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ABSTRACT: Stable carbon and nitrogen isotopes in skin and bone of South American sea lions
from Brazil and Uruguay were analysed to test the hypothesis that trophic overlap between the
sexes is lower during the pre-breeding season than throughout the rest of the year. The isotopic
values of skin and bone were used to infer the trophic relationships between the sexes during the
pre-breeding period and year round, respectively. Prey species were also analysed to establish a
baseline necessary for interpreting the stable isotope ratios of skin and bone. Standard ellipse
areas, estimated using Bayesian inference in the SIBER routine of the SIAR package in R, suggested that males and females used a wide diversity of foraging strategies throughout the year
and that no differences existed between the sexes. However, the diversity of foraging strategies
was largely reduced during the pre-breeding period, with all the individuals of each sex adopting
similar strategies, but with the two sexes differing considerably in stable isotope values and the
ellipse areas of males and females not overlapping at all. Nevertheless, the results revealed a general increase in the consumption of pelagic prey by both sexes during the pre-breeding period.
The progressive crowding of individuals in the areas surrounding the breeding rookeries during
the pre-breeding period could lead to an increase in the local population density, which could
explain the above reported changes.
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Understanding intersexual differences in behaviour has important implications for breeding biology
and population ecology. Although sexual foraging

segregation is a widespread behaviour in the animal
kingdom, its underlying causes remain poorly understood (Wearmouth & Sims 2008). Furthermore, although sex-related differences in habitat use or feeding strategies have been previously investigated in
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some marine mammal species, they have been less
well documented in otariid species (Wearmouth &
Sims 2008).
Males and females of the same species often differ
in foraging behaviour and diet for at least 4 nonmutually exclusive reasons. The reproductive decision hypothesis attributes sex differences to the differing trade-offs between foraging and other vital
activities (e.g. predator avoidance, provisioning of
young, mate acquisition) faced by individuals of each
sex aiming to maximize their individual fitness (Clutton-Brock & Parker 1992, Jormalainen et al. 2001).
The niche divergence hypothesis is based on the fitness benefit of reducing intraspecific competition by
individuals of each sex foraging in different locations
and/or on different prey species (e.g. Clarke et al.
1998). The sexual size-dimorphism hypothesis predicts that differences in male and female energy
requirements, based on differences in body size, can
account for sex-specific foraging behaviour (CluttonBrock et al. 1987, Nagy 1987, Mysterud 2000). Finally,
differences in body size may result in differences in
access to trophic resources, which may lead to contrasting foraging behaviour and diet composition
between the sexes (Le Boeuf et al. 2000, Beck et al.
2003a,b, 2007, Breed et al. 2006).
The keystone importance of body mass in understanding physiological and behavioural variation is
well illustrated for sexually dimorphic, air-breathing,
marine vertebrates that forage underwater because it
largely determines the oxygen stores and the massspecific rate of metabolism (Miller & Irving 1975,
Kooyman 1989, Fowler et al. 2007). Thus, body size
differences clearly influence diving skills in pinnipeds
since adults of large-bodied species often exploit
deep, benthic habitats, whereas those of smallbodied species typically forage in epipelagic habitats
(Kooyman et al. 1981, Gentry et al. 1986, Costa 1993,
Costa et al. 2004). Likewise, small-bodied females of
strongly sexually dimorphic species often have a
more pelagic diet than males throughout their life (Le
Boeuf et al. 2000, Meynier et al. 2008).
The South American sea lion Otaria flavescens is a
highly sexually dimorphic species, with adult males
weighing about double (300−350 kg) that of adult
females (Cappozzo & Perrin 2009). The South American sea lion is often regarded as a benthic forager
(Werner & Campagna 1995, Thompson et al. 1998),
although available evidence indicates that adults are
able to forage both close to the seabed and in midwater (Werner & Campagna 1995, Soto et al. 2006).
As expected from differences in body mass, northern
Patagonia sea lion males had been reported to ex-

