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ABSTRACT: Individual specialization can be an advantageous strategy that increases predation
success and diminishes intra-population competition. However, trophic specialization can be a
handicap in changing environments if the individuals are unable to use different prey or feeding
grounds in response to change. Southern elephant seals Mirounga leonina allow us to explore this
trade-off as they migrate, returning to haul out on land, for 2 extended periods, to breed and to
moult. They fast during both periods, but the energetic cost is higher during the breeding season,
leading to a poorer body condition after the breeding fast than after the moulting fast. We analysed the carbon (δ13C) and nitrogen (δ15N) isotopic composition of skin and fur samples from Falkland Islands elephant seals. The isotopic values provided information about the foraging strategy
of the seals during the pre-breeding season and pre-moulting season, respectively. We assessed
individual specialization as the variation between periods of an individual with respect to the
variability of the whole population. The high specialization and the correlation between periods
suggest that each animal feeds in a similar region and on similar prey during both feeding migrations. The comparison with data from other populations and particulate organic matter suggests
that the Falkland Islands elephant seals fed both on the Patagonian Continental Shelf and in the
Southern Ocean. The high specialization among individuals within this species could potentially
limit the individual capacity of adaptation in the face of changing conditions or leave those abilities to the few generalist individuals.
KEY WORDS: Southern elephant seal · Mirounga leonina · Stable isotopes · Skin · Fur · Falkland
Islands · Feeding zone · Individual specialization
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Individual foraging specialization is a widespread
phenomenon in vertebrates, and many populations
of generalist consumers are indeed a mixture of
specialized individuals (Bolnick et al. 2003, Vander
Zanden et al. 2010, Terraube et al. 2014, Pagani-Núñez
et al. 2015). Morphological differences (Grant & Grant
1996, Svanbäck & Eklöv 2002), imprinting during juve-

nile stages (Scott et al. 2014) and cultural transmission
(Valenzuela et al. 2009) are some of the causes for individual foraging specialization. Foraging specialization
in species with limited movement results in the use of
different microhabitats and the consumption of different prey (e.g. Grant & Grant 1996, Svanbäck & Eklöv
2002), whereas individual specialization in migratory
species may involve the use of foraging grounds 100s of
km apart (Valenzuela et al. 2009, Eder et al. 2012).
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Reversibility of foraging specialization is critical in
determining the individual capacity to adapt to
changing environments (Mery & Burns 2010, Araújo
et al. 2011), as the individuals of some long-lived species exhibit very limited behavioural flexibility once
they reach adulthood (Vander Zanden et al. 2016,
Cardona et al. 2017a). Stable isotope analysis is a
useful tool for identifying temporal changes in the
diet, as stable isotope ratios in consumer tissues
reflect prey assimilated in the diet and habitat use
(Hobson et al. 1994, 2010, Vales et al. 2015, Zenteno
et al. 2015, Yurkowski et al. 2016). Temporal changes
in diet and habitat use patterns can be studied without re-sampling the same individual, since stable
isotope ratios are recorded in inert tissues (Ayliffe et
al. 2004, Reich et al. 2007) or in tissues integrating
different time windows (Hobson 1999, Newsome et
al. 2010). After a behavioural or environmental
change, stable isotope ratios change after a few days
or weeks in tissues with a high turnover rate (Hilderbrand et al. 1996, Narita et al. 2006, Caut et al. 2011),
whereas they may change over months or even years
in tissues with a low turnover rate (Sponheimer et al.
2006, Alves-Stanley & Worthy 2009, Bahar et al. 2009).
In true generalist species, the variability among the
tissues of an individual (within-individual component: WIC) is similar to the total population variability (total niche width: TNW), because all individuals
of the population use similar feeding strategies (Bolnick et al. 2003). On the other hand, in generalist species composed of a collection of specialized individuals, the individual variability among tissues (WIC)
is much lower than the total population variability
(TNW), because, from the repertoire of feeding strategies displayed by the population, each individual will
use always the same strategy (Bolnick et al. 2002).
Elephant seals (Mirounga spp.) are highly dimorphic marine predators with high levels of individual
specialization both between and within sexes (Lewis

