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Abstract In diving seabirds, sexual dimorphism in size
often results in sex-related differences of foraging patterns.
Previous research on Magellanic penguins, conducted dur-
ing the breeding season, failed to reveal consistent differ-
ences between the sexes on foraging behavior, despite
sexual dimorphism. In this paper, we tested the hypothesis
that male and female Magellanic penguins differ in diet and
foraging patterns during the non-breeding period when the
constraints imposed by chick rearing activities vanish. We
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used stable isotope ratios of carbon and nitrogen in feather
and bone to characterize the diet and foraging patterns
of male and female penguins in the South Atlantic at the
beginning of the 2009-2010 and 2010-2011 post-breeding
seasons (feathers) and over several consecutive breeding
and migratory seasons (bone). The mean 8'3C and 8'°N val-
ues of feathers showed no differences between the sexes in
any of the three regions considered or in the diet compo-
sition between the sexes from identical breeding regions;
however, Bayesian ellipses showed a higher isotopic niche
width in males at the beginning of the post-breeding sea-
son. Stable isotope ratios in bone revealed the enrichment
of males with '>C compared with females across the three
regions considered. Furthermore, the Bayesian ellipses
were larger for males and encompassed those of females
in two of the three regions analyzed. These results suggest
a differential use of winter resources between the sexes,
with males typically showing a larger diversity of forag-
ing/migratory strategies. The results also show that dietary
differences between male and female Magellanic penguins
may occur once the constraints imposed by chick rear-
ing activities cease at the beginning of the post-breeding
season.

Introduction

Body size is important to explain between-species differ-
ences in diving performance (Schreer and Kovacs 1997;
Watanuki and Burger 1999) and within-species differ-
ences, in which individuals differ significantly in body size
because of age or sex (Bearhop et al. 2006; Drago et al.
2009a, b; Walker and Boersma 2003). For some penguin
species, males are larger than females (Williams 1995),
and this sexual dimorphism has been related to differences
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in the foraging patterns and diets between sexes of certain
species, such as Pygoscelis adelia (Clarke et al. 1998) and
Pygoscelis papua (Clarke et al. 1998), but not of others,
such as Eudyptes chrysolophus (Bearhop et al. 2006) and
Aptenodytes patagonicus (Cherel et al. 2002).

Male Magellanic penguins (Spheniscus magellanicus)
are 21 % heavier than females (Forero et al. 2001) and may
potentially dive deeper and longer (Walker and Boersma
2003). Nevertheless, extensive studies using time—depth
recorders and satellite telemetry indicate that adult male
and female penguins typically have similar foraging and
diving patterns during the chick rearing period (from mid-
December to February), although differences have been
observed in some colonies during the incubation period
(from mid-September to December) and when chicks are
close to fledging (from mid-February to March) (Walker
and Boersma 2003; Wilson et al. 2005; Boersma and Reb-
stock 2009; Boersma et al. 2009; Sala et al. 2012; Raya
Rey et al. 2012). Furthermore, stable isotope analyses have
revealed only subtle, although statistically significant dif-
ferences between male and female diets at the end of the
chick rearing period (Forero et al. 2002).

A possible reason for these minor differences in forag-
ing behavior and diet of adult Magellanic penguins during
the chick rearing period is the convergence imposed on
both sexes by the need to periodically return to the colony
to feed the chicks (Piitz et al. 2002; Wilson et al. 2005;
Boersma and Rebstock 2009; Boersma et al. 2009). Such
a restriction gradually vanishes from the late chick rear-
ing period to the post-breeding period (from mid-March to
August) when the penguins remain in coastal areas but are
completely aquatic (Piitz et al. 2000, 2007). Satellite telem-
etry has not revealed major differences in the winter for-
aging areas of males and females from identical colonies,
but only a few individuals have been tracked (Piitz et al.
2000, 2007). Furthermore, dietary information correspond-
ing to post-breeding grounds is limited to that supplied by
the stomach contents of dead yearling Magellanic penguins
that were stranded in Brazil (Fonseca et al. 2001; Pinto
et al. 2007; Mider et al. 2010).

