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INTRODUCTION

Investigating the foraging strategies of top preda-
tors within an ecosystem is an important step towards
understanding the functioning of an ecological com-
munity, on both spatial and temporal scales. Intra-
specific competition has been identified as a signifi-
cant component of species niche width (Po lis 1984,
Schoener 1989). Many species exhibit significant
variation in foraging strategy with age, sex or size-
class for similar habitats (Bolnick et al. 2003). How-

ever, only a few studies have addressed the ontogeny
of niche partitioning in sexually dimorphic species,
since such studies are difficult in practice, particu-
larly in the oceanic environment (e.g. Field et al.
2005, Field et al. 2007b). Ontogenetic shifts in mor-
phology, habitat use and foraging strategy may pro-
mote population stability more effectively over evolu-
tionary time (Polis 1984).

Different methods and techniques based on diet
are available in ecology foraging studies, each hav-
ing its own strengths and weaknesses. Conventional
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ences in the ontogeny of foraging strategies and in the niche partitioning process according to sex
and age of a highly sexually dimorphic species: the southern elephant seal Mirounga leonina.
Canines from 8 males and 6 females were analysed for δ13C and δ15N stable isotope signatures. To
assess intra-individual variability, instead of analysing collagen we analysed the bulk dentine
within each of the 4 growth layers deposited annually. The δ13C signature revealed that, in indi-
viduals of 1 to 4 yr of age, teeth of both males and females exhibited large intra-individual varia-
tion in δ13C, suggesting that juveniles were foraging over a broad range of marine habitats encom-
passing both sub-Antarctic and Antarctic waters. Four out of the 6 teeth taken from females were
collected on individuals younger than 4 yr, preventing investigation of longer-term changes.
A δ13C pattern emerged for males older than 4 yr: individuals became resident to either a sub-
 Antarctic (–17‰) or an Antarctic (–20‰, both values reported as deviations from the Vienna
PeeDee Belemnite standard) foraging habitat, with a decrease in intra-individual variability. Up to
the age of 4 yr, juvenile males were at a slightly higher trophic level than juvenile females, but by
the age of 4 yr, while their δ13C signature revealed that they were faithful to their foraging habitat,
males exhibited a significant increase in their trophic levels, as shown by their δ15N signature.
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techniques of stomach lavaging or faecal analysis
may provide high-resolution species-specific data
directly related to digestion transit rate, and over a
relatively short period. Stable isotopes, while lacking
in high-resolution species-specific data over a short
timeframe, can reveal surprising ecological features
of a species by summarizing trophic information over
a broader time and space window as compared to tra-
ditional dietary studies. Stable isotopic carbon and
nitrogen analysis is now increasingly used to investi-
gate the feeding habits of major consumers (New-
some et al. 2007a, Newsome et al. 2010). The δ15N
measurements serve as indicators of consumer tro -
phic position, as consumer tissues are typically en -
riched in 15N relative to their food (DeNiro & Epstein
1981, McCutchan et al. 2003), with an average in -
crease of 3.3 ± 0.26‰ between trophic levels (Mc -
Cutchan et al. 2003). In contrast, δ13C values vary
 little between trophic levels but are often used to in -
di cate the geographic source of prey items due to
well documented variation in δ13C with different
photo synthetic processes (Hobson 1999). In the ma -
rine environment, δ13C values indicate latitudinal
variation in consumer foraging areas in contribution
to food intake (Kelly 2000, Cherel & Hobson 2007).
Moreover, variations in the δ13C values of some spe-
cies can be linked to benthic versus pelagic, or near -
shore versus offshore feeding habitats (Hobson et al.
1994, Michener & Schell 1994, Hobson 1999, Cherel
& Hobson 2007). These methods are based on the
principle that ‘you are what you eat’ (DeNiro & Ep -
stein 1978), i.e. the biochemical composition of mole-
cules and tissues of consumers is a reflection of
their diet over the period of synthesis. Some tissues,
such as dentine in pinniped teeth, are synthesised
through out the life of the animal (McCann 1993), and
both their protein and calcified components appear
to be metabolically inert following formation. Thus
the life history (in terms of diet and trophic status)
of individual animals may be reflected in the incre -
mental pattern of dentine growth, represented as
changes in the chemical composition of each growth
layer (Hobson & Sease 1998, Newsome et al. 2007b,
Hanson et al. 2009).