et al. 2006, Hückstädt et al. 2012). Their unique life
cycle makes them a good model to study the capacity
of individual specialists to adapt to contrasting situations. Elephant seals differ from other long-distance
migratory air-breathing marine vertebrates in that
they migrate twice annually: once during the breeding season in late winter and again during the moulting season in summer (Hindell & McMahon 2000,
Bailleul et al. 2007). Similar to other capital breeders,
elephant seals fast during the breeding and the
moulting seasons (Le Boeuf et al. 1973, Riedman
1990), but the cost is higher during breeding than
during moulting due to mating activity in males and
lactation in females (Boyd et al. 1993). This possibly
leads to differences in their dietary requirements
during the pre-breeding and pre-moulting feeding
periods. Furthermore, elephant seals forage for only
2 to 3 mo between breeding and moulting but for 6 to
7 mo between moulting and breeding (Fig. 1). Given
the differences in nutritional requirements and length
of foraging periods, elephant seals are expected to
use different trophic resources (prey and/or foraging
grounds) while at sea in each feeding period.
The southern elephant seal M. leonina inhabits
the Southern Ocean and typically breeds in subAntarctic islands, with a few small rookeries along
the Antarctic Peninsula and a major colony at Peninsula Valdés (northern Patagonia, Argentina) on the
mainland of South America (Campagna et al. 1993,
Boyd et al. 1996, McMahon et al. 2005). The foraging
ecology of the largest colonies has been studied
using satellite telemetry, often combined with stable
isotope analysis (Campagna et al. 1995, Bost et al.
2009, Eder et al. 2010, Hückstädt et al. 2012, Muelbert et al. 2013, Hindell et al. 2016). Southern elephant seals have a preference for highly productive
zones and take advantage of oceanic features such as
eddies, fronts or shelf breaks (Campagna et al. 1998,
2007, Bost et al. 2009, Dragon et al. 2010, Hindell et

Fig. 1. Annual cycle of southern elephant seals. Dotted lines are feeding periods offshore and solid lines are fasting periods
on land. The star represents the sampling period
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al. 2016, Massie et al. 2016), but they may adopt 3
main foraging strategies: benthic feeding on the continental shelf, pelagic feeding near oceanic fronts
and ice-related feeding (Bost et al. 2009, Hindell et
al. 2016). In any case, diet is usually dominated by
squid and mesopelagic fishes (Clarke & MacLeod
1982, Daneri et al. 2000, Daneri & Carlini 2002,
Cherel et al. 2008), although high levels of individual
foraging specialization and high fidelity to feeding
grounds have been reported (Lewis et al. 2006,
Hückstädt et al. 2012). Sex and age only partially
explain such variability in foraging strategies (Field
et al. 2005, Lewis et al. 2006, Walters et al. 2014,
Labrousse et al. 2015), and nothing is known about
its seasonal consistency.
Vibrissae are inert keratinous organs widely used
in stable isotope ecology to track temporal diet shifts
in eared seals due to their constant growth rate
(Cherel et al. 2009, Kernaléguen et al. 2012, Vales et
al. 2015, Cardona et al. 2017b). Unfortunately, this is
not true in earless seals, which makes the use of vibrissae to reconstruct diet extremely complex in this
group (Beltran et al. 2015). However, elephant seals
experience the so called ‘catastrophic moult’, i.e. fur
is shed simultaneously in less than 1 mo and grows
back for about 12 wk starting slightly ahead of and
finishing shortly after the moulting period (Riedman
1990, Ling 2012). Since elephant seals fast during the
moulting period, and fasting has little effect on stable
isotope ratios in the tissues of capital breeders
(Habran et al. 2010, Aguilar et al. 2014), the stable
isotope ratios in fur are expected to integrate the
dietary information from the pre-moulting period
(Ayliffe et al. 2004, Cardona et al. 2017b). On the
other hand, the metabolically active skin integrates
dietary information continuously (Alves-Stanley &
Worthy 2009, Giménez et al. 2016). Given these differences (Fig. 1), a sample of fur and skin collected
during the breeding season would provide information about the diet and habitat use of elephant seals
during the last pre-breeding season (skin) and also
during the last pre-moulting season (fur).
In this paper, we used the stable isotope ratios
of carbon (δ13C) and nitrogen (δ15N) to assess the
degree of individual specialization of southern elephant seals and their consistency between the prebreeding and pre-moulting periods. We compared
our findings to previously published data on the latitudinal variation of δ13C and δ15N values in particulate organic matter (POM) and other pinniped populations inhabiting the Southern Ocean to identify the
potential foraging grounds used by the elephant
seals breeding at the Falkland Islands.
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MATERIALS AND METHODS
Sample collection
Fieldwork was conducted at Sea Lion Island, which
hosts the main breeding colonies of southern elephant seals Mirounga leonina in the Falkland (Malvinas) Islands (Galimberti & Boitani 1999, Galimberti
et al. 2001) (Fig. 2). We sampled 49 males and 47
females of known age during the 2011 breeding season (September−November). The age was known
since animals were tagged at birth, and ranged from
2 to 13 yr for males and from 2 to 20 yr for females.
We collected a sample of skin and fur from the interdigital membrane of the rear flipper of unrestrained
individuals using ear-notching pliers. Each sample
was approximately 3 mm deep and with a surface of
5 mm2. After collection, all samples were stored at
−20°C until analysis.
Skin and fur have different turnover rates and provide different dietary information over time. In our
case, skin informs about the diet and the foraging
grounds used a few months before the breeding season (approx. from June to September 2011), whereas
fur informs about the diet and the foraging grounds
used after the breeding season but before the moulting season (approx. from December to January 2010).