The stable isotope analysis of feathers has become a
powerful method to investigate the interbreeding foraging
ecology of adult seabirds with sequential molt (Cherel et al.
2000; Bearhop et al. 2006; Quillfeldt et al. 2005; Gonzalez-
Solis et al. 2011). Feather keratin is metabolically inert
after synthesis, and hence, the isotopic composition of
feathers reflects diet during the molt process (Hobson and
Clark 1992a; Bearhop et al. 2002). However, Magellanic
penguins molt all their feathers over 15-20 days during the
post-breeding season (Scolaro 1984; Adams and Brown
1990), which makes it impossible to establish diet over a
long period from feather analysis. Bone offers an alterna-
tive approach because it integrates diet over several years
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(Tieszen et al. 1983; Hobson and Clark 1992b), including
both reproductive and non-reproductive periods. Accord-
ingly, adult male and female Magellanic penguins are
expected to differ in the stable isotope ratios of carbon and
nitrogen in bone tissue if they differ in diet during the post-
breeding period, assuming minor differences during the
breeding season, as documented by other authors, a pattern
that should be recorded in bone over the years. Therefore,
this paper aims to use stable isotope ratios in feathers and
bone to test the hypothesis that male and female Magel-
lanic penguins differ in their foraging strategies during the
non-breeding period.

Materials and methods
Study area and species biology

Magellanic penguins breed from 41° 32’S to 64° 59.72'W
in the Atlantic (Schiavini et al. 2005) and can reach south-
eastern Brazil in winter during the migration period (Fon-
seca et al. 2001; Pinto et al. 2007; Mider et al. 2010).
The penguin samples used on this study were gathered
from breeding colonies distributed from Cabo Virgenes
(52° 22'S, 68° 24'W) to San Matias Gulf (41° 32'S, 64°
59.72'W) and were clustered into three major breeding
areas: northern Patagonia, central Patagonia and southern
Patagonia (Fig. 1). We also collect samples from migra-
tion grounds, Rio Grande do Sul, in southeastern Brazil
(Fig. 1).

The breeding season begins in September with the
arrival of adults to their breeding colonies and extends
until late February or March when the chicks leave their
colonies (Fig. 2; Scolaro 1984). The establishment of
breeding pairs and egg laying corresponds to the early
stage of the breeding season (September to October)
and are characterized by fasting in both sexes (prior to
egg laying for males and during egg laying for females),
whereas during the incubation period (October and
November) both members of the breeding pair alternate
incubation with foraging trips (Scolaro 1984). The last
period of the breeding season is devoted to chick rearing
(December to February) and is characterized by increased
foraging efforts from the adults, who feed the chicks and
themselves. The post-breeding season comprises two
major periods the chick fledging period (January to Feb-
ruary) and molting in adults (March to April). There is
a weight-gain period (gain in condition) during the final
period of the post-breeding season followed by a fasting
period. The weight-gain period is necessary to address the
energy costs of synthesis and the growth of new feathers,
which begins at sea (Cherel et al. 2005), whereas the fast-
ing period is associated with plumage exchange, which
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occurs on the breeding grounds (Adams and Brown 1990;
Cherel et al. 2005). Importantly, new feathers emerge at
sea during the weight-gain period and finish growing on
the breeding grounds during the fasting period. When
molting is complete, the penguins abandon their breeding
grounds and the migration period begins, which occurs
until the following September (Fig. 2).
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Fig.1 Study area, showing the four regions considered. Potential
preys were collected from southern Brazil (RI), northern Patagonia
(R2), central Patagonia (R3) and southern Patagonia (R4). Penguin
samples were collected only from northern, central and southern
Patagonia, as denoted by black dots

Sample collection

All samples of penguins and potential prey species were
collected during fieldwork from 2009 to 2011 with the cor-
responding permissions granted by conservation agencies
from the provinces of Rio Negro, Chubut, and Santa Cruz
(Argentina), and of Rio Grande do Sul (Brazil).

