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Abstract

Although the body size of consumers may be a determinant factor in structur-
ing food webs, recent evidence indicates that body size may fail to fully explain
differences in the resource use patterns of predators in some situations. Here
we compared the trophic niche of three sympatric and sexually dimorphic air-
breathing marine predators (the South American sea lion, Otaria flavescens, the
South American fur seal, Arctocephalus australis, and the Magellanic penguin,
Spheniscus magellanicus) in three areas of the Southwestern Atlantic Ocean
(Rio de la Plata and adjoining areas, Northern Patagonia and Southern Pata-
gonia), in order to assess the importance of body size and mouth diameter in
determining resource partitioning. Body weight and palate/bill breadth were
used to characterize the morphology of each sex and species, whereas the tro-
phic niche was assessed through the use of stable isotope ratios of carbon and
nitrogen. The quantitative method Stable Isotope Bayesian Ellipses in R (SI-
BER) was used to compute the area of the Bayesian ellipses and the overlap of
the isotopic niches. The results showed that morphological similarity was sig-
nificantly correlated with isotopic distance between groups within the §'°C—
8"°N bi-plot space in the Rio de la Plata area, but not in Northern and South-
ern Patagonia. Furthermore, resource partitioning between groups changed
regionally, and some morphologically distinct groups exhibited a large trophic
overlap in certain areas, such as the case of male penguins and male sea lions
in Southern Patagonia. Conversely, female sea lions always overlapped with
the much larger males of the same species, but never overlapped with the mor-
phologically similar male fur seals. These results indicate that body size and
mouth diameter are just two of the factors involved in resource partitioning
within the guild of air-breathing predators considered here, and for whom —
under certain environmental conditions — other factors are more important
than morphology.



Body size and resource partitioning

Introduction

It has long been acknowledged that the body size of con-
sumers is central to the structure and function of food
webs (Elton 1927). This is because it has a strong influ-
ence on energy flow, species richness and population den-
sities (Pimm 1982; Hairstone & Hairstone 1993; Elser
et al. 1996). The size of morphologic structures such as
bills or teeth generally scales with body size, and then it
has often been used as a morphologic indicator of forag-
ing strategies and the size of the food consumed (Dia-
mond 1973; Grant & Grant 1982; Dayan et al. 1990;
Karpouzi & Stergiou 2003; Basset & Angelis 2007). Body
size also imposes physiologic restrictions on foraging,
such as with air-breathing predators for which the inter-
play of body mass, oxygen stores and metabolic rate
determines the duration and depth of their dives (Boyd
1997; Schreer & Kovacs 1997; Kooyman & Ponganis
1998; Watanuki & Burger 1999; Schreer et al. 2001; Mori
et al. 2005; Weise et al. 2010).

On these grounds, size-based analysis of food webs
assumes that species with a similar body size will have simi-
lar diets, and hence the topology of species within the food
webs will be largely determined by body size (Jennings
2005). It is in this way that size-based analysis offers a
mechanistic, highly reductionist approach that reduces the
problem of dealing with thousands of individual trophic
links when analysing complex food webs. This explains
why size-based analysis of food webs has been used increas-
ingly over the last 25 years to provide generalizations
regarding food-web properties (Warren & Lawton 1987;
Cohen et al. 1993, 2003; Memmott et al. 2000; Williams &
Martinez 2000; Kerr & Dickie 2001; Leaper & Huxham
2002; Jennings 2005). This approach is certainly a necessary
and useful simplification for dealing with a multitude of
species whose body masses span several orders of magni-
tude, from grams (e.g. zooplankton) to kilograms (e.g.
fish). However, the relevance of differences in body size
may decrease when considering species within the same
order of magnitude (e.g. from 1 to 10 kg), a scale in which
other factors can be at least as relevant as body size when
determining resource use patterns (Layman et al. 2005;
Akin & Winemiller 2008; Romanuk et al. 2011; Madigan
et al. 2012; Jeglinski et al. 2013).

For testing the relative importance of body size and
mouth diameter as determinants of feeding habits, a good
opportunity can be found in communities of consumers
that include sexually dimorphic species with overlapping
body sizes. The differences in body size between males
and females often result in contrasting diets (Bearhop
et al. 2006; Drago et al. 2009; Weise et al. 2010; Silva
et al. 2014), and related species that differ in body size
often have different diets as well (Dellinger & Trillmich
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1999; Page et al. 2005; Ryan et al. 2013; Franco-Trecu
et al. 2014). In this scenario, it is expected that males and
females of sexually dimorphic species will have more sim-
ilar diets to those of other similar-sized species than to
different-sized individuals of their own species. Further-
more, it is also expected that the relationship between
morphology and the pattern of resource use partitioning
will remain unchanged across time and space, and that
differences in body size are the major determinant of
resource partitioning.

The Southwestern Atlantic Ocean provides a good
location for examining such relationships, for it is here
that we can find three co-existing species of sexually
dimorphic air-breathing predators: the South American
sea lion, Otaria flavescens, the South American fur seal,
Arctocephalus australis, and the Magellanic penguin, Sphe-
niscus magellanicus (Vaz-Ferreira 1981, 1982a,b; Scolaro
et al. 1983; Forero et al. 2001). The South American sea
lion is one of the largest and most dimorphic otariids
(Cappozzo & Perrin 2009), with males being much larger
than females (about 350 versus 150 kg). The South Amer-
ican fur seal is also dimorphic, with males and females
reaching a body mass of 159 and 48.5 kg, respectively
(Vaz-Ferreira 1982a). Finally, Magellanic penguins are
much less dimorphic, and their body mass is much smal-
ler than the two pinnipeds described above, with females
weighing about 3.7 kg and males about 4.5 kg (Scolaro
et al. 1983; Forero et al. 2001). The three species co-exist
along 3000 km of coastline, where climatic conditions
range from warm temperate in Rio de la Plata to cold
temperate in Tierra del Fuego. The community of poten-
tial prey also varies according to latitudinal changes in
productivity, sea temperature and salinity (Cousseau &
Perrotta 2000; Miloslavich ef al. 2011). Body size is
known to be an important factor in explaining the intra-
specific variability in the diet and foraging tactics of the
three species (Drago et al. 2009, 2010b; Franco-Trecu
et al. 2014; Silva et al. 2014), but little is known about
resource partitioning among species. If the assumptions
of a size-based food-web analysis are correct, the trophic
relationships within the predator assemblage in the
Argentine Sea would be determined solely by body size
and mouth diameter. Furthermore, given that the mor-
phology of the three top predators varies only slightly
with latitude, their relative position in the food web
should remain unmodified along latitudinal gradients.

In this paper we assess the role of body size and mouth
diameter in determining resource partitioning among air-
breathing predators. To achieve this goal, we measured the
distance and the trophic overlap between the isotopic
niches of both sexes of the South American sea lion, the
South American fur seal and the Magellanic penguin in
three areas of the Southwestern Atlantic Ocean. Traditional
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Fig. 1. Study area and zones where sampling was conducted
(dashed lines). (A) Rio de la Plata area and adjoining areas; (B)
northern Patagonia area and (C) southern Patagonia area.

methods for studying resource partitioning among preda-
tors are difficult to apply, due to the complexity of the data
required and to the impossibility of integrating uneven die-
tary information (Post 2002; Bearhop et al. 2004). Because
of this, we analysed the topology of food webs and the tro-
phic niches of single species/groups by using stable isotope
data (Bearhop et al. 2004; Layman et al. 2007; Schmidt
et al. 2007). Stable isotope data are particularly useful in
studying the foraging ecology of marine mammals — and
migrating animals in general — because they are a natural
tracer of their ingested food and water (Newsome et al.
2010). In our case, we applied stable isotope analysis to the
study of the trophic organization within a predator com-
munity, as this type of analysis provides time-averaged
information that incorporates spatio-temporal scales,
which are often not considered in traditional studies
(Abrantes et al. 2014). Moreover, a quantitative method
called Stable Isotope Bayesian Ellipses in R (SIBER) has
been employed to directly compare isotopic niches across
different communities (Jackson et al. 2011).

