of its peculiar
environmental conditions, as during the Antarctic
summer the site is fully ice-free – which is a rare
feature in the Antarctic (Stocchino & Lusetti 1988,

1990) – and shows a perennial coastal polynya (i.e.,
area of open water surrounded by ice, see Smith &
Barber 2007), which is characterized by high levels
of primary productivity and intense spring blooms
(Baumann 1989). Coastal polynyas are, in fact, one
of the most important components of the polar
regions (Massom et al. 1988), as they represent two-
thirds of the continental-shelf biological production
(Arrigo & van Dijken 2003).
Among others, the coasts of Terra Nova Bay host

a breeding colony of Weddell seals (Leptonychotes wed-
dellii), which has been only lately target of scientific
researches (Zappes et al. 2017). With an estimated
population of 730,000 individuals on the continent
(Erickson & Hanson 1990), these pinnipeds have an
important role in theAntarctic, as they inhabit the fast-
ice shelf and forage in both benthic and pelagic waters,
diving to depths of over 600m in the ocean (Kooyman
1981; Lake et al. 2003). However, the diet of Weddell
seals from the Ross Sea is not homogeneous through-
out the seasons. They feed primarily on fish from the
Nototheniidae family (i.e., toothfish) and cephalopods
(Dearborn 1965; Plötz et al. 1991; Burns et al. 1998),
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although some variations in food resources are
expected, as they move from the open ocean to the
coast, where they breed. So far, most studies on their
diet analysed scats or stomach contents (but see Goetz
et al. 2017, Botta et al. 2018) and have been restricted
to the colonies of McMurdo; sampling is normally
done when they are tied to the fast ice to breed
(September–November), and hence easily accessible
from research stations (Davis et al. 1982; Casaux et al.
1997; Lake et al. 2003; Daneri et al. 2012). However,
since the results of these methods are based on the
remains of the hard parts of prey, theymight not reflect
the whole predator diet, as soft prey or those only
partially eaten (Ainley & Siniff 2009) may not be pre-
sent in the analysed samples (Ponganis & Stockard
2007; Kooyman 2013).
To deal with visually undetected prey, the analysis of

stable carbon and nitrogen isotopes (δ13C and δ15N) in
various tissues of predators is therefore often used.
These isotopic ratios vary according to animal diet
and trophic level (Hobson & Welch 1992) and, as
a consequence of retention of the heavier isotope, tis-
sues of predators show generally higher δ15N values
than those of their prey (Minagawa & Wada 1984;
Checkley & Entzeroth 1985). Values of δ15N can vary
from 1.5‰ to 5‰ between trophic levels (Peterson &
Fry 1987; Hammill et al. 2005), and it can be therefore
used as an indicator of the position of consumers in the
food web. On the contrary, the isotope δ13C has
a relatively small enrichment between trophic levels
(usually 0.5–1‰) (McConnaughey & McRoy 1979;
Zhao et al. 2004) and it is mainly used as an indicator
of the main food sources (e.g., pelagic vs benthonic) of
an organism and its habitat (e.g., Hobson & Welch
1992; France 1995; Post 2002).
In the last decades, the number of studies using

carbon and nitrogen stable isotopes has been grow-
ing, as they represent a valuable tool not only to
analyse the individual diet, but also to answer
a wide range of questions linked to animal ecology.
They have been applied to investigate various
aspects of foraging ecology and habitat use, migra-
tory and dispersal behaviour, ecotoxicology, historic
and paleoecology, also in several species of marine
mammals (Boecklen et al. 2011).
An important aspect of isotopes is that their rates of

turnover vary with themetabolic activity of the sampled
tissue, meaning that changes in diet can take anywhere
from a few days to many weeks to appear in different
animal tissues (Tieszen et al. 1983; Hobson & Clark
1992; Hobson 1993). For this reason, the isotopic
analysis of metabolically inactive tissues such as hair,
skin, whiskers, nails and feathers will reflect the diet of
individuals only during their period of growth (Hobson

et al. 1996). Isotopic analysis of skin, with its rate of
turnover between liver (faster) and muscles (slower),
will provide medium-term dietary information (1383
intermediate days before sampling, Cipro et al. 2012).
In this paper, we analysed the diet of Weddell

seals of Terra Nova Bay for the very first time, to
investigate if their feeding behavior varied with sex,
age and weight. For this purpose, we analysed stable
carbon and nitrogen isotopes (δ13C and δ15N,
respectively) in skin samples of seals and in muscle
samples of their potential prey. The analysis of skin,
which has a rate of turnover higher than muscles,
would reflect their feeding behaviour during those
weeks when they are not hauled out and they are
therefore difficult to study (e.g., during winter, when
the seals are under the ice-shelf), and provide new
important insight into their diet.