Stable isotope analyses
In the laboratory, the samples were thawed; fur
and skin were then separated, dried at 60°C for 48 h
and ground with a mortar. Lipids were extracted
from all of the skin and fur samples using a chloroform:methanol (2:1) solution (Bligh & Dyer 1959)
because they are depleted in 13C compared to other
molecules, and variability in lipid content may result
in undesirable variability in δ13C values (DeNiro &
Epstein 1978, Caut et al. 2011, Giménez et al. 2016).
Nevertheless, since chemical lipid extraction may
lead to unpredictable changes in δ15N values likely
due to the inadvertent removal of amino acids (Sotiropoulos et al. 2004, Ryan et al. 2012), we extracted
lipids for carbon isotope analysis and used a nonextracted subsample for nitrogen determination.
Approximately 0.3 mg of skin and 0.25 mg of fur,
along with calibration standards, were weighed into
tin cups (3.3 × 5 mm) and analysed by elemental
analysis isotope ratio mass spectrometry (EA-IRMS)
using an elemental analyser (model FlashEA 1112,
ThermoFisher Scientific) coupled with a Delta C isotope ratio mass spectrometer (ThermoFinnigan). All
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Fig. 2. Sampling locations. Abbreviations denote pinniped sampling areas
and line transects for POM sampling. SLI: southern elephant seals Mirounga
leonina from Sea Lion Island (Falkland Islands); PV: southern elephant seals
from Peninsula Valdes (Argentinian Patagonia); SSI: southern elephant seals
from the southern Shetland Islands; BSI: South American sea lions Otaria
flavescens from Big Shag Island (Falkland Islands). 1: nearshore Patagonian
shelf, 2: offshore Patagonian continental shelf, 3: Drake Passage, and 4: western Antarctic Peninsula

analyses were performed at the Scientific and Technological Centres (CCiT), University of Barcelona,
Spain.
Stable isotope abundances are expressed in delta
(δ) notation, with relative variations of stable isotope
ratios expressed in per mil (‰) deviations from predefined international standards, and they were calculated as:
δ jX =

( j X / i X )sample
( j X / i X )standard

−1

(1)

where jX is the heavier isotope (13C or 15N) and iX is
the lighter isotope (12C or 14N) in the analytical sample and in the international measurement standard
(Bond & Hobson 2012); international standards were

Vienna Pee Dee Belemnite (VPDB)
calcium carbonate for δ13C and atmospheric nitrogen (air) for δ15N.
However, data were normalized
using commercially available laboratory reference materials. For carbon,
isotopic reference materials of known
13
C:12C ratios, as given by the International Atomic Energy Agency
(IAEA), were used for calibration at
a precision of 0.05 ‰. These include
polyethylene (IAEA CH7, δ13C =
−32.1 ‰), L-glutamic acid (IAEA
USGS40, δ13C = −26.4 ‰) and sucrose
(IAEA CH6, δ13C = −10.4 ‰). For nitrogen, secondary isotopic reference
materials of known 15N:14Nratios,
namely (NH4)2SO4 (IAEA N1, δ15N =
0.4 ‰ and IAEAN2, δ15N = 20.3 ‰), Lglutamic acid (IAEA USGS40, δ15N =
−4.5 ‰) and KNO3 (IAEA NO3, δ15N =
4.7 ‰), were used to a precision of
0.2 ‰. These isotopic reference materials were employed to recalibrate the
system and compensate for any measurement of drift over time once every
12 analysed samples. The raw data
were normalized by the multipoint
normalization method based on linear
regression (Skrzypek 2013). Furthermore, as a control for data quality
after lipid extraction, we quantified
the carbon to nitrogen (C:N) mass
ratio of each delipidated sample to
verify that it was within the standard
protein range (i.e. between 3 and 4),
thus ensuring an adequate lipid extraction (Newsome et al. 2010).