Material and Methods

Sampling

The study area included the southeast coast of South
America, from ~29°S to 55°S (Fig. 1). The area has been
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divided into the following three sub-areas, according to
their oceanographic and biogeographic characteristics
(Cousseau & Perrotta 2000; Piola & Falabella 2009): Rio
de la Plata and adjoining areas (from Southern Brazil to
Buenos Aires province, Argentina), Northern Patagonia
(Rio Negro and Chubut provinces, Argentina) and the
Southern Patagonia area (Santa Cruz and Tierra del
Fuego provinces, Argentina).

Samples of the maxillo-turbinal bones were collected
for both sexes of adult sea lions and fur seals, corre-
sponding to the periods 1988-2010 and 1978-2011,
respectively. These came from specimens preserved in the
scientific collections of the Museo Acatushun (Ushuaia,
Argentina), the Centro Nacional Patagonico (Puerto
Madryn, Argentina) and the Grupo de Estudos de
Mamiferos Aqudticos do Rio Grande do Sul (Imbé¢, Bra-
zil). As the dispersal movements of adult sea lions are
limited among the three above-mentioned sub-areas
(Zenteno et al. 2013), stable isotope ratios in bone are
expected to integrate the regional diet over a period of
~5 years (Riofrio-Lazo & Aurioles-Gamboa 2013). Magel-
lanic penguins are very distinct from these two species in
that they are migratory (Ptitz et al. 2000, 2007), and their
bones will integrate a diet from different regions (Silva
et al. 2014). For this reason, the tissue selected for the
analysis was feather vane from adult males and females
found dead at breeding colonies located in Northern and
Southern Patagonia. Penguins go through a simultaneous
molt, replacing all feathers at the end of the reproductive
period (Frere et al. 1996); so the isotopic signature of the
feather vane informs us about where the feather grew
(Hobson 2005). This would be the breeding ground,
which is the same every year (Schiavini et al. 2005). As
there are no penguin breeding colonies in Rio de la Plata,
we used the claws from both sexes of stranded juvenile
penguins found in Southern Brazil because samples from
adults were not available. These samples were collected
from specimens preserved in the scientific collections of
the Centro de Estudos Costeiros, Limnologicos e Marin-
hos (Imbé, Brazil). According to claw growth rates (Bar-
quete ef al. 2013) and the time of collection, the central
part of the claw is likely to have formed when the pen-
guins were off the Rio de la Plata coast and the basal part
when they were off the Southern Brazilian coast. We
therefore analysed both sections to assess penguin forag-
ing in the two areas during the winter months. All pen-
guin samples were collected during fieldwork from 2009
to 2011, with the corresponding permissions granted by
conservation agencies pertaining to the provinces of Rio
Negro, Chubut and Santa Cruz in Argentina, and to Rio
Grande do Sul in Brazil. No manipulation of living ani-
mals was involved in the collection of samples, as all of
them came from adults or juveniles found dead at either
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the breeding colonies or the migratory grounds. All sam-
ples were stored in a freezer at —20 °C until analysis.

Stable isotope analysis

Bone samples were thawed, dried in an oven at 60 °C for
36-48 h and ground to a fine powder with a mortar and
pestle. Lipids were extracted from samples with a chloro-
form-methanol (2:1) solution (Bligh & Dyer 1959). This
is because lipids are depleted in '>C compared with other
molecules (DeNiro & Epstein 1977), and lipid concentra-
tion in tissues may vary between and within species. As
bone samples contain high concentrations of inorganic
carbon, which may cause undesirable variability in §'°C
(Lorrain et al. 2003), they were divided into two aliquots.
The first was decarbonized by soaking it in 0.5 M hydro-
chloric acid (HCI) until no more CO, was released (New-
some et al. 2006). As HCI treatment adversely affects
35N (Bunn et al. 1995), the other untreated aliquot was
used for 8'°N analyses. Feathers and claws were washed
in a chloroform-methanol (2:1) solution, rinsed thor-
oughly in distilled water to remove external contamina-
tion and dried in an oven at 60 °C. The tips (distal part)
of the feathers were then cut as finely as possible to allow
for precise weighing, while 2-mm-long sections of the
claws were sampled from the base and center of the claw.
To avoid mixing the older external keratin and the
recently deposited inner keratin, samples were collected
from along the lateral ridge of the claw.
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After this preparation, ~0.7-1 mg of dried bone, 0.3—
0.35 mg of feathers and 0.23-0.33 mg of claws were
weighed into tin cups (3.3 x 5.0 mm), combusted at
900 °C, and analysed in a continuous-flow isotope ratio
mass spectrometer (Flash 1112 IRMS Delta C Series EA
Thermo Finnigan). Stable isotope abundance is expressed
in standard §-notation in [%,] relative to carbonate Pee
Dee Belemnite and atmospheric nitrogen. Analyses were
performed at the Science and Technology Centres (CCiT)
of the University of Barcelona.

Morphologic measurements

Mouth gap was assessed in fur seals and sea lions by
measuring palate breadth between postcanines 3 and 4
(see Brunner 2002), and base bill breadth in penguins.
Sample size was 20 for each species (10 males and 10
females), except for female fur seals (n = 7). Only adults
were included (Table 1). Measurements were carried out
on skulls from the scientific collections at the Centro
Nacional Patagénico (Puerto Madryn, Argentina). Body
mass for each species was obtained from the following
sources: Bonner (1981), Vaz-Ferreira (1981), Lima & Pdez
(1995) and Yorio et al. (2001).

Data analysis

Due to the differential discrimination that occurs among
different tissues in animals, stable isotope values of

Table 1. Sample size and stable isotope ratios of South American fur seals, South American sea lions and Magellanic penguins in the three study

areas.

3'°N (%) 313C (%)
scientific name tissue n mean (£SD) mean (£SD)
Rio de la Plata
Arctocephalus australis @ (Brazil) Bone 5 18.8 (+1.0) —13.6 (+0.5)
Arctocephalus australis & (Brazil) Bone 54 20.6 (£0.6) —13.6 (£0.8)
Otaria flavescens ? (Brazil) Bone 4 20.4 (+0.3) —12.0 (+£0.3)
Otaria flavescens o (Brazil) Bone 15 20.7 (+0.5) —11.9 (£0.7)
Spheniscus magellanicus ? (Argentina and Brazil) Claw 18 15.1 (£1.8) —16.8 (+0.8)
Spheniscus magellanicus & (Argentina and Brazil) Claw 20 14.7 (+£1.5) —16.9 (+0.9)
Northern Patagonia
Arctocephalus australis &' Bone 28 20.6 (£1.0) —13.4 (+0.5)
Otaria flavescens @ Bone 1" 22.3 (£0.5) —12.3 (+0.6)
Otaria flavescens & Bone 14 22.2 (£1.0) —11.9 (+0.6)
Spheniscus magellanicus @ Feather 10 19.2 (£1.4) —16.5 (£0.7)
Spheniscus magellanicus & Feather 7 18.8 (£2.4) —16.2 (+£1.0)
Southern Patagonia
Arctocephalus australis & Bone 6 19.0 (£1.6) —13.2 (£0.7)
Otaria flavescens 9 Bone 10 20.9 (+1.0) —12.3(+0.7)
Otaria flavescens & Bone 31 20.7 (£1.2) —13.1 (+1.1)
Spheniscus magellanicus Feather 20 18.7 (£1.2) —16.9 (+£0.8)
Spheniscus magellanicus & Feather 18 18.7 (+1.6) —16.8 (+1.6)

Marine Ecology © 2016 Blackwell Verlag GmbH
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Table 2. Fractionation factors used in this
study.

