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Abstract

Background: Sexual segregation in vertebrate foraging niche is often associated with sexual size dimorphism (SSD), i.e.,
ecological sexual dimorphism. Although foraging behavior of male and female seabirds can vary markedly, differences in
isotopic (carbon, 8'3C and nitrogen, 5'°N) foraging niche are generally more pronounced within sexually dimorphic species
and during phases when competition for food is greater. We examined ecological sexual dimorphism among sympatric
nesting Pygoscelis penguins asking whether environmental variability is associated with differences in male and female pre-
breeding foraging niche. We predicted that all Pygoscelis species would forage sex-specifically, and that higher quality
winter habitat, i.e., higher or lower sea ice coverage for a given species, would be associated with a more similar foraging
niche among the sexes.

Results: P2/P8 primers reliably amplified DNA of all species. On average, male Pygoscelis penguins are structurally larger
than female conspecifics. However, chinstrap penguins were more sexually dimorphic in culmen and flipper features than
Adélie and gentoo penguins. Adélies and gentoos were more sexually dimorphic in body mass than chinstraps. Only male
and female chinstraps and gentoos occupied separate §'°N foraging niches. Strong year effects in §'°N signatures were
documented for all three species, however, only for Adélies, did yearly variation in 8'°N signatures tightly correlate with
winter sea ice conditions. There was no evidence that variation in sex-specific foraging niche interacted with yearly winter
habitat quality.

Conclusion: Chinstraps were most sexually size dimorphic followed by gentoos and Adélies. Pre-breeding sex-specific
foraging niche was associated with overall SSD indices across species; male chinstrap and gentoo penguins were enriched
in "N relative to females. Our results highlight previously unknown trophic pathways that link Pygoscelis penguins with
variation in Southern Ocean sea ice suggesting that each sex within a species should respond similarly in pre-breeding
trophic foraging to changes in future winter habitat.
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Introduction

Intra-population variation in ecological niche, sensu [1], is
widespread in nature [2,3] however, the ecological and evolution-
ary causes and consequences of such individual variability remain
poorly understood [4]. Sexual segregation in foraging niche of
vertebrates is a relatively well-studied example of intra-population
ecological differences [5] that is often considered to be mediated
by sexual size dimorphism (SSD) [6,7]. In theory, the evolution
and maintenance of SSD reflects sexual variance in the adaptive
process in which fitness of adult males and females is maximized at
differing body sizes [6], with major functional hypotheses
including sexual and/or fecundity selection [8-10]. Ecological
niche divergence [11,12] is an alternative hypothesis, generally
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considered secondary, which evolves often as a consequence of
existing SSD [6,10], 1.e., ecological sexual dimorphism [4].

Studies of marine birds have documented differences in foraging
behavior, i.e., spatial and temporal variation in activity budgets of
males and females within SSD-associated systems, e.g., [13,14].
However, sexually monomorphic species also exhibit sex-specific
foraging, e.g., [15,16], raising questions about the importance of
structural size in mediating sexual differences in foraging behavior,
see [15] for review. Recent studies have advanced the issue using
naturally occurring ratios of carbon (**C//'C, 3'*C) and nitrogen
(">N/'N, §'°N) stable isotope (SI) signatures to more rigorously
assess whether males and females occupy different foraging niches
[17-19] based on a time-integrated, biogeochemical parameter
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that specifically reflects assimilated prey [20-22]. In a recent
review, Phillips et al. [19] concluded that a) isotopic differences
between male and female seabirds were extremely rare in sexually
monomorphic species, strengthening the idea that sexual segrega-
tion in foraging niche is importantly mediated by SSD, and b) sex
differences in SI signatures were much more common during the
pre-laying and breeding season, when competition is greater due
to reduced foraging ranges, than during the non-breeding season.
The latter finding lends support to an important hypothesis of
sexual segregation in animals: dominant individuals, i.e., larger
individuals, often males, out-compete subordinate conspecifics,
1.e., smaller or less experienced individuals, often females or
juveniles, for high quality habitat [23,24].

Pygoscelis penguins, see [25] for Spheniscidae phylogeny,
occurring throughout the marine ecosystem west of the Antarctic
Peninsula (AP, Fig. la, b) provide a unique system for testing the
hypothesis that ecological sexual dimorphism increases or
decreases depending on levels of competition for nutritional
resources, following [19]. Changes in environmental conditions
that affect the quality and/or quantity of prey might be an
important driver of variation in foraging competition between
males and females, however such variability has not been
extensively examined in the context of ecological sexual dimor-
phism among penguins, but see [26]. We explore this issue within
an interesting community context in which winter environmental
conditions would be expected to result in differing inter-specific
levels of foraging competition between males and females given
generally opposing life history affinities among species for
Southern Ocean sea ice, a key physical parameter structuring
polar marine food-webs [27,28].

Sea ice 1s a critical ecological feature structuring habitat use by
Pygoscelis penguins. Adélie penguins (P. adeliae) are associated with
pack ice habitat during winter [29-32], while chinstrap penguins
(P. antarctica) are noted to winter off-shore, in sea ice-free waters
predominantly throughout the northwestern AP and Scotia Sea
[33,34]. Gentoo penguins are noted to inhabit near shore, open
water wintering areas close to breeding colonies [35]. During the
summer breeding season, Adélie penguins hold a circumpolar
distribution at high southern latitudes, nesting within terrestrial
rookeries located in close proximity to marine foraging areas
generally characterized by persistent summer sea ice [29]. Only
along the northwestern AP region do Adélie penguins breed in
sympatry with their sea ice-intolerant congeners. Although Adélie
penguins initiate nesting earlier here [36], all three species
typically forage in sea ice-free waters during summer as a result
of marked ocean-climate warming [36,37] and associated reduc-
tions in annual sea ice coverage [38,39], particularly within the
northern seasonal sea ice zone [40], see also [41] Figure 1. Adélie
penguins breeding within the northwestern AP are considered
mismatched with current environmental conditions given notable
population declines [36,42-45]. Therefore, Pygoscelis penguins
appear to hold opposing life-history affinities for the presence of
sea ice [29,33-35,42] that have been shaped over evolutionary
time scales [25]. However, associated trophic pathways critical to
each species, and especially each sex within species, have not been
well resolved.