ploit benthic and deeper foraging grounds than
females (Campagna et al. 2001, Drago et al. 2009a),
although dissimilarities in foraging habits between
the sexes have decreased in this area during the last
decade (Drago et al. 2009b). Similar patterns have
been reported from Uruguay, where adult males and
females use similar habitats on an annual basis
(Franco-Trecu et al. 2014). Nevertheless, there are
reasons to believe that the foraging behavior and diet
of the South American sea lion may differ between
the sexes during the pre-breeding season.
During the breeding season South American sea
lions, scattered along the southwestern Atlantic coast
from southern Brazil to southern Argentina (Cappozzo & Perrin 2009), aggregate in few isolated rookeries, resulting in a 2000 km gap between the 2
northernmost rookeries in Uruguay and its closest
rookeries in northern Patagonia (Vaz-Ferreira 1982,
Grandi et al. 2008). As a result, their local population
density appears to be much higher during the prebreeding (November−December) and breeding (January−February) periods than during the rest of the
year (Vaz-Ferreira 1982, Campagna 1985, Rosas et
al. 1994). Considering that South American sea lion
males may fast during the whole breeding period to
defend their territory and mate (Vaz-Ferreira 1975,
Campagna & Le Boeuf 1988), local population density can attain high values during the pre-breeding
season (Vaz-Ferreira 1982, Rosas et al. 1994). Furthermore, the energetic requirements of males and
females may differ during the pre-breeding period
from those during the rest of the year for 2 main reasons. On the one hand, females must wean the previous year’s pup, put up with the high energetic
demands of both late gestation and pup rearing during the first weeks when they do not feed, and provide lipid-rich milk to their pups (Campagna 1985,
Oftedal et al. 1987, Campagna & Le Boeuf 1988). On
the other hand, males must accumulate resources to
invest in reproductive endeavours that would maximise their reproductive success and to cope with
prolonged fasting during the breeding season (VazFerreira 1975, Campagna & Le Boeuf 1988). These
concurrent energetic demands may lead to a finer
niche partitioning between adults of both sexes
during the pre-breeding period.
Stable isotope analysis is a method that is especially
well suited to the assessment of temporal variation in
trophic habits at different timescales, provided that
tissue turnover rates are known, since tissues with
different isotopic turnover rates integrate dietary
information over different timescales (Dalerum &
Angerbjörn 2005). Thus, analysis of a small sample of
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predator tissues with differing isotopic turnover rates allows investigation of the animal’s diet at different
timescales (Dalerum & Angerbjörn
2005). In marine mammals, whereas
skin integrates dietary information
over a couple of months (Kurle &
Worthy 2001, Alves-Stanley & Worthy
2009), bone integrates information
over several years (Hobson & Clark
1992a, Riofrio-Lazo & Aurioles-Gamboa 2013). Furthermore, the stable
isotope values of the prey species
consumed by South American sea
lions in Río de la Plata plume and
adjoining areas in the southwestern
Atlantic indicate that changes in the
δ13C values of the tissues should primarily reflect changes in the proportion of benthic and pelagic prey items
in the diet, whereas changes in the
δ15N should be primarily linked to
changes in trophic level (Bugoni et al.
2010, Vales et al. 2014).
Here we analyse the stable carbon
and nitrogen isotopes of bone and
skin samples from the South American sea lion to test 2 hypotheses:
(1) the consumption of energy rich
pelagic prey increases during the
pre-breeding season (November and
December) compared with the annual average; and (2) the trophic
overlap between the sexes is lower
during the pre-breeding season than
during the rest of the year.
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Fig. 1. Study area and sampling location of South American sea lions Otaria
flavescens and prey species. Dashed lines show sampling location of sea lion
skulls from southern Brazil and Uruguay; M: sampling location of sea lion skin
samples from Uruguay; stippled areas show location of prey sampling sites off
southern Brazil, Uruguay and northern Argentina

MATERIALS AND METHODS
Sampling
Although the South American sea lion is one of the
most frequent pinniped species in southern Brazil
that occurs mainly during winter, individuals found
along the southern Brazilian coast are part of the
breeding stock of Uruguayan rookeries (Rosas et al.
1994, Artico et al. 2010). Indeed, South American sea
lions that breed in Uruguay typically disperse
throughout the year in the open sea after the breeding season, in an area ranging from northern
Argentina to southern Brazil (Vaz-Ferreira 1982,
Rosas et al. 1994, Zenteno et al. 2013). Accordingly,