Body size and resource partitioning

tissue-to-diet

Species 813C (%, 8'°N(%,) source

Arctocephalus australis (bone) 3.6 5.1 Vales et al. (2014)

Otaria flavescens (bone) 3.5 4.4 Zenteno et al. (2015)

Spheniscus magellanicus (claws) 0.1 3.95 adapted from Cherel et al. (2005)
Spheniscus magellanicus (feathers) 0.1 3.95 adapted from Cherel et al. (2005)

carbon and nitrogen are not directly comparable among
bone, claw and feathers (Todd et al. 2009). For this rea-
son the rough stable isotope values of both nitrogen and
carbon were converted into those expected for muscle
using correction factors (Table 2). As discrimination fac-
tors from diet to consumer (or vice versa) have not been
experimentally determined for any of our species and tis-
sues, they were indirectly calculated for pinniped bones
(see Vales et al. 2014 and Zenteno et al. 2015 for details)
and, in the case of Magellanic penguins, they were calcu-
lated from the values of King and Rockhopper penguin
feathers (Cherel et al. 2005). As detailed data about dis-
crimination factors in claws are not available, the feather
discrimination factor was used instead, as both of them
are keratinous tissues.

Six groups (species X sex) were considered for analysis
in Rio de la Plata, but only five in Northern and Southern
Patagonia, due to the scarcity of suitable skeletal material
from female fur seals in those areas. Once the data had
been transformed into comparable units, niche similarity
was assessed by computing the Euclidean distance between
the centroids of groups in the 8"°C-8'"°N bi-plot space,
whereas morphologic similarity was assessed by comput-
ing the Euclidean distance between groups within the
morphospace as defined by body size and palate/bill
breadth. Niche and morphologic similarities were com-
pared in each area using the Mantel test. We also applied
the Bayesian method SIBER (Jackson et al. 2011) to
compute Layman’s metrics (Layman et al. 2007). The
315N range (NR), d1C range (CR) and the mean distance
to centroid (CD) are measures of the spacing within the
8"’C-8"°N space. NR is the representation of the vertical
amplitude of the isotopic niches, whereas CR gives an idea
of the trophic diversity of resources used by predators.
CD supplies an indirect measure of the trophic diver-
sity within the top predator community. Mean nearest-
neighbor distance (MNND) and the standard deviation of
nearest-neighbor distance (SDNND) give a quantitative
measure of the relative position between groups within
the niche space, and they are used to estimate the extent
of trophic redundancy (Layman ef al. 2007; Jackson et al.
2011). Metrics were considered to be different from one
area to another if the mean (£95% credible interval) was
different. Finally, SIBER allowed us to calculate both the
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area of the frequentist standard ellipses for small sample
sizes (SEAc) and the Bayesian estimate of the standard
ellipse and its area (SEAg). The latter is a metric that,
unlike the minimum convex polygon area, makes it possi-
ble to compare uneven or small samples, to reduce the
error in calculating the isotopic niche by using the ellipses
and to preserve the uncertainty of the sampling process.
All of these together propagate the error across the mea-
sures. The overlap between predators’ SEAc in the three
areas was also calculated. All codes for SIBER analyses are
contained in the package SIAR (Parnell et al. 2010; Parnell
& Jackson 2013).

Results

Body mass and the palate/bill breadth of the three top
predators were positively correlated, females being lighter
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Fig. 2. Plot of the relationship between body mass and breadth of
palate/bill in the three top predators split by species and sex: males
and females of Magellanic penguin (Smg and Sme?), males and
females of fur seal (Aag' and Aa®) and males and females of sea lion
(Ofg and Of9). The means and standard deviations (when present) of
body mass for each group were obtained from Bonner 1981; Vaz-
Ferreira 1981; Lima & Paez 1995; Yorio et al. 2001.
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Fig. 3. Isotopic niches of the species described in the text calculated as standard ellipses area corrected for small samples (SEAC). (A) Rio de la
Plata area; (B) northern Patagonia area; (C) southern Patagonia area. Aa = Arctocephalus australis; Of = Otaria flavescens; Sm = Spheniscus

magellanicus.

and with a narrower mouth gape than males for each
species (Fig. 2). However, the topology of the same top
predators within the §"C-8'°N bi-plot space differed
from the morphology-based expectations in two of the
three considered regions (Fig. 3). Indeed, morphological
similarity and niche similarity were positively correlated
only in Rio de la Plata (Mantel test r* = 0.679, P = 0.025;
Fig. 5). Nevertheless, the niche similarity between female
and male sea lions was higher than predicted by mor-
phology. Conversely, the niche similarity between female
sea lions and penguins of either sex was lower than that
predicted by morphology (Fig. 5). As a consequence of
the morphologic prediction, the overlap between the iso-
topic niches of air-breathing predators inhabiting Rio de
la Plata (as represented by the standard ellipses in the
8"3C-8"N bi-plot space) was usually low, with the excep-
tion of the two sexes in the penguin and sea lion groups
(Table 3, Fig. 3A). A broad overlap was observed between
the morphologically dissimilar male and female sea lions,
while there was an absence of overlap between the mor-
phologically similar male fur seals and female sea lions.
Morphologic similarity and niche similarity were un-
correlated in Northern Patagonia (Mantel test P = 0.239)
because the distinct male penguins and male fur seals
overlapped in their isotopic niches (Table 3). In fact, the
ellipse of male penguins almost completely encompassed
that of male fur seals (86.61%), while only 17.05% of the
male penguins’ ellipse overlapped with that of male fur
seals. As in Rio de la Plata, the isotopic niche of female
sea lions overlapped with that of male sea lions, but not
with that of the morphologically similar male fur seals
(Table 3 and Fig. 3). Morphologic similarity and niche
similarity were also uncorrelated in Southern Patagonia

Table 3. Overlap as a percentage of standard ellipses corrected for
small samples of the three top predators described in the text. The
table should be read horizontally, as each number in the cell refers to
the percentage of overlap of the area of the group indicated in the
row (e.g. 77.97% is the percentage of the ellipses of female sea lions
that overlap with the males of the same species, while 26.13% is the
percentage of the ellipses of male sea lions that overlap with the
females of the same species in Rio de la Plata).

Aa of Sm
Q d Q Jd Q J
Rio de la Plata
Aa Q 1 0 0 0 0 0
J 0 1 0 0 0 0
of Q 0 0 1 77.97 0 0
J 0 0 26.13 1 0 0
Sm Q 0 0 0 0 1 80.08
J 89.69 0 0 0 0 1
Northern Patagonia
Aa Q
J 1 0 0 73.01 86.61
of Q 0 1 46.36 0 0
J 0 28.22 1 0 7.12
Sm 9 38.64 0 0 1 95.80
J 17.05 0 1.16 35.64 1
Southern Patagonia
Aa Q
J 1 0 8.96 47.71 65.63
of Q 0 1 53.11 0 32.35
J 9.15 32.88 1 18.29 41.29
Sm 9 67.46 0 25.34 1 99.99
J 39.09 11.68 24.09 42.12 1

Aa, Arctocephalus australis; Of, Otaria flavescens; Sm, Spheniscus ma-
gellanicus.

Marine Ecology © 2016 Blackwell Verlag GmbH
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Table 4. SIBER ellipse corrected areas of the three air-breathing top-predators in the three study areas.