Data analyses
Prior to any statistical analysis, normality was
tested by means of the Kolmogorov-Smirnov test and
homoscedasticity by means of the Bartlett test.
Although the data followed a normal distribution,
males showed a higher variance than females in both
tissues even when an outlier (a 13 yr old male) was
removed, thus violating one of the assumptions required by parametric tests. For this reason, the general linear models run to assess the effect of tissue
and age on stable isotope ratios were conducted for
each sex independently, and their residuals were
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also visually checked for homoscedasticity. Differences between the stable isotope ratios of the 2 sexes
were tested for each tissue separately using Welch’s
t-test for samples with unequal variances. Crosscorrelation between the tissues was also conducted
for each sex independently. All statistical analyses
were carried out using the free software R (R Core
Team 2016).
The oldest male in the samples (age 13) was
excluded from the general linear models and Welch’s
t-test because its δ15N values were more than 4 standard deviations higher than average value for both
tissues. Although extreme, the consistency of the
results between the 2 tissues, which were analysed
independently, confirm that the data obtained from
this individual are correct and not an analytical error.
However, the inclusion of this animal in the
models could hide subtle patterns for the rest of the
population.
Stable isotope ratios from different tissues cannot
be compared directly to infer environmental information because trophic discrimination factors (TDFs or
Δ) from prey to predator are tissue-specific. The TDFs
of skin and fur have not been determined in elephant
seals, so we used those reported by Hobson et al.
(1996) for other pinnipeds: Δ skin13C = 2.8 ‰, Δ skin15N =
2.3 ‰, Δ fur13C = 2.8 ‰, Δ fur15N = 3 ‰. After subtracting
the corresponding TDFs, the stable isotope values
from our study (skin and fur) could be compared, and
we denote these by δ15Ncorr and δ13Ccorr . Furthermore, we compared them to the stable isotope ratios
reported previously for the western South Atlantic
and the Antarctic Peninsula to identify potential foraging grounds. The stable isotope data sets used for
this comparison were: POM from the Patagonian
Continental Shelf, Drake Passage and the western
Antarctic Peninsula (Lara et al. 2010), stable isotope
ratios in the vibrissae of southern elephant seals from
Argentinean Patagonia (Lewis et al. 2006, Eder et al.
2010), and South American sea lions Otaria flavescens from the Falkland Islands (Baylis et al. 2015),
and stable isotope ratios in the fur of southern elephant seals from the Antarctic Peninsula (Hückstädt
et al. 2012). We corrected the stable isotope ratios in
vibrissae according to the vibrissa TDF (Δ vibrissae15N =
2.8 ‰, Δ vibrissae13C = 3.2 ‰) reported by Hobson et al.
(1996). Although there are more recently published
TDF values for vibrissae (Beltran et al. 2016), we used
those reported by Hobson et al. (1996) to ensure consistency with the TDF values used for skin and fur.
When comparing our data with the POM isotopic
data, we shifted our data −7.5 ‰ of δ13C and −12 ‰
of δ15N. This would approximately account for the
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trophic level discrimination between POM and
southern elephant seals (Kelly 2000), thus allowing
the comparison between the 2 geographical patterns.
This shift is not meant to be a precise correction of
the trophic discrimination, but an approximation for
visual comparison.
The individual specialization index (S) was calculated for each individual following the approach developed by Bearhop et al. (2004) and used in other
marine mammal studies (Newsome et al. 2009, Hückstädt et al. 2012). Accordingly, the TNW was calculated as the standard deviation of the whole δ13C data
set (both skin and fur) and the WIC was calculated
for each individual as the standard deviation of its fur
and skin δ13C values. Following Hückstädt et al.
(2012), we split the population into extreme specialists (S < 0.2), specialists (0.2 ≤ S ≤ 0.5) and generalists
(S > 0.5).
Since the individual component of S was calculated
using only 2 points, we performed a bootstrap analysis to assess the probability that the observed pattern
of specialization in the population might have
emerged just by chance. We created 1000 simulated
populations of elephant seals each by randomly
resampling 100 pairs of δ13C values from the original
data set. Later, we computed S for each simulated
individual and the population median. The null
hypothesis was that a non-specialist population
would present a median individual specialization
index within the 95% confidence interval of the simulated population medians. Only δ13C values were
used, since the δ15N values could be influenced by
trophic level, fasting and other confounding factors
independent of the foraging strategy (Hobson et al.
1993, Cardona et al. 2017b).

RESULTS
The C:N mass ratio of all samples ranged from 3.3
to 3.4%, well within the theoretical range that characterizes unaltered protein (Newsome et al. 2010).
The mean (± SD) δ13C and δ15N values of the Falkland
Islands elephant seals population were, respectively,
−18.6 ± 1.97 and 15.1 ± 1.8 ‰ in skin and −18.23
± 2.03 and 14.2 ± 1.9 ‰ in fur (Table 1). In both tissues, the variability of δ13C and δ15N values was
extremely high (Table 1). The variability of δ13C values was 2-fold higher in males than in females in
both tissues, while the variability of δ15N values was
similar in both sexes. The average δ15N values for
both tissues were statistically higher in males than in
females (Table 2). The effect of sex on average δ13C
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Table 1. Isotopic values (mean ± SD) obtained in this study and adapted from other studies. Patagonian southern elephant seal adult males
were divided into 3 groups (Males 1, 2 and 3) in accordance with Lewis et al. (2006), who described them as 3 separate clusters that possibly
feed in different locations and/or have different diet. δ13C and δ15N: values not corrected for isotope discrimination factors; δ13Ccorr and
δ15Ncorr: values corrected for isotope discrimination factors
Sex