Potential prey species were identified according to previ-
ous published dietary information (Frere et al. 1996; Fon-
seca et al. 2001; Pinto et al. 2007; Wilson et al. 2005) and
included small pelagic fishes Argentine anchovy (Engraulis
anchoita), Argentine hake (Merluccius hubbsi) shorter than
30 cm of total length, Fuegian sprat (Sprattus fuegensis),
and Brazilian sardine (Sardinella brasiliensis), a demersal
fish (Eleginops maclovinus), and demersal-pelagic squids
[Argentine short-fin squid (Illex argentinus), South Ameri-
can long-fin squid (Loligo sanpaulensis), Patagonian squid
(L. gahi) and slender inshore squid (L. plei)]. All these sam-
ples were provided by local fishermen or collected for the
present study on board by staff from the CENPAT except
for E. anchoita from Brazil, for which we used the stable
isotope ratios reported by Bugoni et al. (2010).

No manipulations of living Magellanic penguins
occurred when collecting feather or bone samples because
all were collected from dead adults observed at the breed-
ing colonies or dead and stranded adults at their migratory
grounds. Age class was assessed consistent with plumage
color (Scolaro 1978). Subsequently, each specimen was
sexed using biometric characteristics (Bertellotti et al.
2002), which were insensitive to the slight latitudinal dif-
ferences in body size reported for species in the Atlan-
tic (Gandini et al. 1992). The Magellanic penguins were
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Migration Arrival to Colony /mate Migration period
formation/Egg laying
Egg Laying/incubation
Incubation/Chick
hatching/Early chick-
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Chick’s molt and
fledging

Migration Breedingseason
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Post-breeding season/ migration
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Fig. 2 Annual life cycle of Magellanic penguins from Patagonia (Argentina) showing: a detail of the different stages constituting the breeding
season (in light gray), and its temporal relation to post-breeding season (in dark gray) and migration period (in black)
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pooled into three groups according to the geographic loca-
tion of the colony, northern, central and southern Patago-
nia (Fig. 1), the geographic scale of latitudinal changes in
diet observed by Frere et al. (1996) and the three above-
described major breeding areas. Ten females and 10 males
were selected from each of the three regions considered,
both for feather and bone stable isotope analyses.

We selected body feathers and bone tissue to perform
the stable isotopes analysis because these tissues integrate
dietary information over different time scales. Feathers are
composed of keratin, which is an inert tissue that preserves
an unchanged mean isotopic signature that corresponds to
the time of synthesis (Cherel et al. 2005; Mizutani et al.
1992). Therefore, the time window integrated by the feath-
ers depended on the duration of the molt process. Molting
lasts from 15 to 20 days in Magellanic penguins, and all
the feathers are simultaneously replaced at the beginning
of the post-breeding period (Scolaro 1984). However, bone
experiences a low turnover rate and integrates the isotopic
signature of diet over several years (Bearhop et al. 2002;
Cherel et al. 2005; Tieszen et al. 1983). We selected the
mantle muscle from squids and white dorsal muscle from
fish because these tissues offer the best proxy for stable iso-
tope ratios in potential prey species (Pinnegar and Polunin
1999).

Stable isotope analysis

The prey samples were stored in a freezer at —20 °C until
the feathers and bone could be extracted from the carcasses,
cleaned and dry preserved at room temperature. Once in
the laboratory, all samples (feathers, bone, fish muscle and
squid mantle) were dried in a stove at 60 °C for 36 h and
ground into a fine powder using a mortar and pestle. All
feathers were washed in a chloroform—methanol (2:1) solu-
tion, rinsed thoroughly in distilled water to remove external
contamination and dried in an oven at 60 °C to a constant
mass. The tips (distal portion, see Cherel et al. 2005) of
the feathers were then cut into small pieces. Four to five
feathers per individual were processed for stable isotope
analysis.