Study areas Q Aa Jd Aa Q Of

g Of Q?Sm gsSm

Riode la Plata 2.70 (0.84-5.22)
Northern Patagonia ~ —
Southern Patagonia  —

1.62 (1.21-2.07)
1.87 (1.22-2.59)
4.37 (1.58-8.06)

1.96 (0.54-4.06)
1.45 (0.72-2.35)
2.71(1.29-4.49)

1.49 (0.81-2.29)
2.01 (1.07-3.13)
4.01 (2.70-5.46)

4.52 (2.63-6.74)
3.50 (1.66-5.73)
3.06 (1.83-4.47)

4.05 (2.44-5.95)
7.42 (2.92-13.10)
6.70 (3.91-9.94)

SIBER, Stable Isotope Bayesian Ellipses in R; Aa, Arctocephalus australis; Of, Otaria flavescens, Sm, Spheniscus magellanicus.

(Mantel test P = 0.361), again because the isotopic niches
of morphologically dissimilar species overlapped. This
was the case for male sea lions and the two sexes of the
Magellanic penguin; for male fur seals and the two sexes
of the Magellanic penguin; and for female sea lions and
male penguins (Table 3). As in the other areas, the sexes
of the penguin and those of the sea lion overlapped
widely, whereas morphologically similar male fur seals
and female sea lions did not overlap.

Finally, Layman’s metrics indicate that the guild of air-
breathing predators used a broader diversity of trophic
resources in Rio de la Plata than in Northern and South-
ern Patagonia, as the NR and the CD were significantly
larger in the former (Figs 3 and 4). However, the metrics
of the CR and the trophic redundancy (MNND and
SDNND) did not differ between regions (Fig. 4).

Distance (%)

c||! Aéé

NR CR CcD MNND
Layman’s metrics

SDNND

Fig. 4. Probability values of Layman’s metrics in the three study
areas: (A) Rio de la Plata area; (B) northern Patagonia area and (C)
southern Patagonia area. The asterisks point out significant
differences between regions. NR = 8'°N range; CR =38">C range;
CD = mean distance to centroid; MNND = mean nearest neighbour
distance; SDNND = standard deviation of nearest neighbour distance.
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Discussion

The results reported here indicate that differences in
mouth diameter and body size accurately describe
resource partitioning among sea lions, fur seals and pen-
guins in some areas of the Southwestern Atlantic (Rio de
la Plata), but not in others (Northern and Southern Pata-
gonia). This conclusion is based on three different pieces
of evidence. Firstly, the distance between predators within
the morphospace is correlated with the distance in the
8"°C-8"N bi-plot space in Rio de la Plata (Fig. 5), but
not in Northern and Southern Patagonia. Secondly, mor-
phologically dissimilar predators such as male sea lions
and male penguins broadly overlap in the §"”C-8'"°N
bi-plot space in some regions, whereas morphologically
similar predators such as female sea lions and male fur
seals never overlap in the 8“°C-8""N bi-plot space.
Thirdly, the topology of the predators within the §'°C—
3"°N bi-plot space varies regionally, with a positive rela-
tionship between overlap and latitude (Table 3 and
Fig. 3).

The use of stable isotopes and associated quantitative
methods to study the topology of an assemblage of pre-
dators within a food web certainly helps us to overcome
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Fig. 5. Correlation in the Rio de la Plata region between
morphological distance and trophic distance, calculated as the distance
between pairwise centroids in the &'>C-8"°N bi-plot space.
Aa = Arctocephalus australis; Of = Otaria flavescens; Sm = Spheniscus
magellanicus. Mantel's test results are indicated in the box.
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some of the complexity of the data required in modeling,
as well as the limitations and biases of traditional meth-
ods, which are based on stomach content and scat analy-
sis (Post 2002; Bearhop et al. 2004). However, methods
based on stable isotope ratios are not free from errors
and biases. Here, different tissues were analysed to obtain
dietary information at comparable regional scales, but
data had to be corrected prior to any comparison in
order to account for tissue-specific discrimination factors.
Although this procedure is conceptually correct, it leads
to the introduction of a new source of variability and
cannot account for tissue-specific differences in the time
span that covers the integration of the stable isotope
ratios, which can take several weeks for feathers and years
for bone. Another source of potential error is represented
by the use of penguins of different age classes, as they
may differ in diet. Finally, the use of samples collected
over several years might add some variability, although
recent analyses have shown that the diets of sea lions and
fur seals did not vary during the period considered here
(Vales et al. 2014; Zenteno et al. 2015). All these uncer-
tainties may prevent accurate reconstruction of the diets
of the species considered here; however, they do not
compromise the conclusion that the topology of the pre-
dators within the 3'°C-3'°N bi-plot space varies region-
ally and is often independent of the morphology.
According to the optimal foraging theory, predators
should maximize their energy intake for the time unit
spent foraging (Stephens & Krebs 1986). With pinnipeds
this is often achieved by selecting the largest available
prey (MacLeod et al. 2006). Although detailed studies on
pinnipeds and penguins are lacking, the optimal prey
diameter for fish is 40-70% of the predator’s mouth
diameter (Wainwright & Barton 1995). Accordingly, we
would expect that the gradient in mouth size would cor-
relate with that of prey size, and therefore male sea lions
would consume the largest prey, followed in order by
female sea lions, male fur seals, female fur seals and end-
ing with Magellanic penguins of both sexes (Fig. 2). This
expectation is true in Rio de la Plata, where published
dietary information indicates that sea lions consume lar-
ger prey than fur seals, which in turn consume larger
prey than penguins (Naya et al. 2000, 2002; Fonseca et al.
2001; Szteren et al. 2004; Pinto et al. 2007; Franco-Trecu
et al. 2012, 2014; Vales et al. 2014). The results reported
here do not provide a direct test of this hypothesis, as
they do not incorporate information about prey size.
However, the agreement between the distribution of the
predator assemblage within the §°C-8'°N bi-plot space
and that in the morphospace indicates that body size and
mouth diameter are probably the major determinants of
the diet of the three species in Rio de la Plata. Further-
more, the dietary differences between female sea lions
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and male fur seals of similar body size can also be
explained by the narrower palate of the latter, which may
restrict the consumption of deep-bodied demersal species
enriched in N (Botto er al. 2011; Vales et al. 2014).
However, morphology cannot explain the dietary overlap
between male and female sea lions, thus indicating that
factors other than body size are also relevant, as previ-
ously reported for other pinniped species (Jeglinski et al.
2013).

The matching between morphology and trophic niche
vanishes definitively in Northern and Southern Patagonia,
where the distance between penguins and sea lions in the
8"°C-8"N bi-plot space is strongly reduced, despite sig-
nificant differences in body size and mouth diameter.
Furthermore, the isotopic niche of male fur seals in
Northern Patagonia is totally encompassed by that of
male penguins (Fig. 3B), whereas the niche of male sea
lions in Southern Patagonia largely overlaps that of male
penguins (Fig. 3C). Penguins forage on small pelagic
fishes and squids in Northern and Southern Patagonia
(Scolaro et al. 1999; Forero et al. 2002; Wilson et al.
2005). Hence, the reduced distance between the penguins’
ellipses to those of male fur seals and male sea lions sug-
gests that pinnipeds consume more pelagic prey at higher
latitudes. This interpretation is supported by analyses of
sea lion scat and stomach contents in Rio de la Plata and
Northern Patagonia (Koen et al. 2000; Suarez et al.
2005). Unfortunately, there is no published information
about the diets of fur seals in Northern Patagonia or sea
lions in Southern Patagonia. In any case, after comparing
Northern and Southern Patagonia with Rio de la Plata,
SIBER confirmed a reduction in the range of resources
used by the predator assemblage. This may explain the
increasing overlap between species at higher latitudes and
the consequent departure from predictions based on
morphology. Similarly, a very high overlap had previously
been reported for the isotopic niches of several seabirds
foraging off Northern Patagonia, despite large differences
in body size (Forero et al. 2004).