Here, we examined ecological sexual dimorphism among adult
Pygoscelis penguins nesting within the northwestern AP, along the
Palmer Archipelago located near Anvers Island (Fig. 1lb, c).
Specifically, we considered variation in §'C and 8N SI
signatures of blood tissue, obtained during egg laying, as a
biogeochemical proxy of pre-breeding trophic foraging given that
these isotopes are known to reliably reflect trophic position [46,47]
by integrating dietary information over approximately the

PLOS ONE | www.plosone.org

Pygoscelis Ecological Sexual Dimorphism

previous 30 to 60 days given allometric turn-over rates for the
cellular fraction of blood [18,48-50]. We predicted that males and
females of all three species should show sex-specific foraging given
that male and female gentoo penguins nesting at Bird Island,
South Georgia, have been shown to differ in their breeding
foraging niche [18] and hold generally similar, moderate levels of
SSD as Adélie and chinstrap penguins [51,52]. We also predicted
that in years of relatively higher quality winter habitat, i.e., greater
sea ice coverage for Adélie penguins and lower coverage for
chinstrap and gentoo penguins, males and females would be more
similar in their pre-breeding foraging niche given reduced
competition for prey as a test of the conclusion by Phillips et al.
[19].

We first (1) validated molecular primers for universal sex
determination of all three Pygoscelis species. In birds, the chromo-
box-helicase-DNA-binding (CHD) gene CHD-Z occurs in both
males (Z7) and females (ZW), while CHD-W only occurs in
females. By amplifying primers specific to both genes from a
sample of genomic DNA, gel electrophoresis i3 expected to reveal
two bands in females and one band in males. Thus, we tested two
sets of primers, P2/P8 and 2550F/2718R, for consistent
amplification of CHD-Z and CHD-W regions [53,54] using
mated adults at the one-egg stage where each pair is expected to
include one male and one female. Based on our molecular sexing
data, we (2) quantified levels of adult SSD within each species by
developing predictive models of sex based on field-measured
morphometrics of breeding adults, and then tested the predictive
utility of best supported morphometric models for determining
sex, using an independent dataset. We (3) calculated a commonly
used index of SSD following Lovich and Gibbons [55] to quantify
structural size for each species based on morphometric parameters
considered in previous analyses. Lastly, we (4) asked whether SSD-
associated sex (as defined previously), or structural size indepen-
dent of sex, are better predictors of pre-breeding isotopic foraging
niche while also assessing support for the hypothesis that yearly
environmental variability, discussed within the context of winter
sea ice conditions, interacts with sex- or size-specific foraging.

Materials and Methods

Ethics statement

Research was conducted in accordance with an Antarctic
Conservation Act permit to WRF (2008-020), in addition to
Canadian Committee on Animal Care guidelines (Simon Fraser
University, SFU, Animal Care Permit 890B-08 to KBG and

TDW).

Field methods

Field research was conducted on Pygoscelis penguins nesting on
several islands within the Palmer Archipelago west of the AP near
Anvers Island (64°46'S, 64°03'W, Fig. la-c), during the austral
summers of 2007/08, 2008/09, and 2009/10. Specifically, study
nests were located on Biscoe (64°48'S, 63°46'W), Torgersen
(64°46"S, 64°04'W), and Dream (64°43'S, 64°13'W) Islands
(Fig. 1c). Each study season, Adélie penguin study nests (n = 30)
were distributed equally between the three study islands, with 10
nests located on each island. Gentoo penguin study nests (= 30)
were all located on Biscoe Island, while chinstrap penguin study
nests (n=15) were all located on Dream Island (Fig. lc). The
reduced sample size for chinstraps was due to the overall smaller
number of individuals breeding at rookeries on Dream Island.

Each season, study nests, where pairs of adults were present,
were individually marked and chosen before the onset of egg
laying, and consistently monitored. When study nests were found
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Figure 1. The marine ecosystem west of the Antarctic Peninsula (a) extends from northern Alexander Island to the South Shetland
Islands (b). Fieldwork for the present study took place within the Palmer Archipelago near Anvers Island and Palmer Station, a United States
supported research base (b, c). Penguin rookeries were located at Dream [Adélie and chinstrap], Torgersen [Adélie only], and Biscoe [Adélie and
gentoo] Islands (c). Image generated from base maps provided by the National Snow and Ice Data Center’'s map server A-CAP (http://nsidc.org/agdc/

acap/).
doi:10.1371/journal.pone.0090081.g001

at the one-egg stage, both adults were captured to obtain blood
samples used for molecular sexing and SI analyses, and
measurements of structural size and body mass. At the time of
capture, each adult penguin was quickly blood sampled (~1 ml)
from the brachial vein using a sterile 3 ml syringe and heparinized
infusion needle. Collected blood was stored in 1.5 ml micro-
centrifuge tubes that were kept cool. In the field, a small amount of
whole blood was smeared on clean filter paper stored in a 1.5 ml
micro-centrifuge tube for molecular sexing. Measurements of
culmen length and depth (using dial calipers *0.1 mm), right
flipper (using a ruler £1 mm), and body mass (using 5 kg*25 g or
10 kg*50 g Pesola spring scales and a weigh bag) were obtained
to quantify body size variation. After handling, individuals at study
nests were further monitored to ensure the pair reached clutch
completion, i.e., two eggs.

Sea ice data were based on satellite estimates of sea ice
concentration (SIC) within the Palmer Station, Antarctica, Long-
Term Ecological Research (PAL-LTER) Program’s regional study
grid (Figs. 1, 2a). Daily and monthly time series of SIC were used
to calculate two metrics, l-average winter sea ice area (km?)
representing the yearly average area covered by winter sea ice, and
2-duration (days) representing the yearly total length of the winter
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sea ice season, both within the PAL-LTER grid, using time series
based on Version 2 of the Goddard Space Flight Center (GSFC)
Bootstrap algorithm [56] provided by the National Snow and Ice
Data Center (NSIDC; www.nsidc.org). These sea ice metrics were
derived based on 1-monthly averages between the winter months
of sea ice advance and retreat, and 2-the day of first and last
appearance of sea ice within the same region and averaged for the
PAL-LTER grid. Both metrics are useful for describing both the
winter spatial and temporal variability of Southern Ocean sea ice

[38].