bone samples were collected from both sexes of adult
South American sea lions that were stranded dead
along the coast of the Rio Grande do Sul state (southern Brazil) between 1998 and 2009 and along the
Uruguayan coast between 2006 and 2012; skin
samples were collected from both sexes of adult
reproductive individuals arriving at Isla de Lobos
(Uruguay) during the 2009 breeding season (Fig. 1).
Bone samples from Brazilian individuals (10 males
and 4 females) were obtained from the skulls of
the scientific collection of the Grupo de Estudos
de Mamíferos Aquáticos do Rio Grande do Sul
(GEMARS) at Imbé (Brazil), while those from
Uruguayan individuals (6 males and 10 females)
were obtained from the skulls of the scientific collection of the Museo Nacional de Historia Natural
(MNHN) at Montevideo (Uruguay). Only adult specimens were considered to avoid any possible agerelated bias (Drago et al. 2009a). The age of all the
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sampled individuals was estimated by counting
growth layers in the dentine of one of their canines
(Laws 1952) and ranged from 9 to 15 yr for males and
from 7 to 13 yr for females. Sex was determined
based on external morphology (e.g. presence of bacullum bone in males) during sample collection and
eventually assessed using secondary sexual characteristics of the skull following Crespo (1984). The
bone sample from the skull of each individual that
was used for the isotopic analysis consisted of a small
fragment of turbinate bone taken throughout its
entire thickness from the nasal cavity. This bone type
was selected because it is easy to crush and its sampling does not damage the skull, allowing subsequent studies.
All skin samples were collected in early January
from randomly chosen, physically mature sea lions of
unknown age (12 males and 10 females). The skin
samples were obtained using a biopsy dart (punch tip
5 × 25 mm) shot by means of a CO2 Dan-Inject Rifle
(Børkop, Denmark). Although stable carbon and
nitrogen isotope signals in skin do not vary across the
body (Todd et al. 2010), all samples were collected
from the lumbar region of each specimen.
Samples of prey species consumed by South
American sea lions in Río de la Plata plume and
adjoining areas (Naya et al. 2000, Riet Sapriza et al.
2013) were collected from northern Argentina and
southern Brazil in 2009 to determine their stable
carbon and nitrogen isotope values (see Table 1).
Samples of prey were provided by local fishermen
or collected on board by the staff of the Marine
Mammal Laboratory (CENPAT-CONICET) and
GEMARS. The stable carbon and nitrogen isotope
values from some additional prey (see Table 1)
were taken from Bugoni et al. (2010) and FrancoTrecu et al. (2013), after having ascertained that
their prey data (i.e. tissue type analyzed, sample
preparation procedure and sampling time and location) were appropriate in the context of the present
study. All bone samples were cleaned and stored
dry, whereas all samples of skin and prey were
stored in a freezer at −20°C until analysis.

Stable isotope analysis
Once in the laboratory, samples were thawed,
dried in a stove at 60°C for 36 h, and ground into a
fine powder using a mortar and a pestle. Lipids were
removed from each sample using a chloroform:
methanol (2:1) solution (Bligh & Dyer 1959) because
lipids are depleted in 13C compared with other mole-