2. Materials and methods

2.1. Sampling

Skin samples were collected from seals of Terra Nova
Bay during the austral spring of 2014 (middle
November–early December), on the fast ice of
Victoria Land, from Tethys Bay to Kay Island (coordi-
nates: 74°04–38′S, 164°13–19′E, Figure 1). Animal
handling caused only minor disturbance to the seals,
and sampling procedures were approved by the Italian
Ministry of Foreign Affairs, within the PNRAResearch
Project 2013/AZ.01 – “Protocol on Environmental
Protection to the Antarctic Treaty”, Annex II, art.3.
Skin samples (about 1–1.5 cm thickness and without
fur) were collected from 56 seals – 32 adults (9 males
and 23 females) and 24 pups (11males and 13 females)
(Table I) – and then frozen at −80°C, until laboratory
analysis. As Weddell seals are not aggressive animals,

Figure 1. Sampling areas close to Terra Nova Bay. The white
circle area corresponds to the area where seals were sampled,
while the grey area shows where preys were sampled.
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Table I. Sex (F = females; M = males), age (A = adults; P = pups), class of body mass (Class I < 200 kg; Class II < 400 kg; Class III ≥
400 kg), δ15N (‰), δ13Clipid-free (‰), and C:N values (± standard deviations) and trophic level (TL) of Weddell seals sampled in Terra
Nova Bay (Ross Sea).