Laboratory methods

Within 12 hours (hrs) of field collection, tubes containing whole
blood were centrifuged to separate plasma and red blood cell
(RBC) fractions, which were stored separately and frozen at —80
degrees Celsius (°C). Tubes containing whole blood smears on
filter paper were allowed to dry in a desiccator. After dryin
were scaled and frozen at —80°C.

Tubes containing RBCs were first allowed to dry to a consistent
mass in a drying oven at 60°C. Using a mortar and pestle lined
with clean weighing paper, dried RBC pellets were homogenized
into a powder. Each mortar and pestle was washed and dried in

g, tubes
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Figure 2. Palmer Station, Antarctica, Long Term Ecological Research (PAL-LTER) Program’s regional study area west of the Antarctic
Peninsula, extending 800 km from Anvers Island (600 line) to just south of Charcot Island (—200 line) and 220 km inshore to
offshore (a). Study area grid lines encompass the entire area over which sea ice metrics were calculated. Winter average sea ice area (km?) and sea
ice duration (days) within the PAL-LTER regional study area for each year of the present study (b).

doi:10.1371/journal.pone.0090081.g002

between sample processing. Aliquots of powdered samples were
transferred to 8x5 mm pressed tin capsules (Elemental Micro-
analysis) and weighed (~2 mg) using an analytical balance.
Samples were organized in 96-microwell plates and analyzed for
3'3C and 8N SI signatures using an clemental analyzer
interfaced with an isotope ratio mass spectrometer at the Stable
Isotope Facility, University of California (UC) - Davis. Data
expressed as 8'°C or 8'°N were calculated using the following
equation: 8"°C or 8N = ([Rmple/Ruandara]-1)x1000, where
Rample 1s the ratio of the heavy to light isotope for either
Ba/12C or PN/MN, and Ryandaeg is the heavy to light isotope
ratios for international standards - Vienna PeeDee Belemnite for
carbon, and atmospheric Ny (Air) for nitrogen.

Whole blood smears were allowed to dry a second time in a
desiccator for at least 24 hrs prior to analysis. Sex of adult Pygoscelis
penguins was determined molecularly using PCR amplification as
outlined by Griffiths et al. [53], as well as Fridolfsson and Ellegren
[54]. See Supporting Information Text S1 for specific details
regarding PCR methods including extraction, amplification, and
gel electrophoresis.

Statistical methods

Percent of mated adult pairs correctly identified by the primers
P2/P8 and 2550F/2718R calculated for a subset of
individuals. Correct identification was defined as gel electropho-
resis revealing one female and one male, per pair. DNA from five
adult pairs per species (n = 30 individuals total) for each primer set
was used in the analysis.

Final sample sizes for study nests/individual adults of each
species were n=76/152 for Adélie, n=34/68 for chinstrap, and

was
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n=62/124 for gentoo penguins over the three years of study.
These sample sizes are reduced in comparison with the original
number of study nests marked and monitored per species as at
times weather conditions hindered rookery access resulting in
some study nests not being sampled if the pair had already reached
clutch completion. In addition, of those adults sampled, some pairs
were excluded from statistical analyses because a final egg was
never observed at the nest, likely due to brown skua (Stercorarius
lonnbergi) depredation. Therefore, it was unknown whether these
individuals represented adults exactly at the one-egg stage. All
statistical analyses were performed in the R language environment
[57].

To assess the explanatory value of various structural parameters
for discerning sex of adult penguins, logistic regression was
employed using generalized linear models (GLM, family =
binomial) to account for a response where males were coded as 0
and females coded as 1, in relation to four continuous structural
size parameters including 1-culmen depth, 2-culmen length, 3-
flipper length, and 4-body mass. Information-theoretic methods,
performed in R, were used to direct model selection and
parameter estimation following Burnham and Anderson [58].
An a prior set of 15 candidate models consisted of an equal-means
(null) model and all combinations of culmen depth and length,
flipper length, and body mass as main effects (14 models). This
same candidate model set was evaluated for all three species,
separately, using a truncated dataset (2/3™) of randomly chosen
individuals (Adélie n=88, chinstrap n=36, gentoo n=74). For
each species’ analysis, we first assessed overdispersion (€¢) in the
most parameterized model using the following equation: ¢ =re-
sidual deviance/residual degrees of freedom, see [58] page 68. In
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the event ¢ was found to be greater than 1, quasi Akaike’s
Information Criterion (QAICc) values, which include a correction
for small sample size, would be calculated for each model to
correct for overdispersion. Where ¢ was found to be less than 1,
Akaike’s Information Ciriterion (AICc) values, again corrected for
small sample size, would be calculated for each model. In addition,
AAICc and Akaike weight (w) values were calculated and used to
compare candidate models [58]. For each candidate model, a
pseudo 7”mf (McFadden) value was calculated to provide a
measure of fit for each model, where /*mf= 1-(logLikelihood(mo-
del)/logLikelihood(null model)) [59]. Inference was based on the
relative support for parameters across all models and weighted
parameter estimates. Parameter estimation included calculation of
model-averaged parameter estimates based on w values for all
candidate models. Standard errors (SE) for parameter estimates
were based on unconditional variances calculated across the same
models. Parameter likelihood values were evaluated by summing w
values across all models that included each parameter under
consideration [58].

To assess the predictive utility of these same structural
measurements to determine sex of adult penguins, we calculated
the probability of individuals being female (1), using the predict
function in R, with a dataset (1/3™) comprised of individuals
(Adélie n=44, chinstrap n=18, gentoo n=38) not included in
developing most parsimonious structural size models as described
above. Models used to predict sex were those best supported, in
analyses described above, which received AAICc values =2.