Southern elephant seals Mirounga leonina (SES)
provide the most extreme example of sexual dimor-
phism of all mammals (Andersson 1994), adult males
sometimes weighing >10 times more than females.
The foraging strategies of SES at various ages, be -
tween the sexes or by size-class is poorly de scribed.
Boyd et al. (1994) estimated that a 2500 kg male has
a daily energy requirement 3 times higher than that
of a 500 kg female. Adult males may therefore adopt

different behaviours to meet their higher energy
requirements (Hindell et al. 1991). Understanding
the intra-specific variability of SES foraging ecology
may shed light on the recent population decline of
this species (McMahon et al. 2005). Indeed, long-
term monitoring of SES from the Kerguelen Islands
suggests that (1) a major change took place in the
1970s, as evidenced by a severe population decrease
(McCann 1985, Guinet et al. 1992), and (2) the num-
ber of females breeding on the Kerguelen Islands has
been stable over the past 20 yr (Authier et al. 2011).
The underlying causes of these population changes
are unclear, but are likely related to large-scale eco -
system changes (Weimerskirch et al. 2003). There-
fore, it is critical to assess whether age- or sex-related
differences in SES foraging ecology have occurred.

Here we present a study of the individual ontogeny
of foraging strategy according to sex and age of SES
belonging to the Kerguelen Island population. (1) In
order to create intra-individual life history recon-
structions, we explored a method based on analysis
of δ13C and δ15N composition of the bulk dentine col-
lected along discrete growth layers of the canines.
We also measured C:N ratios as an indicator of good
dentine preservation.(2) We investigated the longitu-
dinal foraging shift according to sex and age of indi-
viduals from the analysis conducted on 14 SES teeth.

MATERIALS AND METHODS

Canine teeth were collected from male and female
SES that had died of natural causes during breeding
and moulting haul-outs on the Kerguelen Islands
(from 48° 35’ to 49° 54’ S, and from 68° 43’ to 70° 35’E),
Southern Ocean (Fig. 1). Canines were selected for
this study in preference to postcanines, because
these teeth grow continuously and without the pulp
cavity closing, allowing the deposition of new den-
tine layers throughout the life of the individual
(McCann 1993). In this study we analysed canines
from 14 individuals (8 males and 6 females, all found
dead between 2005 and 2007).

Each tooth was first coated with resin and then cut
longitudinally with a diamond-wire saw, with the cut
oriented along the bucco-lingual plane, as close to
the centre line as possible.

Growth layers were observed under diffused light
and counted 3 times by 2 of the authors (C. Martin
and S. Steedlandt) in order to estimate the deposition
time in years. According to Laws (1952), 2 opaque
bands and 2 translucent bands are formed each year
of life (Fig. 2). Alternating dark and clear layers are
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related to the succession of shore visits and at-sea for-
aging trips. This 4-band structure defines a single
growth layer group (GLG) that is deposited over 1 yr.
A GLG is a repeating pattern of adjacent groups of
incremental growth layers within the dentine, which
is defined as a countable unit involving a change
(Perrin & Myrick 1980). We defined foetal dentine as
the layer deposited in utero, since SES permanent
teeth start to grow during intra-uterine life (Laws
1953). Each GLG was then assigned to a ‘year of den-
tine formation’ corresponding to the year of the ani-
mal’s growth during which the layer of dentine was
de posited. Each band was assigned to one-fourth of
a year.

Using a MicroMill sampler (Merkantek), ~1 mg of
bulk dentine was extracted and placed into tin
 capsules for isotope analysis of samples from indi -
vidual growth layers (Dett man & Lohmann 1995,
Wurster et al. 1999). Dentine was drilled to a depth of
<200 µm to reduce the chance of mixing with other
layers. Consecutive samples were taken from each
suc cessive growth band. A total of 311 powder sam-
ples were collected from the dentine of the 14 drilled
teeth.