cules and variability in lipid content of samples
may result in undesirable variability in δ13C values
(DeNiro & Epstein 1978). Nevertheless, as chemical
lipid extraction may lead to unpredictable changes in
δ15N values due inter alia 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 non-extracted subsample for nitrogen
determination. Furthermore, as bone samples contain a high concentration of inorganic carbon that
may add undesirable variability to δ13C (Lorrain et al.
2003), they were previously treated by soaking in
0.5 N HCl for 24 h to decarbonise them (Newsome et
al. 2006). Since HCl treatment adversely affects δ15N
(Bunn et al. 1995), each sample was divided into 2
subsamples — one used for carbon analyses after
decarbonation, and the other for nitrogen analyses
without decarbonation.
Approximately 1 mg of dried bone, 0.3 mg of skin,
and 0.3 mg of white muscle from fish, pleon muscle
from crustaceans and mantle from cephalopods were
weighed into tin cups (3.3 × 5 mm), combusted at
900°C, and analyzed in a continuous flow isotope
ratio mass spectrometer (Flash 1112 IRMS Delta C
Series EA; Thermo Finnigan). Atropine was used as a
system check for elemental analyses. Samples were
processed at the Centres Cientifics i Tecnologics of
the University of Barcelona.
Stable isotope abundances, expressed in delta (δ)
notation, where the relative variations in stable isotope ratios are expressed in per mil (‰) deviations
from predefined international standards, were calculated as:
δ j X = [(j X/ i X)sample/(jX/iX)standard] − 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); reference standards
were the Vienna Pee Dee Belemnite (VPDB) calcium carbonate for δ13C and atmospheric nitrogen
(air) for δ15N. Secondary isotopic reference materials of known 13C/12C ratios, as given by the International Atomic Energy Agency (IAEA, Vienna,
Austria), were used for calibration at a precision of
0.2 ‰. These include polyethylene (IAEA CH7, δ13C
= −31.8 ‰), graphite (IAEA USGS24, δ13C = −16.1 ‰)
and sucrose (IAEA CH6, δ13C = −10.4 ‰). For nitrogen, secondary isotopic reference materials of
known 15N/14N ratios, namely (NH4)2SO4 (IAEA N1,
δ15N = + 0.4 ‰ and IAEA N2, δ15N = + 20.3 ‰) and
KNO3 (IAEA NO3, δ15N = + 4.7 ‰), were used to a
precision of 0.3 ‰.
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Data analyses
We compared the stable isotope values (δ13C and
δ15N) of prey species among regions (southern Brazil,
Uruguay and northern Argentina) using a nested
ANOVA, with prey species nested within regions.
Two-way ANOVA was used to investigate the differences in bone δ13C and δ15N values between the
sexes and between Brazil and Uruguay. Student’s ttest was used to detect differences in skin δ13C and
δ15N values between males and females from
Uruguay.
Tissue-specific prey-to-predator isotopic discrimination factors need to be known to relate stable isotope ratios in the predator to those in its diet (Hobson
& Clark 1992b, Bocherens et al. 2014). The prey-topredator isotopic discrimination factor in skin has
been determined for several pinniped species in captivity (Hobson et al. 1996), and the prey-to-predator
isotopic discrimination factor in bone has been
assessed indirectly for the South American sea lion
by Zenteno et al. (2015). While Hobson et al. (1996)
reported a prey-to-predator isotopic discrimination
factor of + 2.3 ‰ for δ15N and + 2.8 ‰ for δ13C in skin,
Zenteno et al. (2015) found the isotopic discrimination factor of the South American sea lion bone to be
+ 4.4 ± 0.8 ‰ for δ15N and + 3.5 ± 0.8 ‰ for δ13C.
Accordingly, stable isotope values in bone and skin
were used to calculate the expected stable isotope
values in the diet of sea lions throughout the year and
during the pre-breeding season, respectively. To do
so, the corresponding prey-to-predator isotopic discrimination factors were subtracted from the stable
isotope values of bone and skin and means were
compared using 2-way ANOVA. We checked the
normality of the isotopic values and the homogeneity
of variances among groups using Lilliefors test and
Levene’s test prior to any analyses. Data are always
shown as means ± SDs, unless otherwise stated. All
analyses were carried out using SPSS 15.
We estimated the population isotopic niche width
using the convex hull area in the isotopic space
defined by δ13C and δ15N (Layman et al. 2007). Nonetheless, the use of Euclidean methods (e.g. convex
hulls) to define the isotopic niche space of a species
in a community (Layman et al. 2007) is subject to
sampling biases and is sensitive to sample size (Jackson et al. 2011). The standard ellipse areas estimated
by Bayesian inference can incorporate uncertainties
such as sampling biases and small sample sizes into
niche metrics (Jackson et al. 2011). Thus, we estimated the width of the isotopic niche at the population level using the Bayesian standard ellipse area
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(SEAB) in the function SIBER (Stable Isotope
Bayesian Ellipses in R; Jackson et al. 2011) of the
library SIAR (Stable Isotope Analysis in R; Parnell et
al. 2010) in the software R (R Core Team 2013). Furthermore, we calculated the magnitude of the isotopic overlap between the sexes at the beginning of
the pre-breeding season (skin values) and year
round (bone values) based on 100 000 posterior
draws of the standard ellipse areas corrected for
small sample size (SEAC) parameters (Jackson et al.
2011). This approach, which is based on MarkovChain Monte Carlo (MCMC) simulation, assigns
measures of uncertainty to construct parameters of
ellipses in a way similar to a bootstrap.