To quantify levels of SSD in adults of each species, we
calculated a standard index of size dimorphism (SDI) following
Lovich and Gibbons [55], where SDI = ((mean size of larger sex/
mean size of smaller sex) - 1) with the resulting value arbitrarily
defined as positive when females are larger and negative when
males are larger (Adélie n =137, chinstrap n= 54, gentoo n=116).
An SDI was calculated for all structural parameters considered as
best predictors of adult penguin sex for each species. In addition,
two overall average SDIs were calculated based on SDIs of 1-all
four structural parameters, and 2-culmen depth, length and flipper
length SDIs only.

Least-squares general linear models (LM) were used to examine
continuous variation in §'°C and §'°N SI signatures of adult
penguin RBCs in relation to three parameters treated as main
effects including 1-sex, as determined by molecular data and
treated categorically, 2-overall size using a principal components
score (PC1) based on culmen depth and length, and flipper length
and treated continuously, and 3-year, treated categorically.
Individual scores for PC1 were calculated using the preomp
function in R for datasets consisting of both males and females,
but calculated separately for each species. An a prior set of eight
candidate models consisted of an equal-means model, each
predictor variable as a main effect (three models), additive models
for sex or size with year, defined so that sex and size were never
included in the same model (two models), and interaction models
for these same additive models where an interaction was included
for each parameter considered as a main effect in the model (two
models). This same candidate model set was evaluated for each
isotope separately using datasets for each species (Adélie n=127
for 8'°C and n=128 for 8"°N due to the exclusion of one data
point as a 8'°C outlier based on residual plots for normality,
chinstrap n=153, gentoo n=115). For each candidate model,
AICc, AAICc and w values were calculated and used to compare
models [58], as well as an 7* value, defined as the fraction of the
total variance explained by the model and given by the Multiple
R-squared calculation in R, see [60] page 399, to provide a
general measure of fit for each model. Inference was based on
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model averaging with parameter estimation following that
described above for logistic regression analyses.

Data management

Data reported here are publicly available within the PAL-LTER
data system (datasets #219, 220, and 221): http://
oceaninformatics.ucsd.edu/datazoo/data/pallter/datasets. These
data are additionally archived within the United States (US)
LTER Network’s Information System Data Portal: https://portal.
lternet.edu/. Individuals interested in using these data are
therefore expected to follow the US LTER Network’s Data
Access Policy, Requirements and Use Agreement: http://www.
Iternet.edu/policies/data-access.

Results

Primer validation

P2/P8 primers correctly identified 100% of each species’ pairs,
while 2550F/2718R primers correctly identified 60% of Adélie
and gentoo penguin pairs and 0% of chinstrap penguin pairs. See
Supporting Information Figure S1 for an image of PCR bands
from both primer sets and Supporting Information Text S2 for
details on PCR optimization with P2/P8 primers. Of the entire
dataset for each species, P2/P8 primers failed to amplify in one of
147 adult Adélie penguins and four of 123 adult gentoo penguins.
P2/P8 primers amplified in all 68 adult chinstrap penguins.

Quantifying SSD

Opverdispersion (¢) was found to be less than 1 for each species
analysis (Adélie ¢=0.37, chinstrap ¢=0.44, gentoo ¢=0.23),
precluding the need to calculate QAICc values for each model.
For Adélie penguins, three models received AAICc values =2 for
predicting sex from structural parameters. The most parsimonious
model received a slightly higher w value (0.39) than the second and
third best supported model, which received similar values for w
(0.31 and 0.30, respectively). All supported models received high
#mf values (>70%) with the best supported model including terms
for culmen length and depth, as well as body mass. The second
supported model included only terms for culmen length and body
mass. However, the global model including all parameters was the
third best supported model (Table 1). Parameter likelihood values
indicated very strong support for culmen length and body mass,
moderately strong support for culmen depth, but much lower
support for flipper length given the data and candidate model set
(Table 2).

For chinstrap penguins, one model received AAICc values =2.
The most parsimonious model received a higher w value (0.37)
than the second ranked model (w=0.12), a high /*mf value (70%),
and included terms for culmen length and depth (Table 1).
Parameter likelihood values indicated strong support for culmen
length and depth, but weaker support for flipper length and body
mass given the data and candidate model set (Table 2).

For gentoo penguins, one model received AAICc values =2.
The most parsimonious model received a higher w value than the
next best supported model (0.53 and 0.17, respectively) and a high
#mf value (85%). The best supported model included terms for
culmen length and depth, and body mass (Table 1). Parameter
likelihood values indicated very strong support for culmen depth
and body mass, and moderately strong support for culmen length,
but only weak support for flipper length given the data and
candidate model set (Table 2).

Probability estimates of adult Adélie penguin sex, based on
models receiving AAICc values =2 as reported above and tested
on independent datasets, suggested that when using 0.50 as a
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probability threshold (1.e., >0.50= female, <0.50 =male), all
supported models accurately predicted sex for 39 out of 44
individuals (88.64%, Table 1). For chinstrap penguins, the most
parsimonious model accurately classified 94.44% individuals
(Table 1). For gentoo penguins, the most parsimonious model
accurately predicted sex for 34 out of 38 individuals (89.47%,
Table 1). See Supporting Information Text S3 for details on
probability estimates and misclassification.

As expected, Pygoscelis penguin SDIs were larger for morpho-
logical parameters that better predicted sex of adult penguins
(Table 2). Negative SDI values indicate that for each structural
parameter male Pygoscelis penguins were, on average, larger than
females.

Environmental variability and foraging niche

Sea ice metrics indicated that the austral winters preceding each
study year were generally characterized by lower than average sea
ice coverage, with winter 2008 being the lowest sea ice season in
the PAL-LTER record since 1979 [38], see also sea ice datasets
within the PAL-LTER data system. Relative yearly variability in
sea ice (Fig. 2b) over the course of the study suggested that 2007
was an intermediate sea ice season relative to 2008 (low) and 2009
(high). Results for inter-annual variability in foraging niche of
Pygoscelis penguins are discussed within the context of these
qualitative differences in each year’s sea ice season.