Tissue

δ13C (‰)

δ15N (‰)

δ13Ccorr (‰) δ15Ncorr (‰)

Source

Mirounga leonina
Falkland Is.
Adult/juvenile
Adult/juvenile
Adult/juvenile
Adult/juvenile

Male
Male
Female
Female

Fur
Skin
Fur
Skin

−17.8 ± 2.4
−18.1 ± 2.3
−18.7 ± 1.5
−19.1 ± 1.4

15.3 ± 1.7
16.1 ± 1.7
13.2 ± 1.3
14.1 ± 1.3

−20.6 ± 2.4
−20.9 ± 2.3
−21.5 ± 1.5
−21.9 ± 1.4

12.3 ± 1.7
13.8 ± 1.7
10.2 ± 1.3
11.8 ± 1.3

Present study
Present study
Present study
Present study

Antarctica

Adult

Female

Fur

−21.3 ± 0.3

11.5 ± 0.5

−24.1 ± 0.3

8.5 ± 0.5

Patagonia

Adult
Adult
Adult
Adult
Juvenile

Male 1
Male 2
Male 3
Female
Male/female

Vibrissae
Vibrissae
Vibrissae
Vibrissae
Vibrissae

−20.7 ± 0.7
−14.8 ± 0.5
−13.2 ± 0.4
−16.7 ± 0.5
−17.0 ± 1.3

12.7 ± 0.7
15.0 ± 0.8
19.1 ± 0.3
11.4 ± 0.7
14.2 ± 2.2

−23.9 ± 0.7
−18.0 ± 0.5
−16.4 ± 0.4
−19.9 ± 0.5
−20.2 ± 1.3

9.9 ± 0.7
12.2 ± 0.8
16.3 ± 0.3
8.6 ± 0.7
11.4 ± 2.2

Lewis et al. (2006)
Lewis et al. (2006)
Lewis et al. (2006)
Lewis et al. (2006)
Eder et al. (2010)

Female

Vibrissae

−14.2 ± 0.9

16.3 ± 0.5

−17.4 ± 0.9

13.5 ± 0.5

Baylis et al. (2015)

Population

Age class

Otaria flavescens
Falkland Is.
Adult

values of both tissues was smaller, but still significant
(Table 2).
The linear models showed that seal age had no
effect on the tissue isotopic values (Table 3). On the
other hand, the tissue type, and therefore the period
over which the seals foraged (i.e. skin: pre-breeding
period; fur: pre-moulting period), affected the δ15Ncorr
but not the δ13Ccorr values in both sexes (Table 3). The
linear regressions (Fig. 3) showed that the skin and
fur corrected values were strongly correlated, with
higher R2 values in males than in females for both
δ13Ccorr and δ15Ncorr (Table 4).
The degree of specialization of Falkland elephant
seals was very high in most cases (Fig. 4): 51% of the
animals were extreme specialists, occupying less
than 20% of the population isotopic niche; 45.8%
were specialists, occupying less than 50% of the population isotopic niche; and only 3.2% of the animals
were generalists (Fig. 4). The population median for
S was 0.21, a value well below the 95% confidence
interval of the simulated populations (0.54−0.88).

Table 2. Results of Welch’s test for samples with unequal
variances. Each group of southern elephant seals was tested
independently against the variable sex. Significant values
(p < 0.05) are shown in bold
Variable Parameter

Fur
δ13Ccorr δ15Ncorr

Sex

2.01
81.91
0.047

t
df
p

6.87
92.64
< 0.001

Skin
δ13Ccorr δ15Ncorr
2.32
78.46
0.0226

6.72
92.87
< 0.001

Hückstädt et al. (2012)

Compared to other pinniped populations (Fig. 5),
the distribution of the Falkland Islands elephant seals
in the regional isospace was very close to that of
males and juveniles of elephant seals from Patagonia
and between those of elephant seals from the Antarctic Peninsula and South American sea lions Otaria
flavescens from the Falkland Islands. These results
stand for both the corrected values of fur and skin,
although the skin values of the Falkland Islands elephant seals were slightly displaced from the rest. A
similar geographical pattern emerged when the stable isotope ratios of elephant seals from the Falkland
Islands were compared to those reported for POM
across the western South Atlantic (Fig. 6). POM from
the Patagonian continental shelf was characterized
by high levels of δ13C and δ15N, while that from the
Antarctic Peninsula and the Drake Passage was more
depleted in both heavy isotopes. The difference between these 2 water masses is quite similar to the
Table 3. Results of the general linear model for southern elephant seals. Each isotope and sex was tested independently
against the variables age and tissue. Significant values (p <
0.05) are shown in bold
Variable Parameter