RESULTS
Table 1 shows the stable carbon and nitrogen isotope values of the South American sea lion and their
prey off southern Brazil, Uruguay and northern
Argentina. We found that the prey of the South
American sea lion differed statistically in their δ13C
and δ15N values (nested ANOVA; δ13Cmodel: F39, 205 =
34.752, p < 0.001, R2corrected = 0.865; δ15Nmodel: F39, 205 =
57.408, p < 0.001, R2corrected = 0.915), both among species (nested ANOVA; δ13Cspecies: F37, 205 = 31.780, p <
0.001; δ15Nspecies: F37, 205 = 51.211, p < 0.001) and
regions (nested ANOVA; δ13Cregions: F2, 205 = 54.329,
p < 0.001; δ15Nregions: F2, 205 = 114.477, p < 0.001). This
was because pelagic prey were usually depleted in
13
C when compared with demersal prey from the
same region, small pelagic fishes were depleted in
15
N when compared with medium pelagic fishes and
demersal fishes from the same region, and fishes and
cephalopods from northern Argentina were usually
enriched in 15N when compared with similar species
from Uruguay and southern Brazil (Fig. 2).
Adult male and female sea lions did not differ in
their bone stable isotope values, with differences
between Brazil and Uruguay being statistically nonsignificant (2-way ANOVA; δ13Cmodel: F3, 29 = 0.606,
p = 0.617; δ15Nmodel: F3, 29 = 2.613, p = 0.073). Accordingly, adult male and female sea lions had similar
diets on an annual basis. Conversely, adult male and
female sea lions sampled at the beginning of the
breeding season differed significantly in their skin
isotope values (Student’s t-test; δ13C: t20 = 3.072, p =
0.006; δ15N: t20 = 11.634, p < 0.001), thus revealing
different diets during the pre-breeding period.
Since sea lions from Brazil and Uruguay did not differ in bone stable isotope values, data from individuals of the same sex were pooled for further analyses.
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Table 1. Stable isotope values (mean ± SD) of the South American sea lion Otaria flavescens and their prey off southern Brazil,
Uruguay and northern Argentina. n (non-bold): sample size; n (bold): number of species; bold isotopic values: gross mean of
the prey species by trophic guild. aSource: Bugoni et al. (2010);bSource: Franco-Trecu et al. (2013)
Scientific name

Common name

n

δ13C (‰)

δ15N (‰)

Southern Brazil
Medium pelagic fish
Pomatomus saltatrix
Trichiurus lepturus
Cynoscion guatucupa
Macrodon atricauda
Trachurus lathami a

Bluefish
Cutlassfish
Stripped weakfish
King weakfish
Rough scad

5
5
5
5
9
5

−16.6 ± 0.5
−15.7 ± 0.3
−16.5 ± 0.7
−14.5 ± 0.6
−16.1 ± 0.1
−15.9 ± 0.8

18.6 ± 0.7
16.6 ± 0.5
16.0 ± 0.6
17.0 ± 0.3
16.1 ± 1.1
16.9 ± 1.1

Small pelagic fish
Engraulis anchoitaa
Sardinella brasiliensis a

Argentine anchovy
Brazilian sardine

14
7
2

−16.5 ± 0.5
−17.6 ± 0.6
−17.1 ± 0.8

14.7 ± 0.5
11.4 ± 1.0
13.1 ± 2.3

Demersal fish
Menticirrhus americanus
Micropogonias furnieri
Umbrina canosai a
Urophycis brasiliensis a