Scores for PC1 explained 56%, 71% and 78% of the total
variance in body size for Adélie, chinstrap and gentoo penguins,
respectively. Adélie penguin analyses resulted in two models
receiving AAICc values =<2 for predicting variation in §'*C. SI
signatures. The most parsimonious model, which included the
year term only, received a considerably higher w value (0.53) than
that for the next best supported model (w=0.21), which included
terms for sex and year. Both models had high /* values (0.71)
(Table 3). Parameter likelihoods indicated strong support for the
year term, but only weak support for the sex term given the data
and the candidate model set (Table 4, Fig. 3). PC1 and the sex
term received similar parameter likelihoods as the model including
both PC1 and Year was the third ranked model. However, both
models with either sex or PC1 terms only were ranked lower than
the equal-means model, suggesting that these parameters provided
little explanatory value. No other explanatory variables, such as
any of the interaction terms, were strongly supported by the data
(Table 4). Inter-annual variability in 8'°C SI signatures of Adélie
penguins did not associate with qualitative variation in winter sea
ice conditions given that weighted parameter estimates for both
2008 (—1.17%£0.14 95% confidence interval, CI = parameter
estimate SE*1.96) and 2009 (—0.94%0.14 CI), were depleted in
years with the lowest and highest sea ice conditions during the
study (Table 4, Fig. 2b). Two models also received AAICc values
=2 for predicting variation in Adélic penguin §'°N SI signatures.
The most parsimonious model, which included terms for sex and
year, received a higher w value (0.53) then that for the next best
supported model (w=0.25), which included these same parame-
ters as main effects and an interaction for sex*year. Both models
had similar 7> values (0.30 and 0.32, respectively) (Table 3).
Parameter likelihoods suggested stronger support for sex and year
terms, however, the interaction term for sex*year received less
support given the data and the candidate model set (Table 4,
Fig. 3). Weighted parameter estimates for the year term indicated
that Adélic penguin §'°N SI signatures were depleted in 2008
(—0.43%0.21 CI) relative to higher sea ice years in 2007 and 2009
(0.02%0.19 CI; Table 4, Fig. 3). Weighted parameter estimates
suggested that female Adélie penguin 8'°N SI signatures were not
depleted relative to males (—0.08+0.17 CI). Confidence intervals
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overlapped 0 indicating that sex was not important in accounting
for variation in Adélie 8'°N SI signatures (Table, 4, Fig. 3).
Weighted parameter estimates for the interaction between sex*-
year suggested a possibly larger effect in 2008, the year with low
sea ice (—0.07£0.13 CI), than in 2009 (—0.03%=0.09 CI), however
confidence intervals for both years overlapped 0, indicating that
this interaction also was not important in accounting for variation
in Adélie 3"°N SI signatures (Table, 4, Fig. 3).

Chinstrap penguin analyses resulted in four models receiving
AAICc values =2 for predicting variation in 8'°C SI signatures,
however, the best supported model was the equal-means model
(Table 3). Parameter likelihoods indicated little support for all
explanatory parameters including interaction terms (Table 4).
Variation in chinstrap 8'°C SI signatures was not qualitatively
associated with winter sea ice conditions (Fig. 4). One model
received AAICc values =2 for predicting variation in chinstrap
penguin 8'°N SI signatures, which included terms for sex and year
as main effects only. This model received a high w value (0.88) and
a moderately high 7 value (0.53) (Table 3). Accordingly, sex and
year terms received strong support based on parameter likeli-
hoods, while all other parameters received essentially no support
given the data and candidate model set (T'able 4, Fig. 4). Weighted
parameter estimates for the year term indicated that chinstrap
penguin 8'°N SI signatures were enriched in 2008 (0.38=0.19 CI)
and 2009 (0.57%0.17 CI) suggesting no obvious relationship with
variation in winter sea ice conditions (T'able 4, Fig. 4). Weighted
parameter estimates for the sex term indicated that female
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Table 2. Parameter estimates and likelihoods from candidate models for predicting sex of Pygoscelis penguins.
Response Parameter estimate (+1
Species variable Explanatory variable Parameter likelihood SE) Size Dimorphism Index
Adélie penguin Sex Intercept 1.000 77.00+23.38
Culmen length 0.999 —1.04+0.34 —0.09
Culmen depth 0.691 —0.58+0.41 —0.08
Flipper length 0.299 0.03+0.03 —0.02
Body mass 0.999 —0.009:0.003 —0.20
AVE -0.10 (Overall)
AVE -0.06 (-Body mass)
Chinstrap penguin Sex Intercept 1.000 88.86+37.16
Culmen length 0.816 —0.687+0.37 —0.11
Culmen depth 0.841 —2.01+1.07 —0.10
Flipper length 0.407 —0.12+0.13 —0.05
Body mass 0.328 0.002+0.002 —0.10
AVE -0.09 (Overall)
AVE -0.09 (-Body mass)
Gentoo penguin Sex Intercept 1.000 138.78+57.35
Culmen length 0.739 —0.72 £0.46 —0.08
Culmen depth 0.954 —3.05+1.50 —0.10
Flipper length 0.299 —0.02+0.08 —-0.04
Body mass 0.999 —0.01+0.004 —0.17
AVE -0.10 (Overall)
AVE -0.07 (-Body mass)
Parameter estimates (+1 SE) are weighted averages, and standard errors are based on unconditional variances. Parameter likelihoods are Akaike weight (w) values
summed across all models that include the variable. Size dimorphism indices are also reported for each structural parameter.
Abbreviations: = 1SE = plus or minus 1 standard error, AVE = average.
doi:10.1371/journal.pone.0090081.t002

chinstrap penguins (—0.22+0.15 CI) were depleted in §'°N
relative to males (Table 4, Fig. 4).