Males
δ13Ccorr δ15Ncorr

Females
δ13Ccorr δ15Ncorr

Age

t
df
p

−1.09
95
0.28

1.18
95
0.24

−0.31
93
0.76

0.18
93
0.85

Tissue

F
df
p

−0.684
95
0.49

2.76
95
0.007

−1.358
93
0.760

3.36
93
0.001

Rita et al.: Southern elephant seal trophic specialization
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Fig. 4. Frequency distribution of the specialization index (S)
calculated as the ratio between the within-individual component and the total niche width, both measured using the
δ13C values. Southern elephant seal individuals (n = 96) are
classified as extreme specialists (S < 0.2), specialists (0.2 ≤ S
≤ 0.5) or generalists (S > 0.5)

range of our data set. The stable isotope ratios in the
13 yr old male (skin: −14.1 ‰ δ13C and 22.6 ‰ δ15N;
fur: −13.5 ‰ δ13C and 21.9 ‰ δ15N), considered an
outlier, were compatible with those of the northernmost zone of the Patagonian Shelf.

DISCUSSION

Fig. 3. Correlation of nitrogen and carbon corrected isotopic
values between the 2 tissues (fur and skin) sampled from
southern elephant seal males (filled circles) and females
(open circles). The linear regressions are shown as a thick
black line (males) and dashed grey line (females). The 1:1
line (thin black line) is also shown as a reference of a perfect
correlation
Table 4. Results of the linear regression between tissues of
southern elephant seals. All tests were highly significant
(p < 0.001)
Parameter