The lipids from muscle, mantle and bone were extracted
with a chloroform/methanol (2:1) solution (Bligh and Dyer
1959) because lipids are depleted in '*C compared with
other molecules (DeNiro and Epstein 1977; Tieszen et al.
1983). Bone contains inorganic carbon that may contrib-
ute undesirable variability to the 813C (Lorrain et al. 2003).
Consequently, the bone samples were previously soaked in
0.5N hydrochloric acid (HCI) for 24 h to decarbonize them
(Ogawa and Ogura 1997; Newsome et al. 2006). Because
HCI treatment adversely affects the 8N values (Bunn
et al. 1995), each sample was divided into two sub-sam-
ples: one for carbon analysis after decarbonation and the
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other for nitrogen analysis without decarbonation. Approxi-
mately 0.7-1 mg of dried bone and 0.3-0.35 mg of feathers
and prey muscle were weighed into tin cups (3.3 x 5 mm),
combusted at 900 °C and analyzed in a continuous flow
stable isotope ratio mass spectrometer (Flash 1112 IRMS
Delta C Series EA; Thermo Finnigan, Bremen, Germany).
Atropine was used as a system check for elemental analy-
ses. The samples were processed at Centres Cientifics i
Tecnologics of the University of Barcelona.

Stable isotope abundances, expressed in delta (§) nota-
tion, in which the relative variations of stable isotope ratios
are expressed in per mille (%0) deviations from predefined
international standards, were calculated as:

8X = [(RSample/Rstandard) — 1] x 103

where X is '*C or N, R sample is the heavy to light iso-
tope ratio of the sample (C'*/C'? or N'/N'#), and R stand-
ard is the heavy to light isotope ratio of the reference
standards, which were VPDB (Vienna Pee Dee Belem-
nite) calcium carbonate for '*C and atmospheric nitrogen
(air) for >N. International isotope secondary standards
of known C'3/C'? C ratios, as given by the IAEA (Inter-
national Atomic Energy Agency), namely polyethyl-
ene (IAEA CH,, 5'3C = —31.8%,), graphite (IAEA
USGS 24, 3'3C = —16.1%,) and sucrose (IAEA CH 6,
8!3C = —10.4 %o), were used for calibration at a precision of
0.2 %o. For nitrogen, international isotope secondary stand-
ards of known N'>/N'* ratios, namely (NH,) 2SO, (IAEA
N1, 8N = 40.49%, and IAEA N2, §/N = 4+20.3%, and
KNO; (IAEA NO;, 85N = 44.7Y%,), were used to a preci-
sion of 0.3 %eo.

Data analyses

A nested ANOVA was used to test the importance of geo-
graphic distribution (region) and species identity on the
average 3'°C and 8'°N values of the prey species. A two-
way ANOVA followed by a post hoc Tukey test was used
to assess the effect of sex and region on feather and bone
stable isotope ratios (313C and 8"°N).

The relative contribution of potential prey to the diet of
female and male Magellanic penguins was calculated using
the Bayesian mixing model SIAR (Stable Isotope Analy-
sis in R; Parnell et al. 2008). Only a selection of the most
important prey species was included, according to infor-
mation extracted from previously published conventional
diet studies for breeding (Frere et al. 1996) and migratory
grounds (Pinto et al. 2007; Fonseca et al. 2001; Méder et al.
2010), because the use of too many prey species in the
model reduces the information provided by the outcome
(Parnell et al. 2008). Diet reconstruction through mixed
models is only possible if trophic discrimination factors
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are known, i.e., how the stable isotope ratios of carbon and
nitrogen vary from diet-to-predator. The diet-to-feather and
diet-to-bone (collagen) discrimination factors determined
experimentally for gulls fed with perch (Hobson and Clark
1992b) were used in the present study. Finally, SIBER (Sta-
ble Isotope Bayesian Ellipses in R; Jackson et al. 2011) was
used to calculate the Bayesian ellipses and isotopic overlap
between sexes at the beginning of the post-breeding season
(feathers) and year-round (bone). The Bayesian ellipses
measure the breadth of the isotopic niche at the population
level.