Organic matter δ13C and δ15N and C and N con-
tents of the bulk dentine powder were determined
using an EA3000-IRMS elemental analyser (EuroVec-
tor) coupled to an Optima continuous-flow mass spec-
trometer (Micromass) at the University of Montpellier
II. Stable isotope results are reported as per mille (‰)
deviations from the Vienna PeeDee Belemnite
(VPDB) standard. Precisions (SD) on internal stan-
dards were <±0.2‰ for both δ13C and δ15N. In order
to test the impact of the inorganic dentine portion on
the isotopic organic results, untreated and acid-
treated samples (~10) were analysed, but no signifi-
cant differences emerged (SD = ± 0.02‰). Using
the C and N contents of the IAEA-NO-3 (N% = 13),
and alanine (C = 40.41%, N = 15.71%), the percent C
and N contents of the dentine powder samples were
measured. The analytical precision was ~1% for both
C and N, using the alanine and NO-3 standards
respectively.

RESULTS

GLG counts allowed age estimation of each ana -
lysed specimen. Age at death ranged from 3 to 11 yr
for males and was ~4 yr for females (Table S1 in
the supplement available at www.int-res. com/  articles/
suppl/  m439 p295_ supp. xls). The number of dentine
samples analysed for each individual tooth varied
from 7 to 36, with a mean of 4 samples per 1 yr GLG.
For the older specimens, the external parts of the ca-
nines were often worn out. As dentine is laid down
from the enamel surface to the pulp cavity, the canine
wearing could, for some individuals, mean loss of iso-
topic results for the early years of life. A thin black line
was sometimes observed in the first dentine layer;
dentine deposited between the enamel and this
neonatal line was interpreted as having been synthe-
sised in utero.

The dentine isotopic signatures for each of the 14
teeth covered a wide range, with the individual-tooth
mean for δ13C varying from –19.9 to –16.9‰, and for
δ15N from 11.5 to 13.8 ‰ (Table S1 & S2 in the supple-
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Fig. 1. Mirounga leonina. Location of Kerguelen Islands and
oceanographic fronts and zones in the Southern Indian
Ocean. PF: polar front; SAF: sub-Antarctic Front; STF: sub-

tropical front

Fig. 2. Mirounga leonina. Microstructure of canine tooth
showing internal dentine growth layers. A growth layer
group (GLG) corresponds to 2 opaque bands and 2 trans-

lucent bands, formed each year
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ment available at www.int-res. com/  articles/  suppl/
m439  p295_ supp. xls). C:N mean values ranged from
3 to 3.5.

Carbon and nitrogen contents

C and N contents of the dentine of male and female
specimens was found to vary from 10 to 15% and
from 3.5 to 4.5% respectively (Fig. 3A,B). All the C:N
values ranged from 2.9 to 3.6, except for some sam-
ples of EM-KER-2005-20, EM-KER-2005-14 and EM-
KER-2005-21, all male specimens (Fig. 3C, Fig. 4E). It
is interesting to note that most of our C:N data are in
the range of that described in the pioneer work of
DeNiro (1985), which became a useful tool for identi-
fying well preserved collagen. Since DeNiro’s publi-

cation, C:N threshold values (from 2.9 to 3.6) have
been used to identify post mortem diagenetic alter-
ation preventing the use of the stable isotopes, or at
least raising an alert to potential impacts on isotopic
integrity (Ambrose 1990, Schulting et al. 2008 among
others). The C:N ratios between bulk dentine and col-
lagen are very similar, but C and N contents are
lower in the bulk dentine as compared with the colla-
gen (see values in Schulting et al. 2008). The lower C
and N content in dentine is likely due to the contribu-
tion of mineral hydroxyapatite in the total weight of
dentine powder, while collagen is a pure organic-
extracted material. Hence we suggest that the use of
bulk dentine material instead of collagen for isotopic
analysis is an efficient alternative, not only because it
is less time-consuming than collagen extraction, but
also because it allows working to a better scale.

Nitrogen isotopes in dentine growth layer

δ15N time-series revealed important variations
from in utero life up to 1.5 yr (Fig. 4A,B; Fig. 5A). Rel-
atively high values (from 13 to 15‰) were recorded
during the first year of the animal’s life, to be fol-
lowed by an abrupt decrease after the first year
(down to 10‰ for males and 11‰ for females). From
Year 1.5 to Year 2, both female and male δ15N dentine
profiles showed an intra-annual variability of about
0.6‰ (Fig. 4A,B). From Year 2 to Year 4, no variation
in δ15N values with age could be detected either for
males or females (t-test, t = –0.42, p = 0.681; see
Fig. 4A,B and 5A). δ15N values for males overlapped
those for females (Fig. 5A), but were significantly
higher (mean = 11.9‰; range from 11.4 to 12.7‰)
than those for females (mean = 11.1‰; range from
10.6 to 11.4‰; t = –5.26, p < 0.0001). For males older
than 4 yr, the δ15N values of dentine increased signif-
icantly with age (ANOVA, F = 8.858, p < 0.0001;
Fig. 4A, 5A). This could not be investigated for
females due to the shorter time-series for females
(Fig. 4B, 5A).