Southern kingfish
White croacker
Argentine croaker
Brazilian codling

5
5
10
11
4

−15.4 ± 0.5
−15.7 ± 0.6
−15.5 ± 0.3
−15.6 ± 0.5
−15.6 ± 0.1

16.0 ± 0.5
15.3 ± 0.4
16.6 ± 0.8
16.5 ± 0.7
16.1 ± 0.6

Pelagic cephalopods
Illex argentinus
Loligo paelei

Argentine short-finned squid
Atlantic longfin squid
Brazilian squid

5
5
2
5

−18.1 ± 0.2
−17.6 ± 0.2
−17.9 ± 0.4
−16.3 ± 0.1

10.0 ± 0.5
11.3 ± 0.5
10.7 ± 0.9
15.2 ± 0.3

South American sea lion
South American sea lion

10
4

−12.1 ± 0.7
−12.0 ± 0.3

20.5 ± 0.4
20.4 ± 0.3

Stripped weakfish
Cutlassfish
King weakfish
Argentine hake

6
2
10
1
4

−15.4 ± 0.3
−17.3 ± 0.4
−15.3 ± 0.3
−16.2
−16.0 ± 0.9

17.0 ± 0.1
15.4 ± 1.4
16.3 ± 0.2
17.9
16.6 ± 1.1

Argentine anchovy

6

−18.5 ± 0.3

14.2 ± 1.0

White croacker
Argentine croaker
Brazilian codling

7
1
8
3

−14.9 ± 0.1
−16.0
−15.0 ± 0.7
−15.3 ± 0.6

16.2 ± 0.1
15.7
16.6 ± 0.7
16.2 ± 0.5

Red shrimp

4

−16.0 ± 0.3

13.9 ± 0.2

Brazilian squid
Argentine short-finned squid

2
2

−17.9 ± 0.1
−18.7 ± 0.2

13.7 ± 0.2
13.9 ± 0.7

Loligo sanpaulensis
Sea lion
Otaria flavescens (m Bone)
Otaria flavescens (f Bone)
Uruguay
Medium pelagic fish
Cynoscion guatucupab
Trichiurus lepturusb
Macrodon atricaudab
Merluccius hubbsi (> 30 cm)b
Small pelagic fish
Engraulis anchoitab
Demersal fish
Micropogonias furnieri b
Umbrina canosai b
Urophycis brasiliensisb
Demersal crustaceans
Pleoticus muellieri b
Pelagic cephalopods
Loligo sanpaulensisb
Illex argentinusb
Sea lion
Otaria flavescens (m Skin)
Otaria flavescens (f Skin)
Otaria flavescens (m Bone)
Otaria flavescens (f Bone)
Northern Argentina
Medium pelagic fish
Merluccius hubbsi (> 30 cm)
Trachurus picturatus
Stromateus brasiliensis
Cynoscion guatucupa

South American sea lion
South American sea lion
South American sea lion
South American sea lion

12
10
6
10

−13.9 ± 0.2
−14.2 ± 0.2
−12.4 ± 0.6
−12.4 ± 0.9

21.9 ± 0.4
19.8 ± 0.4
21.6 ± 0.5
20.5 ± 1.4

Argentine hake
Blue jack mackerel
Butterfish
Stripped weakfish

3
5
5
5
4

−18.0 ± 0.5
−17.6 ± 0.3
−16.9 ± 0.6
−17.2 ± 0.2
−17.4 ± 0.5

15.6 ± 0.4
16.9 ± 0.5
17.4 ± 0.4
17.6 ± 0.3
16.9 ± 0.9

Small pelagic fish
Engraulis anchoita
Sorgentinia incisa
Merluccius hubbsi (< 30 cm)

Argentine anchovy
Silverside
Argentine hake

5
5
2
3

−18.2 ± 0.3
−17.6 ± 0.3
−18.4 ± 0.1
−18.1 ± 0.4

15.5 ± 0.5
15.5 ± 0.2
14.8 ± 0.1
15.3 ± 0.4

Demersal fish
Menticirrhus americanus
Micropogonias furnieri
Paralichthys isosceles
Prionotus nudigula
Raneya brasiliensis

Southern kingfish
White croacker
Flounder
Bluewing searobin
Banded cusk-eel

5
5
5
5
5
5

−15.0 ± 0.9
−16.0 ± 0.3
−16.6 ± 0.2
−17.0 ± 0.1
−16.2 ± 0.4
−16.0 ± 0.7

19.1 ± 1.1
16.7 ± 0.5
17.7 ± 0.2
18.0 ± 0.6
17.4 ± 0.6
17.8 ± 0.9

Red shrimp

1

−16.4

14.4

Brazilian squid
Argentine short-finned squid

5
5

−16.7 ± 0.2
−17.5 ± 0.4

18.6 ± 0.2
14.7 ± 0.5

Demersal crustaceans
Pleoticus muelleri
Pelagic cephalopods
Loligo sanpaulensis
Illex argentinus

Drago et al.: Sexual segregation in sea lion diet

267

Pelagic

Benthic

24
Prey BZ

A

23

Prey UY
Prey ARG

22

O. flavescens UY (Skin)

m
Loligo sanpaulensis

21

Demersal Fish

f

20

Medium Pelagic Fish

18
17
16

Demersal Fish
Demersal Fish

Medium Pelagic Fish
Small Pelagic Fish
Illex argentinus
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Fig. 2. Bivariate stable isotope values (mean ± SD) of South American sea lions Otaria flavescens from southern Brazil and
Uruguay (A) during the pre-breeding period (skin values) and (B) year round (bone values) and values expected if diet was
based on a single prey or group of prey. Stable isotope values for expected diets (BZ: southern Brazil; UY: Uruguay; ARG:
northern Argentina) differ between panels because of differences in the prey-to-predator discrimination factors of skin and
bone (see original data and sample size in Table 1)
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Statistically significant differences were found when
the expected δ13C values of the diet consumed by
males and females during the pre-breeding period
were compared with that consumed on an annual
basis (2-way ANOVA; δ13Cmodel: F3, 51 = 14.854, p <