Sex Age Class of weight (kg) δ15N (‰) SD δ13Clipid-free (‰) SD C:N SD TL

F A Class II 14.9 0.8 −22.2 0.1 2.8 0.2 4.9
F A Class II 16.4 0.7 −20.2 0.0 2.5 0.3 5.4
F A Class II 15.2 0.2 −21.2 3.0 0.3 5.0
F A Class II 16.2 0.3 −21.1 0.8 2.7 0.1 5.4
F A Class II 15.1 0.5 −21.6 0.1 2.9 0.0 5.0
F A Class II 15.3 0.5 −21.2 0.2 2.7 0.1 5.1
F A Class II 16.1 0.3 −20.9 0.1 2.8 0.0 5.3
F A Class II 15.7 0.6 5.2
F A Class II 16.2 0.3 −21.0 0.1 2.8 0.0 5.4
F A Class II 15.6 0.0 5.2
F A Class II 14.3 0.6 −21.3 0.0 2.9 0.0 4.7
F A Class II 16.4 0.5 −19.9 0.0 3.7 0.0 5.4
F A Class II 16.0 0.3 −21.1 2.8 0.0 5.3
F A Class II 15.9 0.3 −21.5 0.4 2.5 0.2 5.3
F A Class II 14.8 0.6 −22.1 0.2 2.6 0.2 4.9
F A Class III 15.4 0.2 −21.3 0.3 2.5 0.2 5.1
F A Class III 15.4 0.4 −21.8 0.3 2.6 0.1 5.1
F A Class III 15.5 0.2 5.1
F A Class III 15.8 0.1 −20.7 0.0 2.8 0.0 5.2
F A Class III 16.1 0.0 −19.2 0.2 2.7 0.1 5.3
F A Class III 15.8 0.5 −21.6 0.9 2.9 0.1 5.2
F A 14.6 0.2 4.8
F A 14.6 0.5 4.8
M A Class II 16.7 0.4 −20.7 2.9 0.2 5.5
M A Class II 15.5 0.5 −21.6 0.4 2.6 0.3 5.1
M A Class II 16.2 0.1 −20.6 0.4 2.6 0.1 5.4
M A Class III 15.0 0.1 −20.9 0.8 2.7 0.0 5.0
M A Class III 16.3 0.4 −20.9 0.5 2.7 0.1 5.4
M A Class III 15.5 0.3 −21.5 0.2 2.9 0.0 5.1
M A Class III 16.3 0.1 −20.9 0.3 2.9 0.1 5.4
M A 15.6 0.4 5.2
M A 16.3 0.5 5.4
F P Class I 15.1 0.6 −21.2 0.2 2.8 0.0 5.0
F P Class I 17.0 0.0 −21.9 0.5 3.8 0.6 5.6
F P Class I 16.2 0.1 −22.6 0.4 3.0 0.3 5.4
F P Class I 15.0 0.1 5.0
F P Class I 16.6 −21.3 3.3 0.1 5.5
F P Class I 16.1 0.1 −21.9 0.2 2.8 0.1 5.3
F P Class I 15.6 0.2 −21.9 0.0 2.7 0.1 5.2
F P Class I 15.8 0.1 −22.1 0.0 2.7 0.1 5.2
F P Class I 16.1 0.3 −22.0 0.1 2.5 0.1 5.3
F P Class I 15.7 0.5 5.2
F P Class I 15.9 0.1 5.3
F P Class I 15.7 0.0 5.2
F P Class I 15.3 0.5 5.1
M P Class I 15.7 0.1 −21.3 0.8 2.9 0.1 5.2
M P Class I 16.2 0.2 −22.1 0.2 2.6 0.2 5.4
M P Class I 15.7 0.4 −21.7 0.1 2.9 0.0 5.2
M P Class I 15.3 0.2 −22.5 3.4 0.1 5.1
M P Class I 16.1 0.1 −22.1 0.3 3.7 0.3 5.3
M P Class I 16.4 0.5 −21.2 0.3 2.6 0.5 5.4
M P Class I 15.9 0.1 −22.0 0.2 3.3 5.3
M P Class I 16.0 0.3 −21.8 0.2 2.7 0.1 5.3
M P Class I 14.4 0.1 −20.8 3.7 4.8
M P Class I 16.1 0.0 −20.6 0.2 3.7 0.0 5.3
M P Class I 16.6 0.6 5.5
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their sedation with diazepam was not needed; indeed,
the sampling procedure lasted only a few minutes and
did not cause any pup abandonment by their mothers.
During handling, the head of the seal was covered with
a canvas bag, and a small piece of skin from the hind
flippers was taken. The seal was then positioned in
a pole net and weighted with a digital scale. Each
individual was classified according to its body mass:
Class I < 200 kg; Class II <400 kg; Class III ≥ 400 kg
(Table I). According to literature, potential prey species
of Weddell seals (reported in Table III) were selected;
a portion of white muscle close to the dorsal fin was
extracted from each fish specimen and stored frozen
(−20°C) for isotopic analysis.

2.2. Isotopic analysis

Prior to isotopic analysis, samples were oven-dried at
60°C for 24 h and powdered with mortar and pestle.
Since lipids in an organism typically show lower
13C:12C ratio than protein and carbohydrate (e.g.,
McConnaughey & McRoy, 1979), lipids were
removed from samples, to obtain realistic
δ13C values. However, because lipid extraction can
also have effects on δ15N values (e.g., Pinnegar &
Polunin 1999; Sotiropoulos et al. 2004; Murry et al.
2006), each sample was divided in two aliquots: one
aliquot was used directly (i.e., without lipid extraction
procedure) to determine the values of δ15N, while the
other aliquot was stored in a pre-weighed glass vial
containing a solution of chloroform/methanol/water,

following the methods of Folch et al. (1957) and Bligh
and Dyer (1959). Briefly, the tissue was homogenized
in a 2:1 chloroform/methanol mixture, 20 times the
tissue volume. The homogenate was sonicated for 10
min at 35 kHz, and then centrifuged at 12,000 g for 5
min, to separate the remaining tissue. The supernatant
was removed and the tissue washed in ultra-purewater
(20X volume of water to tissue), sonicated and cen-
trifuged again to remove remaining chloroform/
methanol, which may influence δ13C. The lipid-
extracted tissue was oven-dried at 60ºC to
a constant weight. When the aliquot of skin was not
sufficient to use the lipid extraction procedure, a direct
determination of δ15N was done and only δ15N values
were reported (Table I).
The samples were weighed into tin capsules (0.5mg)

in three replicates (when possible) and analysed at the
GeoChemestry Laboratory (ISMAR-CNR, Naples,
Italy), using an Elemental Analyzer “ThermoFisher
Flash EA 1112” interfaced with a Delta Plus XP mass
spectrometer. Obtained values for seals and their prey
are reported as δ15N, δ13Clipid-free and C:N ratio in
Tables I and II, respectively.
Stable isotope ratios were expressed in delta notation