Carbon isotopes in dentine growth layer

δ13C time-series revealed abrupt changes during
the in utero stage and the first years of life (Fig. 4C,D,
5B). Most specimens exhibited the following pattern:
at ~1 yr, the δ13C signal dropped abruptly, then
increased during the second year of life by about 2‰
for both males and females. δ13C signatures during
the prenatal period presented a wide inter-specimen
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Fig. 3. Mirounga leonina. (A) Carbon content. (B) Nitrogen
content. (C) C:N ratios in dentine growth layers of canines 

from males and females
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variation (range from –21 to –16.6‰), with no differ-
ences between males and females (t = –0.37, p =
0.733). δ13C values exhibited a similar range (from
–20.3 to  –16.7‰), with no differences between males
and females between 2 and 4 yr of age (F = 0.485, p =
0.4943). For males, the distribution of δ13C dentine
values exhibited 2 clearly distinct patterns (F =
240.199, p < 0.0001), with one distribution centred
upon  –17‰ ± 0.5‰ (n = 3) and a second one centred
upon  –20‰ ± 0.3‰ (n = 3; Fig. 4C, 5B). Intra-
 specimen δ13C values for males older than 4 yr did
not vary significantly with age (F = 0.375, p = 0.86).
Male intra-individual δ13C variability was signifi-
cantly higher for the 2 to 4 yr age-class (0.54 ± 0.25‰,

n = 8), as compared to individuals older than 4 yr
(0.30 ± 0.11‰, n = 8; F = 4.15, p < 0.01). No difference
was de tected in δ13C variability for the 2 to 4 yr age
class be tween males and females (male = 0.54 ±
0.25 ‰, n = 8; female = 0.51 ± 0.26‰, n = 6; F = 0.567,
p = 0.74). For males older than 4 yr, no difference was
found in the mean variance of δ13C for the 5 males
with a δ13C distribution centred upon  –20‰ as com-
pared to the 3 males with a δ13C distribution centred
upon 17‰ (0.25‰ versus 0.35‰; p > 0.05). The 2
females older than 4 yr presented 2 distinct mean
δ13C values (~ –17‰ and  –20‰; Fig. 4D, 5B), similar
to those observed in males, but more data on females
are needed.
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Fig. 4. Mirounga leonina. For males and females, intra-tooth isotopic profiles versus growth layer group (GLG) for (A & B)
nitrogen, (C & D) carbon, (E & F) C:N ratios. : outliers (C:N > 3.6) suggesting altered samples or errors in measurement
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DISCUSSION

We report here, for the first time, the long-term
intra- and inter-individual variations in C:N ratios
and isotopic niche (δ13C and δ15N) of SES, using den-
tine as an archival tissue. Our data reveal onto -
genetic changes in foraging behaviour.

Dentine C:N ratios (Fig. 4E,F), measured at the
intra-individual level, show that all but 6 data points
(see asterisks on Fig. 4E) are within the limits of C:N
ratios (from 2.9 to 3.6) prescribed by scientific ‘colla-
gen isotopic users’ for identifying well preserved
material. The 6 samples corresponding to the 6 C:N
outliers were not characterized by obvious altered
isotopic values except for one sample, from individ-
ual 2005-14-3 (Fig. 4C, Table 2). Hence, we suggest
that bulk tooth dentine can be considered an efficient
alternative material for SES isotopic ecological stud-
ies as compared to collagen. This analytical approach
allows us to make first attempts at SES life history

reconstruction at an intra-individual level and at an
intra-annual timescale.