0.001, R2corrected = 0.449). However, these differences
were statistically significant only between the prebreeding and the annual diet (2-way ANOVA;
δ13Cperiod: F1, 51 = 43.581, p < 0.001), without any difference between the sexes (2-way ANOVA; δ13Csex:
F1, 51 = 1.283, p = 0.263) and with a nonsignificant
interaction term (2-way ANOVA; δ13Cinteraction: F1, 51 =
0.248, p = 0.621).
Statistically significant differences were also found
for the expected δ15N values of the diet consumed by
males and females during the pre-breeding period
and that consumed on an annual basis (2-way
ANOVA; δ15Nmodel: F3, 51 = 52.864, p < 0.001, R2corrected
= 0.753). There were significant differences between
periods (2-way ANOVA; δ15Nperiod: F1, 51 = 107.660, p
< 0.001), and between the sexes (2-way ANOVA;
δ15Nsex: F1, 51 = 33.818, p < 0.001). The interaction term
was also significant (2-way ANOVA; δ15Ninteraction:
F1, 51 = 14.382, p < 0.001) because differences between the sexes were significant only during the prebreeding period (Fig. 2).
The Bayesian ellipse of females was larger and
encompassed that of males when bone data were
considered (Fig. 3). The overlap area represented
44.89% of the surface of the female ellipse and
96.0% of the surface of the male ellipse. However,
the Bayesian ellipses of males and females had similar areas and did not overlap at all when skin data
were considered (Fig. 3). Furthermore, the surface of
the Bayesian ellipses based on the skin data was
smaller than that based on bone data (female
SEAB(bone) mean = 3.33 ‰2, 95% credibility interval of
1.78 to 5.08 ‰2; female SEAB(skin) mean = 0.92 ‰2,
95% credibility interval of 0.46 to 0.98 ‰2; male
SEAB(bone) mean = 1.76 ‰2, 95% credibility interval of
0.98 to 2.65 ‰2; male SEAB(skin) mean = 0.86 ‰2, 95%
credibility interval of 0.44 to 1.38 ‰2).

DISCUSSION

Fig. 3. Bayesian standard ellipse areas (solid lines) and their
respective convex hulls (dashed lines) for South American
sea lion Otaria flavescens (A) during the pre-breeding
period (skin values) and (B) year round (bone values), calculated by SIBER using the bivariated isotopic values (solid
circles) of each male and female. Stable isotope values for
skin and bone of sea lions were not corrected for prey-topredator isotopic discrimination

Stable isotope analysis has become a standard tool
for investigating trophic relationships of wild animals
(Newsome et al. 2010, Layman et al. 2012). Their use
is based on 3 main assumptions: (1) stable carbon and
nitrogen isotopes in the body of an animal come
directly from its food; consequently, the stable isotope ratios in their tissues can be used to assess the
relative importance of potential prey that differ in
stable isotope ratios (DeNiro & Epstein 1978, 1981);
(2) the assimilated organic matter is enriched in the
heavy isotopes of both carbon and nitrogen when
passed from one trophic level to the next, although