The poleward decrease in diversity that is characteristic
of the Patagonian shelf (Cousseau & Perrotta 2000; Milo-
slavich et al. 2011) may explain this pattern. For instance,
deep-bodied sciaenids are a common prey of sea lions in
Rio de la Plata (Riet-Sapriza et al. 2013; Zenteno et al.
2015), but they are present only up to the northernmost
part of Patagonia (Cousseau & Perrotta 2000; Balech &
Ehrlich 2008). Likewise, small, streamlined anchovies
(Engraulis anchoita) abound in Rio de la Plata and
Northern Patagonia, where they are distributed all over
the continental shelf, and they are an important prey for
penguins and fur seals (Scolaro et al. 1999; Naya et al.
2002). However, anchovies are replaced in Southern Pata-
gonia by the Patagonian sprat (Sprattus fuegensis), a
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much scarcer species that occurs only along the coast
(Cousseau & Perrotta 2000). There is no dietary informa-
tion about sea lions and fur seals in Southern Patagonia,
but in the nearby Falkland Islands (Malvinas), the diets of
most air-breathing predators converge on lobster krill,
Munida gregaria (Thompson et al. 1998; Piitz et al. 2001;
Laptikhovsky 2009). This is also an important prey for fur
seals in Southern Chile (Herndndez 2012), despite its low
energy density (Ciancio et al. 2007). Lobster krill is very
abundant in the waters of the Southwestern Atlantic (Ta-
pella et al. 2002; Clausen et al. 2005; Romero et al. 2006;
Vinuesa & Varisco 2007), where it forms large swarms (Vi-
nuesa & Varisco 2007). Thus, a low diversity of potential
prey and the high abundance of lobster krill may explain
why morphologically dissimilar predators converge on sim-
ilar diets in Southern Patagonia. It should be noted, how-
ever, that the intensive exploitation of fish, seal and whale
populations has dramatically changed the structure of mar-
ine ecosystems worldwide (Caddy 1998; Pauly et al. 1998;
Devine et al. 2006) and, hence, the results reported here
may not reveal the natural partitioning of resources among
the considered species (Saporiti et al. 2014).

The reproductive behavior of the three considered spe-
cies may also explain why the isotopic overlap increases
poleward. All three species breed on land and behave as
central place foragers during the breeding season,
although male sea lions and male fur seals fast at that
time (Riedman 1990; Boness 2002; Schiavini et al. 2005).
Previous research has suggested that breeding imposes
serious constraints on the foraging behavior of penguins
and sea lions (Drago et al. 2010a; Silva et al. 2014), but
penguins do not breed in Rio de la Plata and hence their
diet in that area is not influenced by the need to feed
their chicks with high-quality food. For penguins from
Northern and Southern Patagonia, the stable isotope of
feathers reflects only the diet during the final part of the
breeding period. This may explain why the ellipses of
penguins overlap those of sea lions and fur seals with
increasing proportions in those places where the breeding
colonies of the three species co-exist.

In conclusion, resource partitioning among the three
air-breathing predators considered here varies regionally.
Furthermore, body size and mouth diameter successfully
predict this partitioning in Rio de la Plata but not in
other areas. Accordingly, caution is needed when using
body size as a proxy for trophic level or ecologic role, as
well as when extrapolating patterns of resource partition-
ing, even if the same species are considered.

Acknowledgements
This research was funded by the Fundacion Banco Bilbao

Vizcaya Argentaria (BBVA) through the project ‘Efectos

Marine Ecology © 2016 Blackwell Verlag GmbH

Body size and resource partitioning

de la explotacion humana sobre depredadores apicales y
la estructura de la red trofica del Mar Argentino durante
los ultimos 6000 anos’. Agencia Nacional de Promocion
Cientifica y Tecnoldgica (Argentina) provided additional
funding through the project ‘Andlisis del uso de los re-
cursos troficos y su relacion con cambios en la abundan-
cia en tres predadores tope del Mar Argentino’. F.
Saporiti is supported by an Formacion del Profesorado
Universitario (FPU) Fellowship granted by the Spanish
Ministerio de Educacion, Cultura y Deporte (AP 2009-
4573). Logistical support was provided by the Centro
Nacional Patagonico (CONICET) and Argentine samples
were obtained under permits given by the Direccion de
Fauna from the Province of Rio Negro, Direccion de
Fauna y Flora Silvestre from the Province of Chubut, Sec-
retaria de Turismo y Areas Protegidas from the Province
of Chubut, and Administracion de Parques Nacionales.
We thank all the curators of the osteological material of
pinnipeds and penguins in the scientific collections in
Brazil. M. Tavares thanks the team of Centro de Estudos
Costeiros, Limnologicos e Marinhos da Universidade Fed-
eral do Rio Grande do Sul for their logistical support.
Finally, the authors wish to acknowledge Dr Alex Aguilar
for his helpful comments on the manuscript and the use
of the MAPTOOL program for analyses and graphics pre-
sented in this paper. MAPTOOL is a product of SEA-
TURTLE.ORG (information is available at www.seaturtle.
org).

References

Abrantes K.G., Barnett A., Bouillon S. (2014) Stable isotope-
based community metrics as a tool to identify patterns in
food web structure in east African estuaries. Functional
Ecology, 28, 270-282.

Akin S., Winemiller K.O. (2008) Body size and trophic
position in a temperate estuarine food web. Acta Oecologica,
33, 144-153.

Balech E., Ehrlich M.D. (2008) Esquema biogeografico del Mar
Argentino. Revista de Investigacion y Desarrollo Pesquero, 19,
45-75.

Barquete V., Strauss V., Ryan P.G. (2013) Stable isotope
turnover in blood and claws: a case study in captive African
Penguins. Journal of Experimental Marine Biology and
Ecology, 448, 121-127.

Basset A., Angelis D.L. (2007) Body size mediated coexistence
of consumers competing for resources in space. Oikos, 116,
1363-1377.

Bearhop S., Adams C.E., Waldron S., Fuller R.A., Susan E.A.,
Fullert R.A., Macleodj H. (2004) Determining trophic niche
width: a novel approach using stable isotope analysis.
Journal of Animal Ecology, 73, 1007—-1012.

Bearhop S., Phillips R., McGill R., Cherel Y., Dawson D.,
Croxall J. (2006) Stable isotopes indicate sex-specific and


http://www.seaturtle.org
http://www.seaturtle.org

Body size and resource partitioning

long-term individual foraging specialisation in diving
seabirds. Marine Ecology Progress Series, 311, 157—164.

Bligh E.G., Dyer W.J. (1959) A rapid method of total lipid
extraction and purification. Canadian Journal of
Biochemistry and Physiology, 37, 911-917.

Boness D.J. (2002) Sea lions, overview. In: Perrin W.F.,
Wairsig B., Thewissen J.G.M. (Eds). Encyclopedia of Marine
Mammals. Academic Press, San Diego: 1066—1069.

Bonner N. (1981) Southern Fur Seals - Arctocephalus (Geoffroy
Saint-Hilaire and Cuvier, 1826). In: Ridgeway S.H.,
Harrison R.J. (Eds), Handbook of Marine Mammals.
Academic Press, London: 161-207.

Botto F., Gaitan E., Mianzan H., Acha M., Giberto D.,
Schiariti A., Iribarne O. (2011) Origin of resources and
trophic pathways in a large SW Atlantic estuary: an
evaluation using stable isotopes. Estuarine, Coastal and Shelf
Science, 92, 70-77.