Results

The stable isotope ratios of potential prey species of Magel-
lanic penguins (Fig. 1) differed among regions and prey
species from the identical region (two-way nested ANOVA;

Table 1 Summary of nested ANOVA results to test for differences in
the stable isotope ratios of carbon (3"3C) and nitrogen (8"N) of the
considered potential prey species among regions and species

Prey SS df MS F P

h(e
Model 29.05 16 1.82 8.54 <0.001
Region 3.24 3 1.08 5.07 0.003
Species (region) 25.81 13 1.99 9.34 <0.001
Error 13.4 63 0.21
Total 42.44 79

81N
Model 372.14 16 23.26 40.5 <0.001
Region 180.41 3 60.14 104.72 <0.001
Species (region)  191.73 13 14.75 25.68 <0.001
Error 36.18 63 0.57
Total 408.31 79

Table 1). The post hoc tests revealed that specimens from
southern Brazil were typically depleted in '’N compared
with those from the other three areas, whereas those from
southern Brazil and central Patagonia were enriched in
13C (Table 2). Furthermore, the topology of the prey com-
munity in the isoscape changed regionally because squids
were more enriched in '*C than E. anchoita in central and
northern Patagonia, whereas the opposite result was true
for southern Brazil. Nevertheless, 1. argentinus was always
the most depleted in '°N (Fig. 3).

Despite the above-reported regional differences, adult
Magellanic penguins from the three breeding areas did not
differ in mean feather 3'°C and 8'°N values without any
effect of sex (Tables 3, 4). SIAR indicated mixed fish and
squid diets for penguins in the three regions at the begin-
ning of the post-breeding season without a major differ-
ence in the average diet composition of males and females
in any region (Fig. 4). The Bayesian ellipses calculated by
SIBER for male penguins were much larger and encom-
passed those of female penguins in the three areas (Fig. 6),
although the 95 % credibility intervals did not overlap in
northern Patagonia. Consequently, the overlap between the
sexes was highly asymmetrical and much larger for females
(northern Patagonia: 95.9 %, central Patagonia: 100 %
and southern Patagonia: 89.8 %) than for males (northern
Patagonia: 35.6 %, central Patagonia: 21.6 % and southern
Patagonia: 51.7 %), hence revealing a wider isotopic niche
for males compared with females.

Sex and region had no statistically significant effects on
bone 5'°N values (Table 4), although both sex and region
had statistically significant effects on bone §'>C values with
no significant interaction term (Table 4). A post hoc Tukey
test revealed that the bone tissue of penguins from north-
ern and central Patagonia was enriched with '*C compared
with that of penguins from southern Patagonia and males
were always more enriched with '*C than females from the
identical region (Table 5). SIAR revealed a prevalence of

Table2 Tukey test results for region on the stable isotope ratios of carbon (5'3C) and nitrogen (3'°N) in the prey of Magellanic penguins. Means

with common letters are not significantly different (p < 0.05)