Gentoo penguin analyses resulted in three models receiving
AAICc values <2 for predicting variation in 8'°C SI signatures.
The most parsimonious model included terms for sex and year,
which received a higher w value (0.43) then the next best
supported model that included terms for PC1 and year (w=0.27).
However, both models had very high / values (0.94). The third
ranked model included the year term only, and received a low w
value (0.19), but also a very high /* value (0.94, Table 3).
Parameter likelihoods indicated strong support for the year term,
and moderate support for the sex term given the data and the
candidate model set (Table 4, Fig. 5). The PC1 term received a
slightly lower parameter likelihood than the sex term as the model
including both PC1 and year was the second ranked model.
However, both models with either sex or PC1 terms only were
ranked lower than the equal-means model, suggesting that these
parameters provided little explanatory value. No other explana-
tory variables, such as any of the interaction terms, were strongly
supported by the data (Table 4). Weighted parameter estimates for
the year term indicated that gentoo penguin 8'*C SI signatures
were depleted in 2008 (—1.33%20.07 CI) and 2009 (—0.72%0.07
CI), the years with lowest and highest sea ice conditions,
respectively (Table 4, Fig. 5). Weighted parameter estimates for
sex (—0.03+0.04 CI) and PC1 score (0.004%0.009 CI) both
overlapped 0 indicating these variables were not important in
explaining variation in 8'°C SI signatures of gentoo penguins
(Table 4, Fig. 5). Two models received AAICc values =2 for
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Figure 3. Variation in Adélie penguin §'3C and §'°N stable isotope signatures. Average male and female isotope signatures (*+ 1 SE) are
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predicting variation in gentoo penguin 8'°N SI signatures. The
most parsimonious model, which included terms for sex and year,
received a higher w value (0.58) than that for the next best
supported model (w=0.30), which included these same parame-
ters as main effects and an interaction for sex*year. Both models
had similar 7 values (0.50 and 0.51, respectively) (Table 3).
Parameter likelihoods suggested stronger support for sex and year
terms, however, the interaction term for sex*year received less
support given the data and the candidate model set (Table 4,
Fig. 5). Weighted parameter estimates for the year term indicated
that gentoo penguin 8'°N SI signatures were most enriched in
2008 (0.43%0.12 CI) and slightly less enriched in 2009 (0.30+0.10
CI), years with the greatest difference in sea ice conditions (Table 4,
Fig. 5). Weighted parameter estimates for the sex term indicated
that gentoo penguin 8'°N SI signatures were depleted in females
(—0.11£0.09 CI) relative to males (Table 4, Fig. 5). Lastly,
weighted parameter estimates for the interaction between sex*year
(2008: 0.04%0.08 CI, 2009: 0.01%0.06 CI) suggested that this
interaction was not important in accounting for variation in
gentoo 8'°N SI signatures as confidence intervals for both years
overlapped O (Table, 4, Fig. 5).
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Discussion

Our primer validation adds to a growing body of literature that
has used molecular techniques for gender determination of
penguins [61-66], however, much of this work was aimed at
developing morphometric methodologies for sex determination.
We used molecular sexing data to quantify SSD specifically among
Pygoscelis penguins nesting along the Palmer Archipelago given that
structural size of penguins can vary regionally [52], and therefore,
SSD indices developed from other populations may not be readily
applicable to our own study system. We further demonstrated that
overall larger size dimorphism indices between species were
associated with greater differences in sex-specific pre-breeding
foraging niche based on 8'°N SI signatures of RBCs. However,
there was no strong evidence for the hypothesis that ecological
sexual dimorphism increased, or decreased, in association with
higher or lower quality winter habitat that might induce variation
in foraging competition between males and females.

The molecular primers P2/P8 were more reliable genetic
markers for determining sex of all three Pygoscelis species than
2550F/2718R primers; P2/P8 successfully amplified in 99.3% of
Adélie penguins, 100% of chinstrap penguins, and 96.8% of
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gentoo penguins sampled from our study population. Hart et al.
[64] showed P2/P8 primers to have a much higher rate of
successful amplification than 2550/2718 primers in macaroni
penguins (Fudyptes chrysolophus). A recent paper by Polito et al. [66]
used PO/P2/P8 primers to successfully sex 94% of Pygoscelis
penguins, i.e., 97 of 103 individuals tested, nesting at Admiralty
Bay, King George Island, Antarctica. Our slightly higher success
rate of P2/P8 amplification in Pygoscelis penguins may be due to
either a) differing quality of genomic material offered by whole
blood versus tissue from the feather calamus, or b) the different
thermal profiles used by each study, compared to [66].

Estimates of penguin SSD have generally relied on one or only a
few morphological features. Williams [67] used bill length and
depth to assess structural size differences between male and female
gentoo penguins. Fairbairn and Shine [51] relied on published
estimates of body mass for 17 species of Spheniscidae in their
meta-analysis of seabird SSD, while Polito et al. [66] considered
measurements of bill features only for developing SSD indices for
Pygoscelis penguins. The evolution of SSD is primarily considered a
result of sexual and/or fecundity selection [6], therefore, it is
highly likely that several traits are under selection that result in
overall body size differences between the sexes. To this end, we
considered a suite of morphological features in our analyses similar
to Bertellotti et al. [61], to more broadly assess SSD in Pygoscelis
penguins. We recognize that body mass is a plastic trait that can
vary over the annual cycle, therefore, our body mass results are
truly only relevant for individuals during the egg laying period and
should not be considered representative of individuals during other
seasonal phases such as chick rearing or outside the breeding
season.