Typical enriched δ15N values are observed during
the first year of life of juvenile males and females
(Fig. 4A,B). This may be related to the metabolic rout-
ing of milk proteins and lipids during nursing. Other
isotopic studies of pinniped teeth have de scribed a
similar pattern (Hobson & Sease 1998, Newsome et
al. 2006). Significant δ15N enrichment takes place be -
tween females and their pups during foetal growth
and lactation, because the nursing pup is ‘consuming
its mother’ and therefore should occupy a trophic
level higher than its mother (Jenkins et al. 2001). This
has been previously shown for SES using mother-pup
blood samples (Ducatez et al. 2008). According to
intra-tooth results for males and females, the lacta-
tion signature (increase of δ15N values) of SES is de -
tected between birth and 6 to 9 mo of age (Fig. 4A,B).
Maximum δ15N signature, followed by de creasing
values (suggesting SES weaning) takes place be -
tween 6 and 9 mon (Fig. 4A,B). However, weaning of
SES born on the Kerguelen Islands occurs after
~3 wk (Laws 1953, Guinet 1991). Isotopic equilibra-
tion of dentine after diet change has been estimated
to take 1 to 4 mo (Balasse et al. 2001), so it is plausible
that milk-derived δ15N and δ13C signals could influ-
ence the isotopic profile throughout the first 5 mo of
post-natal dentine growth. Moreover, before going to
sea, weanlings undergo a post-weaning fast of from 3
to 7 wk, a period during which they rely on fat stores
derived from their mother’s milk (Ling & Bryden
1992). McMahon et al. (2000) suggest that pup
weight at weaning influences pup survival over the
first year, and maternal investment lasts over that
year. Moreover, McConnell et al. (2002) estimated
the time to starvation at sea was between 70 and 80 d.
Hence during the first fasting months spent at sea,
the highest δ15N is expected. Moreover, the con -
comitant δ13C depletion suggests that carbon from
stored fats is mobilized to the carbon pool available
for survival.

Errors in estimating age via GLG counts may also
account for part of this apparent delayed weaning
age, the main differences between 2 independent
GLG counts always involving the first growth layers.
This larger uncertainty during early life can be ex -
plained by the more complex haul-out pattern of
young SES. Juveniles exhibit a variable number of
haul-outs, ranging from 1 to 3 in their first year of life
to only 1 (for females) in their third year (Carrick and
Ingham 1962, Field et al. 2005). This results in a vary-
ing number of dentine layers deposited during early
life among individuals. This and our sampling resolu-
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Fig. 5. Mirounga leonina. Isotopic results for (A) δ15N, (B)
δ13C by age category for males and females. Each point cor-
responds to isotopic mean for considered period ± SD per 

subject
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tion (maximum 4 samples yr-1 of dentine deposition)
may contribute to part of the gap between SES life
history (lactation, weaning) and isotopic signal, espe-
cially for juvenile history. However, after 3 or 4 yr, the
GLG pattern becomes very clear and the error in
GLG counting is minimal. Our sampling resolution
was sufficient to describe the SES foraging strategy
evolution with age, and the difference in this evolu-
tion between sexes. Thus, the delay between diet
and isotopic record in teeth and the GLG counts reso-
lution are not regarded as limits in this study.

The isotopic values stabilised after a systematic
decrease of δ15N and increase of δ13C, corresponding
to the transition period between weaning, the post-
weaning fast and foraging independence (Fig. 4).
Around 1.5 yr we consider that the isotopic signal in
teeth is no longer under maternal influence.

Between the ages of 2 and 4, male and female den-
tine δ15N values overlapped to a large extent, al -
though males exhibited greater variability, and some
individuals showed higher δ15N values than females
(Fig. 5A). The smaller range of amplitude and lower
mean value of female δ15N compared with those of
males suggests that females may occupy a narrower
and on average lower trophic level than males of the
same age. As no δ13C difference between juvenile
males and females was noticed, juvenile males and
females appear to mainly forage on similar resources,
probably with a sex-related difference in prey size or
species, since large fish and squid have higher
trophic positions than small pelagic fish (Cherel et al.
2008). This finding is consistent with the results ob -
tained by Field et al. (2007a) and Newland et al.
(2009), who relied on fatty acid and stomach content
analysis of individuals at Macquarie Island, and with
those obtained by Bailleul et al. (2010) at Kerguelen
Island using stable isotopes. However in the latter
case no differences in δ15N in blood samples were de -
tected between males and females younger than 4 yr.
Such differences in results between methods using
teeth and blood could be related to the faster turn -
over of the blood isotopic signature as compared to
the dentine tissue which, once deposited, does not
change. It might also be related to the smaller sample
size of individuals used in our study as compared
to sample size in the blood-based study of Bailleul et
al. (2010).