Drago et al.: Sexual segregation in sea lion diet

that enrichment is greater for nitrogen than for carbon (Michener & Schell 1994); and (3) the rate of
change of the stable isotope ratio in each tissue
depends on its metabolic rate; hence, the reference
time of dietary information is tissue-dependent
(Michener & Schell 1994).
Neither prey-to-predator isotopic discrimination
factors nor tissue turnover have been determined for
the South American sea lion in controlled experiments; thus, extrapolation from studies conducted on
phylogenetically close species is required (e.g. Hückstädt et al. 2007, Drago et al. 2010, Vales et al. 2014).
We have used this approach to compute the expected
stable isotope values of the diet of the South American sea lions as indicated by stable isotope values in
skin and bone, considering that the direct comparison of the stable isotope values from tissues differing
in discrimination factors may lead to major mistakes
(Bocherens et al. 2014). Nevertheless, caution is
needed and all the results should be considered as an
approximation due to the multiple assumptions
involved.
In this context, the reported differences between
the sexes in terms of the expected diet stable isotope
ratios revealed the preferential consumption of
pelagic prey over benthic prey during the pre-breeding period, whereas the opposite was true throughout the year (Fig. 2). This suggests a dietary shift,
favouring species with higher energy density, immediately before the onset of the breeding season (Eder
& Lewis 2005, Drago et al. 2009b).
The energy density of prey plays a central role in
the foraging ecology of at least some otariids (Rosen
& Trites 2000, Staniland et al. 2007). The dietary shift
observed during the pre-breeding period is consistent with a foraging strategy aiming to maximize
energy intake, if energy density was the only criterion for prey selection during key foraging periods
with higher energetic demands. Such a dietary shift
would allow individuals of both sexes to increase
their energy reserves immediately before the onset
of breeding, but only if the increased travel cost did
not reduce the benefit of preying on offshore pelagic
prey with higher energy density (Costa 2008). Our
result is congruent with similar findings for the South
American sea lions breeding in northern Patagonia,
although detailed information about patterns of habitat use during the breeding season have been
reported only for females (Drago et al. 2010) and
almost nothing is known about males (Campagna et
al. 2001). Furthermore, evidence supporting the
hypothesis of a general decline in the nutritional
quality of the diet after the perinatal period also
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comes from studies on milk quality, as the fat content
and, therefore, also the energy content of the milk of
female South American sea lions was found to
decrease after parturition and to increase several
months later, just prior to weaning (Werner et al.
1996).
In addition, the isotopic bone data presented here
indicate that both males and females sampled in
southern Brazil and Uruguay were trophically very
similar, since sea lions from the 2 sites did not differ
in bone stable isotope values (Fig. 2). Considering
that the slow isotopic turnover rate of bone tissue
allows integration of the different isotopic values of
prey of both ecosystems, this similarity suggests that
these animals feed in similar areas and/or share prey
species when considering the diet consumed year
round. This is probably because sea lions breeding in
Uruguay apparently scatter in the open sea from
Uruguay to southern Brazil, searching for food after
the end of the breeding season (Rosas et al. 1994).
The Bayesian ellipses suggest that male and
female sea lions used a wide diversity of foraging
strategies throughout the year and that no differences existed between the sexes (Fig. 3). Furthermore, despite the larger body size (hence, larger diving and breath-holding capacity) of male South
American sea lions, the diversity of foraging strategies was wider in females. While the latter could
result from the influence of a few potential outliers,
we think that these extreme points are more likely to
reflect the individual trophic specialisation reported
for the Uruguayan South American sea lion population (Franco-Trecu et al. 2014). The diversity in the
female foraging tactics could reflect the consumption
of prey at lower trophic levels and/or the exploitation
of more pelagic habitats compared to males, as a
means to decrease the intrapopulation niche overlap.
Similar to our results with bone tissue, the stable isotope contents of South American sea lion whiskers
(that integrate up to 2 or 3 yr of foraging) showed a
large overlap of the isotopic niches between the
sexes and that females had wider niches than males
(Franco-Trecu et al. 2014).
The diversity of foraging strategies was strongly
reduced in both sexes during the pre-breeding
period, since all individuals increased their consumption of pelagic prey. However, the skin stable isotope
values of both sexes differed significantly, with the
area covered by the Bayesian ellipses being sharply
reduced and the ellipses of males and females not
overlapping at all (Figs. 2 & 3).
During the pre-breeding period, the progressive
crowding of individuals in the areas surrounding the
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breeding rookeries could lead to an increase in the
local population density and, therefore, to an overall
decrease in the per capita resource share. Sea lion
males might also be more efficient foragers than
females during key foraging periods, provided that
their larger size and physiological abilities enable
them to have easier access (capture and handle) to
larger and more energetically rewarding prey than
females (Page et al. 2005). Thus, considering the isotopic landscape of Río de la Plata plume and adjoining areas (Fig. 2), the per capita consumption of
larger pelagic prey at higher trophic levels by male
sea lions could be expected to increase during the
pre-breeding period, when intraspecific competition
between the sexes is stronger due to the concomitant
increase in local population density and the necessity
to maximize fitness during a period of high energetic
demands. This is supported by the significantly
higher trophic level of the male diet than that of
females during the pre-breeding season, and by the
increase in pelagic prey size in accordance with the
increase in the trophic level (Figs. 2 & 3). Trophic
segregation at this time of year may provide a means
of reducing intraspecific competition related to high
niche overlap, while permitting males to access
higher quality foods needed to face the energetic
demands during the breeding period (Beck et al.
2007).
In summary, our results support the niche divergence hypothesis as the most likely explanation for
the trophic segregation between the sexes of the
South American sea lion. However, this segregation
only takes place during the pre-breeding season,
when crowding in the areas surrounding the breeding rookeries increases and per-capita resource
share declines. Intersexual differences largely vanish
during the rest of the year, since individuals of both
sexes spread over a huge area and increase both
their dietary niche breadth and niche overlap (Fig. 3).
This suggests that individual South American sea
lions of both sexes could exploit a greater range of
habitats and prey when they are more scattered and
intraspecific competition is expected to decrease.
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