(δ), according to the equation: δ15N (or δ13C) =
[(Rsample/Rstandard) − 1] × 1000, where Rsample is the
ratio of 15N/14N and 13C/12C, while Rstandard is the
atmospheric nitrogen (N2) for δ15N and the Vienna
PeeDee Belemnite (VPDB) limestone for
δ13C (DeNiro & Epstein 1978). Isotopes ratio units
were expressed as per mil (‰) differences from the

Table II. Means and standard deviation (SD) for classes of weight (Class I and Class II/III) and sex (M = male; F = female).

Sex Age Class of weight (kg) δ15N (‰) SD δ13Clipid-free (‰) SD C:N SD

M P Class I 15.9 0.6 −21.6 0.2 3.2 0.5
F P Class I 15.9 0.6 −21.9 0.2 3.0 0.4
M + F (mean) P Class I 15.9 0.6 −21.7 0.2 3.1 0.4
M A Class II/Class III 15.9 0.6 −21.0 0.2 2.8 0.1
F A Class II/Class III 15.5 0.6 −21.1 0.7 2.8 0.3
M + F (mean) A Class II/Class III 15.6 0.6 −21.1 0.3 2.8 0.2

Table III. Nitrogen and carbon stable isotope values (δ15N and δ13Clipid-free) and C:N ratios for food sources of Weddell seal. The δ13

Clipid-free mean (±SD) of δ13C values corrected for lipid contents .

Species n δ15N (‰) SD δ13Clipid-free (‰) SD C:N SD

Chionodraco hamatus 6 12.9 1.2 −26.8 0.7 2.9 0.1
Dissostichus mawsoni 4 15.0 0.4 −25.5 1.5 3.4 0.3
Pagothenia borchgrevinki 5 11.5 0.7 −22.9 1.3 3.0 0.1
Pleuragramma antarticum 12 10.6 0.6 −24.3 0.6 3.2 0.2
Trematomus eulepidotus 3 12.5 0.4 −21.4 0.6 2.9 0.4
Trematomus hansoni 6 13.5 0.5 −23.3 0.5 3.1 0.1
Trematomus pennellii 1 14.6 0.6 −22.6 0.8 3.3 0.1
Trematomus newnesi 1 14.4 0.6 −23.9 0.8 2.8 0.5
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standard. A previous calibration was made using urea
with both its elementary composition (Nitrogen =
46,65% and Carbon = 20%) and isotopic values
(δ15N = 0.02‰, δ13C = −47.37‰). The analytical
precision, using replicate measurements of laboratory
standards, was 0.05‰ for δ15N and 0.10‰ for δ13C.
To calculate the trophic level of Weddell seals, we

used the relationship TL = (D − 3.1)/2.3 + l (Nyssen
et al. 2002):D is the δ15N value of seals, 3.1‰ refers to
the mean δ15N value of Suspended Particulate
Organic Matter (SPOM) in the Ross Sea, and TL is
the organism trophic level (see Table I). The enrich-
ment factor of 15N for skin was of 2.3‰ and 2.8‰ for
13C (Hobson et al. 1996).