Region $13C mean n SE

Buenos Aires —17.69 17 0.12 A

Southern Patagonia —17.43 18 0.11 A B

Northern Patagonia —17.15 25 0.09 B

Brazil —-17.12 20 0.10 B

Region 85N mean n SE

Brazil 12.87 20 0.17 A

Northern Patagonia 15.86 25 0.15 B

Buenos Aires 15.87 17 0.20 B

Southern Patagonia 16.86 18 0.18 C
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Fig. 3 Mean bivariated stable isotope ratios of the main prey of
Magellanic penguins off southern Brazil (a), northern Patagonia (b),
central Patagonia (c¢) and southern Patagonia (d). Species name: Bra-
zil (light gray circle, L. sampaulensis; light gray square, 1. argenti-
nus; light gray triangle, E. ancohita; light gray diamond, S. brasilien-
sis; light gray rectangle, L. plei); northern Patagonia (filled circle, L.
sampaulensis; filled square, I. argentinus; filled triangle, E. ancohita;
filled diamond, M. hubbsi); central Patagonia (open circle, L. sam-
paulensis; open square, I. argentines; open triangle, E. ancohita;
open diamond, M. hubbsi; open rectangle, L. gahi); southern Patago-
nia (dark gray square, 1. argentines; dark gray triangle, S. fueguensis;
dark gray diamond, M. hubbsi; dark gray rectangle, L. gahi). Sample
size 5 for all the species, except for the Merluccius hubbsi in northern
Patagonia (n = 2) and southern Patagonia (n = 3)

small schooling fish in the annual diet of penguins of both
sexes in the three regions, as integrated in the stable isotope
ratios of bone tissue. Although differences in the 8'*C val-
ues of males and females did not result in major differences
in the composition of diets calculated by SIAR (Fig. 5), the
Bayesian ellipses of males were larger and encompassed
those of females in northern and southern Patagonia,
whereas the opposite result was true for central Patagonia
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(Fig. 6). Furthermore, the overlap between the Bayesian
ellipses of males and females from identical breeding areas,
calculated from the stable isotope ratios in bone, was
highly asymmetrical, typically larger for females (northern
Patagonia: 87.0 %, central Patagonia: 42.1 % and south-
ern Patagonia: 76.5 %) than for males (northern Patagonia:
42.8 %, central Patagonia: 74.3 % and southern Patagonia:
27.3 %) and always smaller than that observed when the
stable isotope ratios in feathers were used (Fig. 6).

Discussion

Previous studies based on stomach content analyses have
reported contrasting diet compositions between individu-
als deriving from northern, central and southern Patagonia
(Frere et al. 1996; Wilson et al. 2005), but these reports
only investigated the breeding season. The results reported
here confirm statistically significant differences in the sta-
ble isotope ratios of potential prey from those three areas,
and hence, the feathers that were formed while on those
regions were expected to capture that variability. However,
the stable isotope ratios in feathers did not vary regionally.
The explanation for this apparent contradiction most likely
resides in the timing of the molt process in this species,
which occurs once the breeding season is over and the par-
ents are free from chick rearing activities (Scolaro 1984).
Accordingly, the isotopic composition of the feathers rep-
resents diet composition at that time (Cherel et al. 2000;
Quillfeldt et al. 2005) and does not necessarily correspond
to that revealed by the stomach contents of reproductively
active adults, whose foraging behavior is constrained by the
need to return to the colony to feed the chicks (Frere et al.
1996; Wilson et al. 2005). This result may also explain
why the stomach content analyses conducted during the
breeding season reported a prevalence of fish in the diet
of Magellanic penguins breeding along Patagonia (Frere
et al. 1996; Wilson et al. 2005), whereas mixed fish and
squid diets have emerged from the stable isotope analysis
reported here. Differences in the diet composition delivered
to chicks and that consumed by the adults have also been
reported for other penguin species (Cherel et al. 2002).
Independent of the reason why the stable isotope ratios
of feathers did not vary along the coastline of Argentina,
the absence of statistically significant differences in the sta-
ble isotope ratios of male and female feathers indicated no
major differences in the average diet composition of adult
penguins at the beginning of the post-breeding season,
which is a result consistent with the similarity of diving
and foraging patterns previously reported for most of the
breeding season (Wilson et al. 1995; Walker and Boersma
2003; Wilson et al. 2005; Boersma et al. 2009; Boersma
and Rebstock 2009; Sala et al. 2012; Raya Rey et al. 2012).
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Table 3 Stable isotope ratios of carbon (3'*C) and nitrogen (5'°N) in feathers and bone of adult Magellanic penguins from breeding colonies in
Argentina