Our results demonstrate inter-specific differences in best
morphological predictors of sex among Pygoscelis penguins. Adélie
penguin body mass and culmen length were the strongest
predictors of sex, while body mass and culmen depth were best
predictors of male and female gentoo penguins. For chinstrap
penguins, body mass was the least predictive structural feature,
while culmen length and depth were similarly strong predictors of
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Table 3. Candidate models for describing variation in foraging niche of Pygoscelis penguins assessed by §'3C and §'°N stable
isotope signatures.
Response Model Number of
Species variable number Explanatory variable parameters AAICc w s
Adélie penguin 5'3C 1 Year 4 0.000 0.530 0.71
2 Sex + Year 5 1.858 0.209 0.71
Chinstrap penguin 3'3C 1 Equal-means model 2 0.000 0.286 0.00
2 Year 4 0.484 0.225 0.08
3 PC1 3 1.379 0.144 0.02
4 Sex 3 1.553 0.132 0.01
Gentoo penguin e 1 Sex + Year 5 0.000 0.428 0.94
2 PC1 + Year 5 0.903 0.272 0.94
3 Year 4 1.665 0.186 0.94
Adélie penguin 3"°N 1 Sex + Year 5 0.000 0.528 0.30
2 Sex + Year + Sex*Year 7 1.489 0.251 0.32
Chinstrap penguin 3"°N Sex + Year 5 0.000 0.884 0.53
Gentoo penguin 3'"°N 1 Sex + Year 5 0.000 0.578 0.50
2 Sex + Year + Sex*Year 7 1.346 0.295 0.51
Models presented are those determined to be most parsimonious, as well as all models receiving AAICc values =<2.
Abbreviations: AAICc = Akaike’s Information Criterion corrected for small sample size, w = Akaike weight, ”mf = pseudo r* McFadden.
doi:10.1371/journal.pone.0090081.t003

sex. Species-specific models based on these best morphological
predictors correctly classified a high percentage of individuals from
independent datasets (i.e., 89-94%). Interestingly, flipper length
was not a strong predictor of sex for any of the three species.
Culmen features and body mass are structures important during
penguin courtship [52], and therefore, likely targets of sexual
selection, which may be why these parameters are strong
predictors of sex across Pygoscelis species. Similar results were
found by Bertellotti et al. [61] who included bill depth and length,
but not flipper length, of Magellanic penguins (Spheniscus
magellanicus) in a discriminant function that correctly classified
97% of adults.

Variation in our calculated size dimorphism indices generally
reflected differences in best morphological predictors of adult
penguin sex discussed above, which would be expected. Size
dimorphism indices for Adélie penguin body mass and culmen
length were the largest of those calculated for the species.
Similarly, SDIs for gentoo penguin body mass and culmen depth
were the largest calculated. Culmen length and depth of chinstrap
penguins were equally strong predictors of sex, but associated SDIs
were similar to the index for body mass, which was the least
predictive structural feature for male and female chinstrap
penguins. The overall average SDI, based on all four parameters,
indicated that Adélie and gentoo penguins hold the same levels of
SSD, while chinstrap penguins are slightly less dimorphic.
However, when excluding body mass from these calculations by
considering only culmen and flipper features, the overall average
SDI suggested that chinstrap penguins were most sexually
dimorphic, followed by gentoo penguins, with Adélie penguins
being the least dimorphic of all three species. Body mass variation
is closely coupled with the seasonal energetic requirements of
migration, reproduction, and molt, therefore, the overall average
SDI calculated that excludes body mass is a more robust estimate
of SSD that is relevant throughout the annual cycle. Within this
context, although based on a different SDI, our results corroborate
those by Polito et al. [66] suggesting that chinstrap penguins are
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the most sexually size dimorphic Pygoscelis species based on bill
features only.

Ecological niche divergence by the sexes is thought to evolve
often as a consequence of existing SSD [6], which might facilitate
sexual segregation particularly when resources are limited [19,24].
Within this context, and following our more conservative and
robust overall average SDI, we would expect chinstrap penguins to
show the greatest difference, and Adélie penguins the least
difference, in sex-specific foraging niche. Our trophic foraging
analyses, based on §'°N signatures of penguin RBCs follow this
prediction. Male and female chinstrap penguins showed the
greatest difference in pre-breeding trophic niche (~0.2%o), male
and female gentoo penguins foraged at a slightly more similar
trophic niche (~0.1%o), while there was no difference in pre-
breeding trophic niche of male and female Adélie penguins.
Signatures of 8'°N were depleted in female chinstrap and gentoo
penguins in comparison with their male counterparts, indicating
that females foraged at a slightly lower trophic level during the 30—
60 days prior to egg laying. Female chinstrap and gentoo penguins
were only very slightly depleted in 8'°N, which may reflect females
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Table 4. Parameter estimates and likelihoods from candidate models for describing variation in foraging niche of Pygoscelis
penguins assessed by 3'C and 3'°N stable isotope signatures.
Species Response variable Explanatory variable Parameter likelihood Parameter estimate =1 SE
3¢ 3'°N 3"c 3°N
Adélie penguin 3"3C or 8'°N Intercept 1.000 1.000 —25.05+0.06 9.06+0.08
Sex 0.245 0.778 —0.008+0.02 —0.08+0.09
PC1 0.227 0.077 0.0005+0.006 —0.002+0.004
Year 2008 0.999 0.999 —1.17%+0.07 —0.43%+0.11
Year 2009 0.999 0.999 —0.95+0.07 0.02%+0.01
Sex*Year 2008 0.037 0.251 —0.0020.006 —0.07%0.07
Sex*Year 2009 0.037 0.251 0.003£0.006 —0.03%+0.05
PC1*Year 2008 0.048 0.027 0.00060.003 0.003+0.003
PC1*Year 2009 0.048 0.027 —0.003+0.004 0.002+0.003
Chinstrap penguin 3'3C or 8'°N Intercept 1.000 1.000 —24.57+0.04 9.12+0.08
Sex 0.243 0.963 —0.01+0.02 —0.22+0.08
PC1 0.247 0.017 0.0040.006 0.0006+0.0008
Year 2008 0.439 0.999 —0.01%+0.03 0.38+0.10
Year 2009 0.439 0.999 0.04+0.04 0.57%+0.09
Sex*Year 2008 0.0104 0.078 —0.0003+0.002 —0.008+0.02
Sex*Year 2009 0.010 0.078 0.00080.002 —0.004%0.01
PC1*Year 2008 0.011 0.002 —0.00040.0007 5.83E—05%+0.0001
PC1*Year 2009 0.011 0.002 —0.0002-0.0006 8.76E—05+0.0001
Gentoo penguin 3'3C or 8'°N Intercept 1.000 1.000 —25.42+0.03 8.02+0.05
Sex 0.493 0.872 —0.03+0.02 —0.11%+0.05
PC1 0.321 0.107 0.004+0.005 0.003+0.003
Year 2008 0.999 0.999 —1.32+0.03 0.43+0.06
Year 2009 0.999 0.999 —0.72+0.03 0.30%+0.05
Sex*Year 2008 0.066 0.295 0.003£0.005 0.04+0.04
Sex*Year 2009 0.066 0.295 —0.0003*0.004 0.01%0.03
PC1*Year 2008 0.049 0.014 0.0006+0.001 —0.00040.0006
PC1*Year 2009 0.049 0.014 0.001+0.002 —0.0001+0.0005
Parameter estimates (+1 SE) are weighted averages, and standard errors are based on unconditional variances. Parameter likelihoods are Akaike weight (w) values
summed across all models that include the variable.
Abbreviations: = 1SE = plus or minus 1 standard error.
doi:10.1371/journal.pone.0090081.t004