2.3. Statistical methods

We used ANOVA to evaluate possible differences in
isotopic values among seals in terms of sex, age and
body mass. Normality and homogeneity of variances
were checked by means of Levene’s and Shapiro-
Wilk tests, respectively. Holm p-value correction
was used for post hoc testing, in case of multiple
comparisons. Correlation analysis (Pearson correla-
tion) was also carried out to verify the presence of
significant relationship among the considered vari-
ables. To calculate the contribution of each specific
prey item to the overall diet of L. weddellii, we cre-
ated and run a Bayesian mixing model within the
framework MixSIAR (https://github.com/brian
stock/MixSIAR/). In particular, MixSIAR estimates
the proportion of each prey to the consumer diet,
taking into account the variability observed in
δ13C and δ15N values of both consumers and prey,
thus also providing an estimate of the variability in
the estimated proportion (Stock et al. 2018). We
excluded pups from the mixing model analysis
because the isotopic signal in their skin will mainly
reflect their nursing period. Potential seal prey were
grouped together (by averaging δ13C and
δ15N values) prior to running SIAR, according to
their ecological characteristics (e.g., benthic and
pelagic fish) and their δ13C and δ15N values; species
showing comparable δ13C and δ15N values were
considered as a single source, only if they showed
similar size and belonged to the same habitat.
Finally, before MixSIAR analysis, potential prey

and consumers were plotted in the δ13C–δ15N space
(Figure 4), considering a Trophic Enrichment
Factor (TEF) of 2.8‰ for δ13C and 2.3‰ for
δ15N for the skin, as reported by Hobson et al.
(1996). In the plot, in order to assume that the
identified prey are consistent with the seal diet, con-
sumers have to be surrounded by sources (Figure 4).

All statistical analyses were carried out using
R statistical environment (R Core Team 2017).

3. Results

Results from all 56 Weddell seals, classified according
to sex (males and females), age (pups and adults), and
body-mass class (Class I < 200 kg; Class II < 400 kg;
Class III ≥ 400 kg) are reported in Table I. Overall,
isotope ratios in seal samples ranged from 14.3‰ to
17.0‰ (mean ± SD: 15.7‰± 0.6) for δ15N, and from
−22.6‰ to −19.2‰ (mean ± SD: −21.3‰ ± 0.7) for
δ13Clipid-free. Average trophic level was 5.2 (Table I).
No significant differences were found between

adults (males and females) and pups, in terms of
C:N and δ15N. On the contrary, the ANOVA ana-
lysis highlighted the presence of significant differ-
ences (F(2,40) = 5.67, p < 0.01) in δ13

Clipid-free among the above-mentioned groups.
More specifically, while average adult δ13

Clipid-free values were similar between males and
females (−21.0‰ ± 0.2 and −21.1‰ ± 0.7, respec-
tively), they were significantly different from those of
pups (−21.6‰ ± 0.2 for male and −21.9‰ ± 0.2 for
female; Figure 2 and Table II).
Also, when looking at body-mass classes,

the only significant difference was in δ13

Clipid-free (F(2,40) = 5.82, p < 0.01). Class I was sig-
nificantly depleted in δ13Clipid-free, when compared to
Class II and Class III, which were instead character-
ized by similar average values (Figure 3).

Figure 2. Mean, 25–75 percentiles (box) and non-outlier range
(whiskers) of δ15N, δ13C, C:N and body mass for adult males
(M), adult females (F) and pups (P).
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Correlation analysis evidenced the absence of sig-
nificant relationships between δ15N–C:N, δ13

Clipid-free–C:N and δ15N–body mass, while a positive
correlation (r = 0.46, r2 = 0.21, p < 0.01) was found
between δ13Clipid-free and body mass.
Isotopes (δ15N and δ13Clipid-free) and their C:N

ratios found in the muscles of potential prey are
reported in Table III.

The results from the mixing model showed a well-
defined preference for Trematomusspp. and
Dissostichus mawsoni, as they together accounted for
about 55% of seal diet (34.1% and 21.1%, respec-
tively – see Table IV).

4. Discussion

This is the first study on the diet of Weddell seals of
Terra Nova Bay, and our results (TL > 5 and mean
δ15N = 15.7‰) confirmed that this species occupies
a top trophic position among phocids within the
Antarctic ecosystem (e.g., Pinkerton & Bradford-
Grieve 2014; Goetz et al. 2017; Botta et al. 2018). As
upper trophic-level species, its responses to changes in
the low levels of the food chain due to environmental
variations would be amplified and affect its diet, repro-
ductive performance, and population size (Erikstad
et al. 1998; Orzack & Tuljapurkar 2001; Hindell et al.
2003; Le Boeuf & Crocker 2005; Reid et al. 2005).

Figure 3. Mean, 25–75 percentiles (box) and no-outlier range (whisker) of δ15N, δ13C and C:N by body mass (Class I < 200 kg; Class II
<400 kg; Class III ≥ 400 kg).