For males older than 4 yr, a significant linear in -
crease in dentinal δ15N with age was observed, while
no change in δ13C was detected, indicating that males
increased their trophic level while remaining in the
same foraging habitat. Our results are important
since they stem from a longitudinal analysis and are

in agreement with cross-sectional isotopic studies of
SES blood, which suggested that larger males have
higher δ15N values (Bailleul et al. 2010). Furthermore,
Bailleul et al. (2010) showed from tracking data that
males older than 3 or 4 yr concentrated most of their
foraging effort on the Kerguelen and Antarctic shelf,
while younger males, like females, foraged in oceanic
waters. This increase in trophic level of males is con-
comitant with a second growth spurt ob served in
males (McLaren, 1993). These results suggest that the
increasing size of males allows them to expand and
increase their foraging niche (Polis, 1984), and this
may reduce intra-specific competition and increase
the likelihood of successful individual foraging.

The time-series for females were shorter and only a
limited number of teeth from females were from indi-
viduals older than 4 yr. This suggests that most fe -
males found dead on the Kerguelen beaches were
likely to be primiparous (see Pistorius et al. 2001),
and, as such, were experiencing higher mortality
when giving birth for the first time as compared to
older, multiparous females. More teeth data are
needed for females older than 4 yr. Stable isotopic
analysis performed on blood collected on juveniles
and adult Kerguelen SES females failed to identify
any significant increase of δ15N with size, a measure
used as a proxy of age (Bailleul et al. 2010). However
data obtained on female diets from Macquarie and
Heard Islands suggest ontogenetic differences in rela-
tion to female age classes. More work on teeth or
other archival and continuously growing tissues, such
as nails, is needed to resolve these apparent contra-
dictions (Field et al. 2007b, Newland et al. 2009).

For males older than 4 yr, the 2 distinct groups of
δ13C signatures suggested that males used at least 2
distinct foraging regions (Fig. 5). In agreement with
previous satellite tracking, some individuals ap -
peared to migrate to high-latitude Antarctic waters,
while others favoured the lower latitudes of the Polar
Frontal Zone (Bailleul et al. 2007, 2010; Biuw et al.
2007). Indeed, the δ13C values in the tissues of organ-
isms in the Southern Ocean vary with latitude (Kelly
2000, Cherel & Hobson 2007), reflecting the geo-
graphical δ13C gradient well defined in particulate
organic matter and phytoplankton from surface
waters (Rau et al. 1989, Bentaleb et al. 1998). This
gradient ranges from high δ13C values in warm sub-
tropical waters in the north to low values in cold
Antarctic waters to the south (Goericke & Fry 1994,
Bentaleb & Fontugne 1996, Trull & Armand 2001).
We therefore expect that the δ13C gradient at the
base of the food chain is reflected in the isotopic sig-
nature of SES tooth profiles, with higher values
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(–17‰) reflecting a foraging habitat in the Polar
Frontal Zone and lower values (–20‰) in Antarctic
waters. The δ13C latitudinal gradient we observed in
the case of SES teeth has also been described in
blood δ13C values of both SES and penguins (Cherel
& Hobson 2007, Cherel et al. 2007, Ducatez et al.
2008). Blood isotopic values of  –19 and  –16‰ were
typically measured for penguins foraging in polar
and subtropical frontal zones respectively. One of our
male specimens showed higher δ13C values (on aver-
age 16.5‰), suggesting a feeding ground north of
the Polar Front, in sub-Antarctic waters. Our study
thus demonstrates the importance of intra-tooth
analysis to describe individual foraging histories and
how these translate at the population level. It is
nonetheless necessary to expand our sampling, par-
ticularly for female specimens, to accurately describe
the foraging strategy at the full SES population level.
Interestingly, SES tooth synthesis starts during foetal
life (McCann 1993), initial δ15N and δ13C values be -
ing, in all likelihood, characteristics of the dentine
synthesised during the last months of foetal growth.
Prior to the establishment of the neonatal line, δ13C
values of an individual SES are therefore likely to
reflect the foraging strategy of the mother during her
pregnancy. Initial δ13C values of male and female
teeth ranged from  –17 to  –21‰, suggesting that adult
females forage in sub-Antarctic and Antarctic waters,
a result consistent with those obtained on adult
female blood samples (Bailleul et al. 2010). In the
future, we should be able to investigate whether an
individual is likely to forage as an adult in the same
habitat as its mother.