Boyd I.L. (1997) The behavioural and physiological ecology of
diving. Trends in Ecology & Evolution, 12, 213-217.

Brunner S. (2002) Geographic variation in skull morphology
of adult Steller sea lions (Eumetopias jubatus). Marine
Mammal Science, 18, 206-222.

Bunn S.E., Loneragan N.R., Kempster M.A. (1995) Effects of acid
washing on stable isotope ratios of C and N in penaeid shrimp
and seagrass: implications for food-web studies using multiple
stable isotopes. Limnology and Oceanography, 40, 622—625.

Caddy J.F. (1998) How pervasive is “fishing down marine food
webs”? Science, 282, 1383.

Cappozzo H.L., Perrin W.P. (2009) South American sea lion
(Otaria flavescens). In: Perrin W.F., Wiirsig B., Thewissen
J.G.M. (Eds), Encyclopedia of Marine Mammals 2nd edn.
Academic Press, San Diego: 1076-1079.

Cherel Y., Hobson K.A., Hassani S. (2005) Isotopic
discrimination between food and blood and feathers of
captive penguins: implications for dietary studies in the
wild. Physiological and Biochemical Zoology, 78, 106-115.

Ciancio J.E., Pascual M.A., Beauchamp D.A. (2007) Energy
density of Patagonian aquatic organisms and empirical
predictions based on water content. Transactions of the
American Fisheries Society, 136, 1415-1422.

Clausen A.P., Arkhipkin A.I., Laptikhovsky V.V., Huin N.
(2005) What is out there: diversity in feeding of gentoo
penguins (Pygoscelis papua) around the Falkland Islands
(Southwest Atlantic). Polar Biology, 28, 653—662.

Cohen J.E., Pimm S.L., Yodzis P., Saldana J. (1993) Body sizes
of animal predators and animal prey in food webs. Journal
of Animal Ecology, 62, 67-78.

Cohen J.E., Jonsson T., Carpenter S.R. (2003) Ecological
community description using the food web, species
abundance, and body size. Proceedings of the National
Academy of Sciences of the United States of America, 100,
1781-1786.

Cousseau M.B., Perrotta R.G. (2000) Peces Marinos de
Argentina. Biologia, Distribucion, Pesca. INIDEP, Mar del
Plata: 167.

10

Saporiti, Bearhop, Vales, Silva, Zenteno, Tavares, Crespo & Cardona

Dayan T., Simberloff D., Tchernov E., Yom-Tov Y. (1990)
Feline canines: community-wide character displacement
among the small cats of Israel. The American naturalist, 136,
39-60.

Dellinger T., Trillmich F. (1999) Fish prey of the sympatric
Galdpagos fur seals and sea lions: seasonal variation and
niche separation. Canadian Journal of Zoology, 77, 1204—
1216.

DeNiro M., Epstein S. (1977) Mechanism of carbon isotope
fractionation associated with lipid synthesis. Science, 197,
261-263.

Devine J.A., Baker K.D., Haedrich R.L. (2006) Fisheries: deep-
sea fishes qualify as endangered. Nature, 439, 29.

Diamond J.M. (1973) Distributional ecology of New Guinea
birds. Science, 179, 759—769.

Drago M., Cardona L., Crespo E.A., Aguilar A. (2009)
Ontogenic dietary changes in South American sea lions.
Journal of Zoology, 279, 251-261.

Drago M., Cardona L., Crespo E.A., Garcfa N., Ameghino S.,
Aguilar A. (2010a) Change in the foraging strategy of female
South American sea lions (Carnivora: Pinnipedia) after
parturition. Scientia Marina, 74, 589-598.

Drago M., Cardona L., Crespo E.A., Grandi M., Aguilar A.
(2010b) Reduction of skull size in South American sea lions
reveals density-dependent growth during population
recovery. Marine Ecology Progress Series, 420, 253-261.

Elser J.J., Dobberfuhl D.R., Mackay N.A., Schampel J.H.
(1996) Organism size, life history, and N: P stoichiometry
toward a unified view of cellular and ecosystem processes.
BioScience, 46, 674—684.

Elton C.S. (1927) Animal Ecology. Macmillan, New York: 256.

Fonseca V.S.D.S., Petry M.V., Jost A.H. (2001) Diet of the
Magellanic Penguin on the coast of Rio Grande do Sul,
Brazil. Waterbirds, 24, 290-293.

Forero M.G., Tella J.L., Dondzar J.A., Blanco G., Bertellotti
M., Ceballos O. (2001) Phenotypic assortative mating
and within-pair sexual dimorphism and its influence on
breeding success and offspring quality in Magellanic
penguins. Canadian Journal of Zoology, 79, 1414—

1422.

Forero M., Hobson K.A., Bortolotti G., Dondzar J., Bertellotti
M., Blanco G. (2002) Food resource utilisation by the
Magellanic penguin evaluated through stable-isotope
analysis: segregation by sex and age and influence on
offspring quality. Marine Ecology Progress Series, 234, 289—
299.

Forero M.G., Bortolotti G.R., Hobson K.A., Donazar J.A.,
Bertelloti M., Blanco G. (2004) High trophic overlap within
the seabird community of Argentinean Patagonia: a
multiscale approach. Journal of Animal Ecology, 73, 789-801.

Franco-Trecu V., Aurioles-Gamboa D., Arim M., Lima M.
(2012) Prepartum and postpartum trophic segregation
between sympatrically breeding female Arctocephalus
australis and Otaria flavescens. Journal of Mammalogy, 93,
514-521.

Marine Ecology © 2016 Blackwell Verlag GmbH



Saporiti, Bearhop, Vales, Silva, Zenteno, Tavares, Crespo & Cardona

Franco-Trecu V., Aurioles-Gamboa D., Inchausti P. (2014)
Individual trophic specialisation and niche segregation
explain the contrasting population trends of two sympatric
otariids. Marine Biology, 161, 609—618.

Frere E., Gandini P.A., Boersma D.P. (1996) Aspectos
particulares de la biologia de reproduccion y tendencia
poblacional del Pingtiino de Magallanes (Spheniscus
magellanicus) en la colonia de Cabo Virgenes, Santa Cruz,
Argentina. El Hornero-Revista de Ornitologia Neotropical, 14,
50-59.

Grant B.R., Grant P.R. (1982) Niche shifts and competition in
Darwin’s finches: Geospiza conirostris and congeners.
Evolution, 36, 637—657.

Hairstone N.J., Hairstone N.S. (1993) Cause-effect relationship
in energy flow, trophic structure, and interspecific
interactions. The American Naturalist, 142, 379—411.

Hernandez C.A.V. (2012) Hdbitos alimentarios del lobo fino
austral (Arctocephalus australis) en la Isla Guafo durante las
temporadas reproductivas de 2010 y 2012. Graduation
Thesis. Facultad de Ciencias. Universidad Austral de Chile,
Valdivia: 62.

Hobson K.A. (2005) Using stable isotopes to trace long-
distance dispersal in birds and other taxa. Diversity and
Distributions, 11, 157-164.

Jackson A.L., Inger R., Parnell A.C., Bearhop S. (2011)
Comparing isotopic niche widths among and within
communities: SIBER - Stable Isotope Bayesian Ellipses in R.
Journal of Animal Ecology, 80, 595-602.

Jeglinski J.W.E., Goetz K.T., Werner C., Costa D.P., Trillmich
F. (2013) Same size - same niche? Foraging niche separation
between sympatric juvenile Galapagos sea lions and adult
Galapagos fur seals. Journal of Animal Ecology, 82, 694-706.