Figure 4. Relationship between sources (D.maw = Dissostichus
mawsoni; T.spp. = Trematomusspp; P.ant. = P. antarcticum; C.
ham. = Chionodraco hamatus; P.bor. = Pagothenia borchgrevinki;
T.eul. = Trematomus eulepidotus) and consumers (A = adult seals
and P = pup seals) considering the TEF (see text for details).

Table IV. Results of MixSIAR model: percentages of food
sources for Weddell seal adults and standard deviation (SD).

Species Adults (% Mean) SD

Trematomusspp.* 34.1 0.2
Trematomus eulepidotus 14.7 0.1
Dissostichus mawsoni 21.1 0.1
Chionodraco hamatus 10.8 0.1
Pleuragramma antartica 9.8 0.1
Pagothenia borchgrevinki 9.6 0.1

*Trematomusspp. = Trematomus hansoni, Trematomus pennellii and
Trematomus newnesi
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Each year, Weddell seal females haul out on the
coast of the Ross Sea during the austral spring
(September–November), give birth and nurse their
pup for about 6–7 weeks (Lindsey 1937; Mansfield
1954; Fenwick 1973; Hill 1987; Reijnders et al.
1990), until weaning age (minimum weaning age =
33 days, Kaufman et al. 1975). Furthermore, lactat-
ing females spend most of their time with their pups,
and only go to sea for short and close-by dives
(Hindell et al. 2002), while males are very busy
maintaining their breeding territories, and likely
fast for a large part of the breeding season. Our
samples were collected in middle November/early
December, and thus referred to the diet of seals
during a period of few weeks, from the end of fall/
winter (while they were feeding at sea) up to the
beginning of the pupping/breeding season (when
seals might have been in their fasting period)
(Figure 5). Since skin isotope content will reflect
the diet from 13 to 83 days before sampling (Cipro
et al. 2012), our isotopic values were probably an
integration of both feeding and fasting periods.
During lactation, marine mammals can excrete
15N into their milk, rather than diverting it back
into their tissues (Kurle & Worthy 2002), with
a consequent enrichment of δ15N values in pups’
tissues; nevertheless, values of δ15N were not related
with seal age, sex or body mass, indicating that all
seals were foraging at a similar trophic level. On the
contrary, significant differences were found in
δ13C values between pups and adults. The combina-
tion of similar δ15N with depleted δ13C values in
pups compared to their mothers (Table II) suggests
that the lipid extraction from pup-tissue samples
could have led to lower δ13C values, being the milk
of mothers very rich in lipid content (Costa &
Williams 1999; Stegall et al. 2008). Skin samples
of adult Weddell seals (females and males) exhibited
a large range of δ13C values, which could be used to
distinguish benthic from pelagic, and nearshore

from offshore sources (Wada et al. 1987; Shell
et al. 1989; France & Peters 1997; Zhao et al.
2004).
As the other Antarctic and sub-Antarctic pinnipeds

(Costa & Gales 2000; Fabiani et al. 2003; Hoffman
et al. 2006), Weddell seals show, in fact, excellent div-
ing ability (Thomas & Terhune 2009): they can reach
deep depths and far distances in the open sea, and use
the entire water column to forage in shallow-shelf
waters (Plötz et al. 2001; Hindell et al. 2002; Costa
et al. 2010; Casaux et al. 2011; Heerah et al. 2013;
Raymond et al. 2015). The large range of δ13C values
found in our seal samples could be therefore associated
with the consumption of 13C-enriched benthic and
13C-depleted pelagic prey (France 1995; Cherel &
Hobson 2007), as also reported in an analysis of scat
samples by Casaux et al. (2011). Mean δ13C values in
adults were not significantly different between females
and males. Enriched δ13C values and results from our
mixing model suggested that adult seals were mainly
feeding on benthic prey belonging to Trematomusspp.
(34.1%) and on benthopelagic fish, such asD. mawsoni
(about 21.1%). Many studies in literature indicate that
large quantities ofTrematomus spp. andAntarctic tooth-
fish (D. mawsoni) are annually taken by Weddell seals
and killer whales (Orcinus orca Linn.) in McMurdo
Sound, the most southern branch of the Ross Sea
(Murphy 1962; Dearborn 1965; Calhaem &
Christoffel 1969; Thomas et al. 1981; Burns et al.
1998; Davis et al. 1999, 2003; Fuiman et al. 2002;
Wu & Mastro 2004; Kim et al. 2005; Ainley et al.
2006a; Ponganis & Stockard 2007; Goetz et al. 2017).
Ainley and Siniff (2009) showed that sub-adult
Weddell seals can eat large Antarctic toothfish, up to
one-third as big as them. Seals do not always consume
the entire fish, and this can explain why hard parts of it
(i.e., otoliths and bones) are rarely found in their sto-
mach or scats, making the results of these types of
analyses not totally reliable (Ainley & Siniff 2009). As
D. mawsoni is also a high-level predator – therefore