Assuming that the carbon enrichment factor be -
tween diet and total dentine organic matter is similar
to the estimated enrichment of 4 to 5‰ between diet
and tooth collagen (Koch 2007; 5‰ for Mirounga
angustirostris in Clementz et al. 2007), the potential
δ13C diet of SES should vary from  –25.3 to  –20.5‰.
Isotopic data from SES and their potential prey items,
taken from stomach content and fatty acids data, sug-
gest that cephalopods are not the staple food of
female elephant seals. Myctophids may be the domi-
nant fish prey of SES (Cherel et al. 2008, Daneri &
Carlini 2002, Field et al. 2007b; David et al. 1999).
The mean myctophid fish δ13C (–21‰) reported in
Cherel et al. (2008) varied within this range (Fig. 6).
Moreover the mean δ15N of the myctophid fish of
10‰ (Cherel et al. 2008) is also in the range of the
expected diet values under an isotopic nitrogen en -
richment of 3.4‰ (DeNiro & Epstein 1981).

One of our most interesting findings was the intra-
individual variability in male dentine δ13C values,

with larger variations over the 2 to 4 yr age-class as
compared to individuals older than 4 yr. Individual
females were also found to exhibit a large variability
within the 2 to 4 yr age-class. This result suggests
that young juveniles, whether males or females, for-
age over a large range of habitats between the Polar
Frontal Zone and Antarctic waters (δ13C from  –20.3 to
–16.5‰). This high intra-individual δ13C variability
suggests that, during this period, SES are foraging
over a broad range of habitat, possibly exploring
their environment, looking for the best foraging zone.
The low values and stability of δ15N over this period
suggests that all juvenile SES in our study fed at
about the same low trophic level, whatever their for-
aging zone. As they age, males appear to become res-
ident to their foraging habitat year after year, as indi-
cated by the lower intra-individual variability in δ13C
observed after 4 yr. From a consecutive tracking
study, Bradshaw et al. (2004) showed that adult fe -
males return to the same foraging zone in consecu-
tive foraging trips, and hypothesized that this long-
term fidelity may confer ecological benefits over an
individual’s lifetime, even when energy gain is not
consistently high in all years. The selective advan-
tage of developing fidelity to a foraging zone early in
life may result from the higher probability of obtain-
ing appropriate food stores for maintenance and re -
production, after learning successful foraging routes
as juveniles (McConnell et al. 2002). However, this
long-term foraging fidelity of adults might limit the
individual’s ability to change foraging habitats in sce-
narios of global changes. This finding has strong
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Fig. 6. Mirounga leonina. Carbon isotopic values in teeth by
age category from this study, with literature values from
myctophid fishes (Cherel et al. 2008, 2010) and from phyto-
plankton (Rau et al. 1992, François et al. 1993, Bentaleb &
Fontugne 1996, Bentaleb et al. 1998) from Kerguelen waters 
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implications for survival of this species. Our results
suggest that such adjustment is more likely to occur
via the juvenile component of the SES population.

CONCLUSIONS

The study of growth layers of marine SES teeth has
demonstrated that dentine preserves a high- resolution
chronological isotopic record of the individuals’ physi-
ological history and foraging strategy. This isotopic
ap proach provides evidence of ontogenetic spatial
and trophic changes in SES foraging. Female and
male SES share approximately the same foraging
area, between the Polar Frontal Zone and Antarctic
waters, during their first 4 yr. In our study, after 4 yr,
male and some female SES became resident to a well
de fined foraging zone, either in Antarctic waters or in
the Polar Frontal Zone and sub-Antarctic waters.
While females feed at the same trophic level until 4 yr
of age according to our longitudinal data, and all their
life as suggested by Bailleul et al. (2010) using cross-
sectional blood isotopic data, males increase their tro -
phic level after 4 yr, probably consuming larger prey
as they grow. Nonetheless, blood isotopic samples
need to be corroborated by intra-tooth analysis on
older females in order to ascertain that the trophic lev-
els of females remain stable with age. These re sults
confirm that, as they grow, SES travel farther away
and spend more time in southerly regions (Field et al.
2005). In a way, adult males adapt their foraging strat-
egy by consuming larger prey to meet their higher en-
ergetic requirements. Their foraging strategy differs
from the female strategy only by the size of prey, not
by foraging area.
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