Jennings S. (2005) Size-based analyses of aquatic food webs.
In: Belgrano A., Scharler U.M., Dunne J., Ulanowicz R.E.
(Eds), Aquatic Food Webs. Oxford University Press, An
ecosystem approach: 86-97.

Karpouzi V.S., Stergiou K.I. (2003) The relationships between
mouth size and shape and body length for 18 species of
marine fishes and their trophic implications. Journal of Fish
Biology, 62, 1353—1365.

Kerr S.R., Dickie L.M. (2001) The Biomass Spectrum: A
Predator-Prey Theory of Aquatic Production. Columbia
University Press, New York: 352 pp.

Koen Alonso M., Crespo E.A., Pedraza S.N., Garcia N.,
Coscarella M.A. (2000) Food habits of the South American
sea lion, Otaria flavescens, oft Patagonia, Argentina. Fishery
Bulletin, 98, 250-263.

Kooyman G.L., Ponganis P.J. (1998) The physiological basis of
diving to depth: birds and mammals. Annual Review of
Physiology, 60, 19-32.

Laptikhovsky V. (2009) Oceanographic factors influencing the
distribution of South American fur seal, Arctocephalus
australis around the Falkland Islands before the breeding
season. Journal of the Marine Biological Association of the
United Kingdom, 89, 1597-1600.

Marine Ecology © 2016 Blackwell Verlag GmbH

Body size and resource partitioning

Layman C.A., Winemiller K.O., Arrington D.A., Jepsen D.B.
(2005) Body size and trophic position in a diverse tropical
food web. Ecology, 86, 2530-2535.

Layman C.A., Arrington A., Montana C.G., Post D.M. (2007)
Can stable isotope ratios provide for community-wide
measures of trophic structure? Comment. Ecology, 88, 42—
48.

Leaper R., Huxham M. (2002) Size constraints in a real food
web: predator, parasite and prey body-size relationships.
Oikos, 99, 443-456.

Lima M., Pdez E. (1995) Growth and reproductive patterns in
the South American fur seal. Journal of Mammalogy, 76,
1249-1255.

Lorrain A., Savoye N., Chauvaud L., Paulet Y.-M., Naulet N.
(2003) Decarbonation and preservation method for the
analysis of organic C and N contents and stable isotope
ratios of low-carbonated suspended particulate material.
Analytica Chimica Acta, 491, 125-133.

MacLeod C., Santos M., Lopez A., Pierce G. (2006) Relative
prey size consumption in toothed whales: implications for
prey selection and level of specialisation. Marine Ecology
Progress Series, 326, 295-307.

Madigan D.J., Carlisle A.B., Dewar H., Snodgrass O.E., Litvin
S.Y., Micheli F., Block B.A. (2012) Stable isotope analysis
challenges wasp-waist food web assumptions in an
upwelling pelagic ecosystem. Scientific Reports, 2, 654.

Memmott J., Martinez N.D., Cohen J.E. (2000) Predators,
parasitoids and pathogens: species richness, trophic
generality and body sizes in a natural food web. Journal of
Animal Ecology, 69, 1-15.

Miloslavich P., Klein E., Diaz J.M., Hernandez C.E., Bigatti G.,
Campos L., Artigas F., Castillo J., Penchaszadeh P.E., Neill
P.E., Carranza A., Retana M.V, Diaz de Astarloa J.M., Lewis
M., Yorio P., Piriz M.L., Rodriguez D., Yoneshigue-Valentin
Y., Gamboa L., Martin A. (2011) Marine biodiversity in the
Atlantic and Pacific coasts of South America: knowledge
and gaps. PLoS One, 6, e14631.

Mori Y., Watanabe Y., Mitani Y., Sato K., Cameron M., Naito
Y. (2005) A comparison of prey richness estimates for
Weddell seals using diving profiles and image data. Marine
Ecology Progress Series, 295, 257-263.

Naya D.E., Vargas R., Arim M. (2000) Preliminary analysis of
Southern sea lion (Otaria flavescens) diet in Isla Lobos,
Uruguay. Boletin de la Sociedad Zooldgica de Uruguay, 12,
14-21.

Naya D.E., Arim M., Vargas R. (2002) Diet of South American
fur seals (Arctocephalus australis) in Isla de Lobos, Uruguay.
Marine Mammal Science, 18, 734—745.

Newsome S.D., Koch P.L., Etnier M.A., Aurioles-Gamboa D.
(2006) Using carbon and nitrogen isotope values to
investigate maternal strategies in northeast Pacific otariids.
Marine Mammal Science, 22, 556-572.

Newsome S.D., Clementz M.T., Koch P.L. (2010) Using stable
isotope biogeochemistry to study marine mammal ecology.
Marine Mammal Science, 26, 509—572.

1



Body size and resource partitioning

Page B., McKenzie J., Goldsworthy S.D. (2005) Dietary
resource partitioning among sympatric New Zealand and
Australian fur seals. Marine Ecology Progress Series, 293,
283-302.

Parnell A., Jackson A. (2013) SIAR: Stable Isotope Analysis in
R. Available: http://cran.r-project. org/web/packages/siar/
index.html.

Parnell A.C., Inger R., Bearhop S., Jackson A.L. (2010) Source
partitioning using stable isotopes: coping with too much
variation. PLoS One, 5, €9672.

Pauly D., Christensen V., Dalsgaard J., Froese R., Torres F.].
(1998) Fishing down marine food webs. Science, 279, 860—863.

Pimm S.L. (1982) Food Webs. The University of Chicago Press,
London: 258.

Pinto M.B.L.C,, Siciliano S., Di Beneditto A.P.M. (2007)
Stomach contents of the Magellanic penguin Spheniscus
magellanicus from the northern distribution limit on the
Atlantic coast of Brazil. Marine Ornithology, 35, 77-78.

Piola A., Falabella V. (2009) El Mar Patagonico. Wildlife
Conservation Society y BirdLife International, Buenos Aires:
75.

Post D.M. (2002) Using stable isotopes to estimate trophic
position: models, methods, and assumptions. Ecology, 83,
703-718.

Piitz K., Ingham R.J., Smith J.G. (2000) Satellite tracking of
the winter migration of Magellanic penguins Spheniscus
magellanicus breeding in the Falkland Islands. Ibis, 142,
614-622.

Piitz K., Ingham R., Smith J., Croxall J. (2001) Population
trends, breeding success and diet composition of gentoo
Pygoscelis papua, Magellanic Spheniscus magellanicus and
rockhopper Eudyptes chrysocome penguins in the Falkland
Islands. A review. Polar Biology, 24, 793-807.

Putz K., Schiavini A., Rey A., Ltithi B. (2007) Winter
migration of Magellanic penguins (Spheniscus magellanicus)
from the southernmost distributional range. Marine Biology,
152, 1227-1235.

Riedman M. (1990) The Pinnipeds. Seals, Sea Lions and
Walruses. University of California Press, Berkeley: 439 pp.

Riet-Sapriza F.G., Costa D.P., Franco-Trecu V., Marin Y.,
Chocca J., Gonzdlez B., Beathyate G., Louise Chilvers B.,
Huickstadt L.A. (2013) Foraging behavior of lactating South
American sea lions (Otaria flavescens) and spatial-temporal
resource overlap with the Uruguayan fisheries. Deep Sea
Research Part II: Topical Studies in Oceanography, 88—89,
106-119.

Riofrio-Lazo M., Aurioles-Gamboa D. (2013) Timing of
isotopic integration in marine mammal skull: comparative
study between calcified tissues. Rapid Communications in
Mass Spectrometry, 27, 1076—1082.

Romanuk T.N., Hayward A., Hutchings J.A. (2011) Trophic
level scales positively with body size in fishes. Global Ecology
and Biogeography, 20, 231-240.