R2
Slope

Males
δ13Ccorr
δ15Ncorr
0.92
0.95

0.93
0.93

Females
δ13Ccorr
δ15Ncorr
0.85
0.84

0.86
0.90

The Falkland Islands southern elephant seal
Mirounga leonina subpopulation has some of the
greatest isotopic individual variability ever reported
in any southern elephant seal population (Ducatez et
al. 2008, Eder et al. 2010, Newland et al. 2011, Walters et al. 2014) and is only comparable to the neighbouring population breeding in Argentinean Patagonia (Lewis et al. 2006, Eder et al. 2010). This great
variability was probably caused by the heterogeneity
of foraging locations which this population uses, as
supported by the variability observed in POM across
the western South Atlantic. On the other hand, the
individual variation in the stable isotope ratios between the 2 feeding periods considered is rather
small, as expected for an individual specialist species
(Bolnick et al. 2003, Vander Zanden et al. 2010,
Hückstädt et al. 2012, Terraube et al. 2014, PaganiNúñez et al. 2015). The high levels of individual specialization revealed by the specialization index, in
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The main difference between the 2
feeding periods was caused by a slight
decrease in the δ15N after the breeding period. Multiple reasons could explain this δ15N shift. It could be caused
by internal factors (fasting and lactation), behavioural factors (change in
prey/location) or external factors (seasonal change of the ecosystem baseline). Fasting and lactation affect δ15N
values in multiple species (Hobson
et al. 1993, Kurle & Worthy 2001,
Polischuk et al. 2001, Cardona et al.
2017b); however, due to their abundant lipid reserves, capital breeders
mobilise energy from their lipid reserves during fasting and limit the
catabolism of proteins, thus reducing
the fasting effect on δ15N (Habran et
al. 2010, Aguilar et al. 2014). Nevertheless, the energy expenditure of the
breeding season could have an indirect impact on southern elephant seal
behaviour. We hypothesize that the
nutritional stress of breeding leaves
the elephant seals in poor body condition (Boyd et al. 1993), which, in turn,
could lead to a behavioural change
(Frid et al. 2006) and a reduction in
prey selectivity. Thus, elephant seals
may temporarily feed on suboptimal
prey at a lower trophic level until they
recover part of their lipid reserves.
Whether this reduction of selectivity
also occurs after moulting is unclear
since the skin only integrates information for a few months, when the
Fig. 5. Comparison (mean ± SD) among the different populations of southern
animals have recovered their lipid
elephant seals Mirounga leonina of the South Atlantic and Peninsular Antarcreserves. It is unlikely that the differtica, and the Falkland Islands population of South American sea lions Otaria
flavescens. Filled and open circles show, respectively, corrected isotopic values
ence in δ15N was caused by a change
of male and female Falkland Islands elephant seal (A) fur and (B) skin. Other coron the feeding grounds or in the ecorected isotopic data shown are: whiskers from Patagonian elephant seal adult
system baseline, as both would have a
males (filled squares), adult females (open squares) and juveniles (open triangreater effect on δ13C than the one we
gles); whiskers from Falkland Islands adult female southern sea lions (× symbol);
and fur from Antarctic Peninsula elephant seal adult females (open rhombus)
detected (Lara et al. 2010, Quillfeldt
et al. 2010).
It must be pointed out that the magnitude of the tisconjunction with the high correlation between skin
sue isotopic shift, and therefore the shift in the forand fur stable isotope ratios, suggest that each aniaging strategy, varies depending on the accuracy of
mal feeds in the same region and on similar prey in
TDFs. TDFs have a high standard deviation even
both feeding seasons (pre-breeding and pre-moultwithin the same species, easily exceeding 0.5 ‰,
ing). This does not imply that each animal has a nar(Hobson et al. 1996, Borrell et al. 2012, Beltran et al.
row feeding zone or feeds on few species, but rather
2016, Giménez et al. 2016) and may change among
that its feeding strategy is consistent over time and
species of similar taxa (Beltran et al. 2016) or among
differs from that of other individuals.
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from the dermis. The superficial layer
of the epidermis (stratum corneum) is
shed during the catastrophic moult and
may contain some hairs. Thus, our skin
samples may integrate some material
synthesised immediately before moulting, although the inter-digital membrane has a very thin epidermis layer
and therefore most of the sample tissue
corresponded to the dermis.
A closer look at the variation between individuals shows that, while
other subpopulations of southern elephant seals seem to segregate by age
class (Slip 1995, Field et al. 2005, Walters et al. 2014), the Falkland Islands
subpopulation only presents differences between sexes. The values of
both tissue stable isotope ratios were
higher in males than in females; the
difference was particularly large (2 ‰)
for δ15N. Dietary differences, previously reported for other populations
(Rodhouse et al. 1992, Daneri et al.
2000, 2015), likely caused this difference, since a change in foraging
ground location would have had a
simultaneous and great effect on δ13C
values (Lara et al. 2010, Quillfeldt et
al. 2010). However, we cannot rule out
a simultaneous difference in foraging
grounds and diet, as these 2 features
are linked in other populations of
northern and southern elephant seals
(Le Boeuf & Crocker 2000, Lewis et al.
2006, Muelbert et al. 2013).
Fig. 6. Comparison between the Falkland Islands southern elephant seal
When compared with those of other
results (males represented as filled circles and females as open circles) and
southern
elephant seal subpopulations
the particulate organic matter (POM) δ13C and δ15N of the Patagonian Contiand pinniped species from the western
nental Shelf nearshore (1) and offshore (2), Drake Passage (3) and western
South Atlantic, the corrected isotopic
Antarctic Peninsula (4). Elephant seal istopic values are given for (A) fur and
values from the Falkland Islands ele(B) skin. Elephant seal isotopic values have been corrected −7.5 ‰ for δ13C
and −12 ‰ for δ15N
phant seal subpopulation overlapped
with those of juveniles and some males
of the Patagonian population (Lewis et al. 2006, Eder
diets (Tyrrell et al. 2013). In this study, we used
et al. 2010) and the Falkland Islands sea lions (Baylis
discrimination factors derived experimentally from
et al. 2015). While elephant seal adult males from
other pinnipeds (Hobson et al. 1996), and the differArgentinean Patagonia fed near the shelf break
ences reported between tissues were greater than
(Campagna et al. 1995, 1999), juveniles foraged on
the possible error in the discrimination factors. Nevand off the Patagonian continental shelf, and a few
ertheless, we remain uncertain about the absolute
took longer trips to the Pacific Ocean or the waters
values of the diet presented here for elephant seals
around South Georgia (Eder et al. 2010). The Falkbecause of the absence of species-specific TDF valland Islands population of South American sea lion
ues. Sample processing resulted in additional unOtaria flavescens, on the other hand, fed near the
certainty, because the epidermis was not separated
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shelf break north of the Falkland Islands (Baylis et al.
2016). Given the level of overlap between the stable
isotope ratios in our data and the ratios of these 3
groups, we can assume that some Falkland Islands
elephant seals migrated northward after both fasting
seasons, and fed between the shelf break and mainland across the Patagonian Shelf break. Those individuals that do not overlap with the south American
seals have intermediate isotopic values between the
Patagonian and the Antarctic elephant seals (Hückstädt et al. 2012), suggesting that they feed south of
the Falkland Islands, and some of them may reach
the Antarctic Peninsula.
Our data also showed a strikingly similar pattern to
that of the stable isotope ratios in POM reported by
Lara et al. (2010), once the stable isotope ratios in elephant seal values were corrected according to TDF
(12 ‰ for δ15N and 7.5 ‰ for δ13C; Kelly 2000). This
correction, although approximate, fits well the
trophic levels reported for other elephant seal populations (Cherel et al. 2008). Such similarity supports
our previous conclusions and show that Falkland
Islands elephant seals feed across the Patagonian
Shelf and Drake Passage. Setting the southern limit
of the foraging grounds used by Falkland Islands elephant seals from stable isotope ratios is hard,
because the isotopic baseline of the Drake Passage
and the Southern Shetland Islands are very similar
(Lara et al. 2010, Quillfeldt et al. 2010), although preliminary telemetry tagging results confirm that some
seals reach the Antarctic Peninsula during their feeding trips (F. Galimberti unpubl. data).
Several studies have shown that elephant seals
from other populations breed and moult within the
same rookery (Lewis et al. 1996, Hofmeyr 2000, Le
Boeuf & Crocker 2000). According to this model,
Falkland Islands elephant seals that feed in the
Southern Ocean or in the Pacific Ocean have to perform a >1000 km return trip twice every year. Such a
migration pattern would have a high energy cost and
seems unnecessary given that there are suitable
breeding and moulting grounds near the feeding
zones (McMahon et al. 2005, Hückstädt et al. 2012,
Bogdanowicz et al. 2013) and, complementary, suitable feeding grounds near the Falkland Islands
(Lewis et al. 2006, Eder et al. 2010). Philopatry can be
evolutionarily beneficial due to the gregarious reproductive strategy of this species, but moulting has
fewer requirements and can be performed on other
beaches. Thus, it is plausible that some Falkland
Islands individuals migrate to the Southern Ocean
and stay there throughout the year, moulting on the
closest beach (Bogdanowicz et al. 2013) and increas-