Northern Patagonia Central Patagonia Southern Patagonia

Females Males Females Males Females Males

Feathers
813C —15.10£0.73 (10) —14.96 +£0.98 (10) —15.39+0.62(10) —14.87£1.57(10) —16.19+0.94(10) —15.39 + 1.64 (10)
SN 18.88 £ 1.40 (10) 18.98 £+ 2.37 (10) 19.45 + 1.01 (10) 19.16 £ 2.13 (10) 19.27 £1.12(10)  19.21 £ 1.11 (10)
Bone
s13¢ —1245+£093 (10) —12.31+£1.00(10) —12.74+0.99(10) —12.224+0.56(10) —13.544+0.70(10) —12.74 £ 1.12 (10)
81N 16.38 £ 1.19 (10) 16.48 £+ 2.41 (10) 17.16 £ 0.56 (10) 16.95 £ 0.51 (10) 16.71 £0.39 (10)  16.77 £ 0.57 (10)

Data are shown as mean =+ standard deviation. Sample size is always 10

Forero et al. (2002) reported significant differences for sta-  Table4 Summary statistics of two-way ANOVA to test ttlmg effect
ble isotope ratios in the blood of adult males and females at ~ ©f region and sex on the stable isotope ratios of carbon (3 °C) and
the end of the chick rearing period, but the differences were nitrogen (3 °N) in the feathers and bone of Magellanic penguins from

Argentina

extremely small (average 8'°C males = —16.2 %o, average
813C females = —16.5 %o) and resulted from a 2 % differ- S8 daf MS F P
ence in the consumption of anchovies. Feathers

Despite the high similarities in diet composition sug- $13C
gested by SIAR, the Bayesian ellipses of males at the Model 5.70 5 1.14 0.89 0.492
beginning of the post-breeding season were larger than Sex 0.46 1 046 036 0.549
those of females in the three areas. Furthermore, the size Region 5.02 2 2.51 1.97 0.149
of the Bayesian ellipses of each sex did not vary among Sex x region 0.72 2 0.36 0.28 0.754
areas and the Bayesian ellipse of the females was always Error 65.00 51 127
included in that of the males. Because the Bayesian ellipses Total 70.69 56
do not measure the diversity of resources used by the pop- 515 N
ulation but the diversity of individual patterns of resource Model 13.18 5 ) 64 115 0.349
use, these results suggest that males exhibited a much Sex 0.19 | 0.19 0.08 0775
larger diversity of foraging strategies than females at the Region 11.07 ) 554 241 0.100
beginning of the post-breeding period, although this trend Sex x region L17 ) 059 025 0.776
did not result in differences in the average composition of Error 11738 51 230
the diet. Large penguins can regularly dive as deep as 50 m, Total 13055 56
which is a capacity that does not preclude them from also Bones
foraging in shallower waters (Stokes and Boersma 1999; NER
Walker and Boersma 2003; Wilson et al. 2005). Conversely, Model 11.47 2904 5811 0.005

small adult penguins can only forage at the top of the water
column, which is typically shallower than 20 m (Stokes and
Boersma 1999; Walker and Boersma 2003; Wilson 2003;
Wilson et al. 2005). Thus, the larger Bayesian ellipses of

5
Sex 3.55 1 3.553 4.353 0.042
Region 6.82 2 3.411 4.179 0.021
2

Sex x region 1.09 0.549 0.672 0.515

males at the beginning of the post-breeding season might Error 44.07 >4 0816
.. Total 55.54 59
have emerged from a broader spectrum of diving capa- s
bilities linked to a larger body size. Deploying time—depth "N
recorders at the beginning of the post-breeding season will Model 2.09 > 0.419 0.304 0.908
be useful to test this hypothesis. Sex. 034 1 0338 0245 0622
The bone tissue of adult males showed a '*C enrich- Region . L6t 2 0803 0583 0.561
ment pattern across areas compared with that of females. Sex x region 0.15 2 0.075 0.55 0.947
That pattern was consistent across regions, although the Error 74.33 . .
Total 76.43 59