Romero M.C., Lovrich G.A., Tapella F. (2006) Seasonal
changes in dry mass and energetic content of Munida

12

Saporiti, Bearhop, Vales, Silva, Zenteno, Tavares, Crespo & Cardona

subrugosa (Crustacea, Decapoda) in the Beagle Channel,
Argentina. Journal of Shellfish Research, 25, 101-106.

Ryan C., McHugh B., Trueman C.N., Sabin R., Deaville R.,
Harrod C., Berrow S.D., O’Connor L. (2013) Stable isotope
analysis of baleen reveals resource partitioning among
sympatric rorquals and population structure in fin whales.
Marine Ecology Progress Series, 479, 251-261.

Saporiti F., Bearhop S., Silva L., Vales D.G., Zenteno L.,
Crespo E.A., Aguilar A., Cardona L. (2014) Longer and less
overlapping food webs in anthropogenically disturbed
marine ecosystems: confirmations from the past. PLoS One,
9, e103132.

Schiavini A., Yorio P., Gandini P., Raya Rey A., Boersma P.D.
(2005) Los pingtinos de las costas argentinas: estado
poblacional y conservacion. El Hornero, 20, 5-23.

Schmidt S.N., Olden J.D., Solomon C.T., Vander Zanden M.J.
(2007) Quantitative approaches to the analysis of stable
isotope food web data. Ecology, 88, 2793-2802.

Schreer J.F., Kovacs K.M. (1997) Allometry of diving capacity
in air-breathing vertebrates. Canadian Journal of Zoology,
75, 339-358.

Schreer J.F., Kovacs K.M., O’Hara Hines R.J. (2001)
Comparative diving patterns of pinnipeds and seabirds.
Ecological Monographs, 71, 137—-162.

Scolaro J.A., Hall M.A., Ximénez .M. (1983) The Magellanic
penguin (Spheniscus magellanicus): sexing adults by
discriminant analysis of morphometric characters. Auk, 100,
221-224.

Scolaro J., Wilson R., Laurenti S., Kierspel M., Gallelli H.,
Upto J. (1999) Feeding preferences of the Magellan penguin
over its breeding range in Argentina. Waterbirds, 22, 104—
110.

Silva L., Saporit F., Vales D., Tavares M., Gandini P., Crespo
E.A., Cardona L. (2014) Differences in diet composition and
foraging patterns between sexes of the Magellanic penguin
(Spheniscus magellanicus) during the non-breeding period as
revealed by 8'°C and 8'°N values in feathers and bone.
Marine Biology, 161, 1195-1206.

Stephens D.W., Krebs J.R. (1986) Foraging Theory. Princeton
University Press, Princeton: 247 pp

Suarez A.A., Sanfelice D., Cassini M.H., Capozzo H.L. (2005)
Composition and seasonal variation in the diet of the South
American sea lion (Otaria flavescens) from Quequén,
Argentina. Latin American Journal of Aquatic Mammals, 4,
163-174.

Szteren D., Naya D.E., Arim M. (2004) Overlap between
pinniped summer diets and artisanal fishery catches in
Uruguay. Latin American Journal of Aquatic Science, 3, 119—
125.

Tapella F., Romero M.C., Lovrich G.A., Chizzini A. (2002) Life
history of the galatheid crab Munida subrugosa in
subantarctic waters of the Beagle Channel. In: Paul A.],,
Dawe E.G., Elner R., Jamieson G.S., Kruse G.H., Otto R.S.,
Sainte-Marie B., Shirley T.C., Woodby D. (Eds). Crabs in
Cold Water Regions: Biology, Management, and Economics

Marine Ecology © 2016 Blackwell Verlag GmbH


http://cran.r-project

Saporiti, Bearhop, Vales, Silva, Zenteno, Tavares, Crespo & Cardona

Alaska Sea Grant College Program. University of Alaska Sea
Grant: AK-SG-02-01, Fairbanks: 115-134.

Thompson D., Duck C.D., McConnell B.]J., Garrett J. (1998)
Foraging behaviour and diet of lactating female southern sea
lions (Otaria flavescens) in the Falkland Islands. Journal of
Zoology, 246, 135-146.

Todd S.K., Holm B., Rosen D.A.S., Tollit D.J. (2009) Stable
isotope signal homogeneity and differences between and
within pinniped muscle and skin. Marine Mammal Science,
26, 176—-185.

Vales D.G., Saporiti F., Cardona L., De Oliveira L.R., Dos
Santos R.A., Secchi E.R., Aguilar A., Crespo E.A. (2014)
Intensive fishing has not forced dietary change in the
South American fur seal Arctophoca (=Arctocephalus)
australis off Rio de la Plata and adjoining areas. Aquatic
Conservation: Marine and Freshwater Ecosystems, 24, 745—
759.

Vaz-Ferreira R. (1981) South American sea lion. In: Ridgeway
S.H., Harrison R.J. (Eds), Handbook of Marine Mammals.
Academic Press, London: 39-65.

Vaz-Ferreira R. (1982a) Arctocephalus australis, South
American fur seal. Mammals in the sea. FAO Fisheries
Series, Rome: 497-508.

Vaz-Ferreira R. (1982b) Otaria flavescens (Shaw) South
American sea lion. Mammals in the sea. FAO Fisheries
Series: 477-495.

Vinuesa J.H., Varisco M. (2007) Trophic ecology of the lobster
krill Munida gregaria in San Jorge Gulf, Argentina.
Investigaciones Marinas, 35, 25-34.

Wainwright P.C., Barton R.A. (1995) Predicting patterns of
prey use from morphology of fishes. Environmental Biology
of Fishes, 44, 97-113.

Marine Ecology © 2016 Blackwell Verlag GmbH

Body size and resource partitioning

Warren P.H., Lawton J.H. (1987) Invertebrate predator-prey
body size relationships: an explanation for upper triangular
food webs and patterns in food web structure? Oecologia,
74, 231-235.

Watanuki Y., Burger A.E. (1999) Body mass and dive duration
in alcids and penguins. Canadian Journal of Zoology, 77,
1838-1842.

Weise M.J., Harvey J.T., Costa D.P. (2010) The role of body
size in individual-based foraging strategies of a top marine
predator. Ecology, 91, 1004-1015.

Williams R.J., Martinez N.D. (2000) Simple rules yield
complex food webs. Nature, 404, 180-183.

Wilson R.P., Scolaro J.A., Grémillet D., Kierspel M.A.M.,
Laurenti S., Upton J., Gallelli H., Quintana F., Frere E.,
Muiller G., Straten M.T., Zimmer 1. (2005) How do
Magellanic penguins cope with variability in their access to
prey? Ecological Monographs, 75, 379—401.

Yorio P., Garcia Borboreglu P., Potti J., Moreno J. (2001)
Breeding biology of Magellanic penguins Spheniscus
magellanicus at Golfo San Jorge, Patagonia, Argentina.
Marine Ornithology, 29, 75-79.

Zenteno L., Crespo E., Goodall N., Aguilar A., de Oliveira L.,
Drago M., Secchi E.R., Garcia N., Cardona L. (2013) Stable
isotopes of oxygen reveal dispersal patterns of the South
American sea lion in the southwestern Atlantic Ocean.
Journal of Zoology, 291, 119-126.

Zenteno L., Crespo E.A., Vales D, Silva L., Saporiti F.,
Oliveira L.R., Secchi E.R., Drago M., Aguilar A., Cardona L.
(2015) Dietary consistency of male South American sea
lions (Otaria flavescens) in southern Brazil during three
decades inferred from stable isotope analysis. Marine
Biology, 162, 275-289.

13