ing the difference between the moulting and the
breeding cost. Further research is required to assess
this issue, since it has important implications in those
studies conducted during the moulting season if individuals are assigned to the incorrect population.
The variability in feeding behaviour of southern
elephant seals seems to be related to a trade-off
between the highly productive but distant feeding
grounds of the Southern Ocean and the less productive but closer feeding grounds of the Patagonian
shelf (McIntyre et al. 2015). These 2 strategies seem
to be linked to the fitness of the individuals (Hindell
et al. 2016), but the causes of individual specialization, such as culture (Harrison et al. 2010), genetics or
ocean conditions during their first foraging trip
(Ascani et al. 2016), are unknown. A high level of isotopic specialization does not imply that each individual feeds on a very few prey species or in a very specific location. Instead, it means that each individual
always exploits the same resources, despite the variety of strategies shown by the rest of the population.
Individual specialization is expected to be irreversible when based on morphological traits that
cannot be modified at advanced life stages (Svanbäck & Bolnick 2007), but could be reverted in other
cases (Mery & Burns 2010). There is no reason to
believe that foraging specialization in elephant seals
has a morphological basis, but learning has costs
derived from the development and maintenance of
the neural structures (Mery & Kawecki 2003, Mery &
Burns 2010). Those costs explain why birds and
mammals can learn certain tasks only during a critical or sensitive period early in their life (Brainard &
Doupe 2002) and why spatial learning starts to
decline immediately after adulthood in rats (Fischer
et al. 1992). There is evidence that fidelity to foraging
grounds in hard-shelled turtles is developed at the
end of the juvenile stage and that they are unlikely
to change during adulthood, even when foraging
grounds are sub-optimal (Vander Zanden et al. 2016,
Cardona et al. 2017a). The southern elephant seal is
capable, as a species, of colonizing new areas
(Acevedo et al. 2016) and maintaining gene flow
between populations (Fabiani et al. 2003), despite its
philopatry. However, the capacity of the adult elephant seals to revert the individual specialization is
unclear. The results reported here reveal a high
degree in individual specialization and high consistency in seasonal use of resources despite contrasting
nutritional requirements. This could, potentially, indicate a reduced capacity to change their feeding
grounds or diet and to use the most optimal foraging
strategy for each situation. Sampling over multiple
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years is needed to assess the long-term reversibility
of foraging specialization. Further research is required to understand how and when individual specialization emerges in marine predators and hence
better predict their adaptability to changing oceans.
In conclusion, the Falkland Islands elephant seals
disperse over long distances both after breeding and
moulting, but the tissues synthesised during the premoulting and pre-breeding foraging periods had
similar δ13C values, which suggests a high degree of
individual specialization and fidelity to the same foraging grounds year round. The higher energetic cost
of the breeding period could explain why all individuals consistently foraged at a lower trophic level after
the breeding season. However, this last conclusion
depends on the TDF used here, which can be inaccurate. Further research is needed to assess the
capacity of highly specialized individuals to change
their foraging tactics as a response to environmental
change.
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