813C values of both sexes were lower in southern Patagonia
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Fig. 4 Mean diet composition (a) 1.0 Females Males
of male and female Magel- . X
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Table 5 Tukey test results for sex and region on the stable isotope ratios of carbon (3'C) and nitrogen (3'°N) in the bone of Magellanic pen-

guins from Argentina

$!3C mean n SE

Sex

Female —15.56 30 0.16 A

Male —15.07 30 0.16 B
Region

Southern —15.79 20 0.2 A

Central —15.13 20 0.2 A B

North —15.03 20 0.2 B

Means with common letters are not significantly different (p < 0.05)

than in northern or central Patagonia. Because the feath-
ers suggested no major differences in diet composition
at the beginning of the post-breeding season and previous

@ Springer

studies indicated that adult males and females typically have
similar foraging and diving patterns throughout the breed-
ing season (Wilson et al. 1995, 2005; Walker and Boersma
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Fig. 5 Feasible contribution (a)1.0 4
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2003; Boersma et al. 2009; Boersma and Rebstock 2009;
Sala et al. 2012; Raya Rey et al. 2012), the contrasting
stable isotope ratios in bone tissue must result from major
dietary differences in winter diets. During the post-breeding

season, the penguins move across different feeding grounds
(Piitz et al. 2000, 2007) and stable isotope ratios in bone are
expected to incorporate dietary changes and the isotopic
variation observed among regions. Potential prey species
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Fig. 6 Bayesian ellipses of
adult Magellanic penguins 221 22
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from southern Brazil are enriched with '3C compared with
potential prey from northern and southern Patagonia. This
result suggests that the above-reported differences of aver-
age bone 3'°C values between breeding areas emerge
because penguins that breed in northern and central Patago-
nia most likely made an extended use of southern Brazil
during the winter (Williams 1995; Stokes et al. 1998; Piitz
et al. 2000) than those from southern Patagonia, which is
a result consistent with previous studies (Piitz et al. 2007).
Nevertheless, the large Bayesian ellipses revealed by SIBER
for males and females breeding in northern Patagonia com-
pared with those from the other two regions might reflect a
larger diversity of migratory patterns in the penguins breed-
ing in northern Patagonia. Conversely, the smaller Bayesian
ellipses calculated for the other two regions might suggest
more homogenous migratory patterns among the breeding
individuals. However, a larger sample size is necessary to
further examine this hypothesis concerning isotopic niche
widths (see Syviranta et al. 2013).

@ Springer

The 3'3C bone tissue differences between sexes are
small and may be biologically meaningless. Certainly,
SIAR revealed similar annual diets for both sexes in the
three areas, but this result could be an artifact caused by
the migratory habitats of the penguins across regions with
contrasting baselines of stable isotope ratios and the incor-
poration of many potential prey species into the mixed
models (Parnell et al. 2008). However, satellite telemetry
indicates the use of similar winter foraging regions by
males and females during the initial months of migration
(Piitz et al. 2000, 2007), but nothing is known about the
rest of the year or penguins from the other two breed-
ing areas. Interestingly, the foraging grounds in Brazil
and central Patagonia are characterized by high 8'3C val-
ues in potential prey species and males nesting in north-
ern and southern Patagonia have larger Bayesian ellipses
than females from the identical regions. In this scenario,
statistically significant differences between the sexes
may emerge because of a larger diversity of migratory
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strategies in males. The analysis of stable isotope ratios in
the claws of penguins arriving at the breeding colonies at
the beginning of the breeding season could be beneficial to
track their winter foraging grounds and test the hypothesis
that males and females from identical breeding areas differ
in their winter dispersal patterns.

In conclusion, the overall evidence suggests that the
foraging strategies of male and female Magellanic pen-
guins converge during the breeding season when both par-
ents become central place foragers because of limitations
imposed by chick feeding. However, small differences in
the bone 3'3C values were observed between males and
females, which potentially indicated different foraging pat-
terns during the non-breeding season once the constraints
imposed by chick rearing activities ceased. The most nota-
ble difference was a larger diversity of foraging and migra-
tory strategies among males.
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