Figure 5. Annual cycle for Weddell seals in the Ross Sea (considering pupping, breeding and molting periods). Sampling event and the
time frame integrated by the skin samples are shown.
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showing higher isotopic values – its consumption could
explain the high-nitrogen isotope values observed in the
Weddell seals of Terra Nova Bay, and might be linked
to periods when Weddell seals are in need of more
energy (for example, during breeding and fasting).
On the other side, pelagic prey such as

P. antarcticum (9.8%) only partially contributed to
the diet of our adult seals. This result clearly disagrees
with precedent data that described P. antarcticum as
the main prey of Weddell seals, representing up 90%
of fish biomass in the Antarctic sea (e.g., Eastman
1985; Everson 1985; Burns et al. 1998). The large
consumption of both benthopelagic and benthonic
fish in Weddell seals of Terra Nova Bay could be
somehow linked to the presence of polynya in the
area. Antarctic coastal polynyas are areas of reduced
sea-ice cover within the coastal sea-ice zone, largely
maintained by offshore winds and oceanic currents
that push the ice away from the coast (Tamura et al.
2008). The physical importance of Antarctic coastal
polynyas has been described in recent studies (e.g.,
Tamura et al. 2008; Herraiz-Borreguero et al. 2015),
and they are surely important for local wildlife. Seals
that live in Terra Nova Bay have, in fact, direct access
to the open ocean all year round, and they might have,
therefore, evolved local feeding strategies.
Notwithstanding their incredible diving skills,

swimming and foraging come with a cost for
Weddell seals (Williams et al. 2004), and it is likely
that travelling shorter distances and diving to shal-
lower depths would be less energetic demanding.
For this reason, seals of Terra Nova Bay might
prefer to catch benthic or benthopelagic prey (i.e.,
Trematomus spp. and D. mawsoni) found near the
coast, instead of undertaking longer trips for pelagic
prey (i.e., P. antarcticum, Testa 1994). This could be
even more true during the pre-breeding season,
when seals might search for more energy-rich prey
such as D. mawsoni, to afford the large loss in body
condition during reproduction.
As the philopatric behaviour of seals of this colony

has been lately confirmed with the analysis of
genetic markers (Zappes et al. 2017), the predatory
behaviour and prey preference might have somehow
contributed to the evolution and maintenance of the
genetic differentiation between Terra Nova Bay and
the close-by seal colonies.
In conclusion, while δ15N values indicated that all

Weddell seals (males, females and pups) of Terra
Nova Bay were foraging at the same trophic level, the
significant difference between age- and body-mass
classes in δ13Clipid-free suggested that seals rely on var-
ious “food sources”. Adults seemed to concentrate
their efforts on D. mawsoni and Trematomusspp.,

showing feeding preferences different from those
found in previous studies – which detected
P. antarticum as seals’ main prey. These differences
could represent peculiar feeding strategies, evolved in
areas where the access to benthic and benthopelagic
species is more suitable than to prey on smaller pelagic
species, such as the polynya area of Terra Nova Bay.
Nevertheless, as ours are the very first data on the diet
of Terra Nova Bay seals and sampling time was some-
how restricted, we believe that further studies would
be required. The implementation of isotopic analyses
on larger seal and prey samples, and over a longer time
frame, would provide a better understanding of the
foraging behavior of these marine mammals, of their
position in the Antarctic food web and of the potential
threats to the whole Antarctic ecosystem.
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