relying on a slightly higher percentage of certain prey items such as
Antarctic krill (Euphausia superba) that are relatively depleted in
8'°N in comparison with many Antarctic fishes [68] and even
other species of Southern Ocean krill (K.B. Gorman unpubl. data).
In terms of 8'*C foraging niche, there was no evidence that males
and females foraged differently as the only parameter that
accounted for variation in 8'°C signatures of penguin RBCs at
the one-egg stage was the year term, which accounted for a high
percentage of variation in Adélie and gentoo penguins only.
Studies examining isotopic differences between male and female
penguins is a growing body of literature [18,26,50,69-72].
Dehnhard et al. [26] sampled southern rockhopper penguins
(Eudyptes chrysocome chrysocome) during a similar time period to
capture pre-breeding foraging niche as in our study, in addition to
work on macaroni penguins [50,70,72] as well as eastern (. filhol)
and northern (£. moseley?) rockhopper penguins [71]. Studies have
shown male Magellanic, gentoo, and southern rockhopper
penguins to be enriched in 8"°N relative to female conspecifics,
similar to our own results. One other study examined pre-breeding
foraging niche of western AP Adélie and gentoo penguins,
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Figure 4. Variation in chinstrap penguin §'C and §'°N stable isotope signatures. Average male and female isotope signatures (* 1 SE) are
presented for each year based on sample sizes exactly following analyses (n=53).

doi:10.1371/journal.pone.0090081.g004

however, the study was based on isotopic signatures of eggshells,
and therefore, could not address differences between males and
females of these species [73].

Our study revealed important variation in pre-breeding 8'°N
foraging niche across years, both within and among species.
However, we did not detect strong support for the hypothesis that
sex-specific trophic foraging interacted with yearly environmental
conditions. Pre-breeding trophic foraging by male and female
Adélie penguins was similarly enriched in years of relatively higher
sea ice conditions, and relatively depleted in 2008, the year
characterized by the lowest sea ice conditions. This result suggests
that Adélie penguins were foraging at a lower trophic level,
possibly including a slightly higher percentage of prey items that
are relatively depleted in 8N such as Antarctic krill [68], in
association with lower winter average sea ice conditions. This
result supports the idea that Adélie penguins inhabiting the
western AP region of Antarctica are truly sea ice obligate, and
from the perspective of foraging, are relying on prey items linked
to the seasonal variability of winter sea ice. Conversely, in the first
two years of study, gentoo penguins were relatively more enriched
in 8"°N following the 2008 winter of extremely low average winter
sea ice, which suggests their pre-breeding trophic response to
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winter environmental variability is opposite that of Adélie
penguins. However, although gentoo penguins were relatively
depleted in the third year of the study characterized by the highest
average sea ice conditions, individuals were not as greatly depleted
as in year one, suggesting that their pre-breeding trophic foraging
response was not as tightly coupled across years to the seasonal
variability of winter sea ice as was detected for Adélie penguins.
Even more interesting, yearly variability in chinstrap penguin pre-
breeding 8'°N foraging niche appeared entirely independent of
winter sea ice conditions as males and females were increasingly
enriched in 8'°N across years. Pygoscelis penguins within our study
population varied in their nest initiation dates both among species
and years during the course of our study (see Table S1). This
aspect of Pygoscelis penguin breeding ecology suggests that variation
in pre-breeding 8'°N foraging niche may have reflected, to some
degree, the various conditions experienced during the differing
time periods at which the 30-60 days prior to breeding occurred
across species and years. However, the fact that each species
winters and subsequently migrates to breeding rookeries from
disparate areas along the western AP is likely a stronger
determinant of variation in pre-breeding 8'°N foraging niche
than temporal variation in arrival and timing of nest initiation.
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We have demonstrated key trophic pathways linking Pygoscelis
penguins with environmental variability in the form of winter sea
ice where Adélie penguin trophic foraging is most tightly coupled,
and that of chinstrap penguins least tightly coupled, with winter
environmental conditions likely reflecting the affinity each species
holds during late winter and spring for sea ice habitats [29,33—
35,52]. Furthermore, pre-breeding trophic foraging by Adélie and
gentoo penguins appears generally divergent in response to winter
environmental variability, which is interesting within the context
that these two species have shown the greatest breeding population
change, characterized by opposing trajectories, among our study
populations of the Palmer Archipelago [36], see also [74] Figure 7.
Although male and female chinstrap and gentoo penguins were
sexually segregated in their pre-breeding trophic foraging niche,
the absolute difference was not large enough to represent an entire
trophic level, i.c., 3-4%o for 3'°N [21,22], suggesting that males
and females within a species should respond similarly in terms of
trophic foraging to changes in future winter environmental
conditions.

PLOS ONE | www.plosone.org

12

Supporting Information

Figure S1 Examples of PCR bands from both P2/P8 and
2550F/2718R primers for three mated adult pairs of
Pygoscelis penguins.

(PDF)

Table S1 Average nest initiation dates of Pygoscelis
penguins relative to November 1 for each study year.
(PDF)

Text S1 PCR methods.

(PDF)

Text $2 PCR optimization with P2/P8 primers.

(PDF)

Text 83 Misclassification details for probability esti-
mates of adult Pygoscelis penguin sex.

(PDF)

Acknowledgments

We thank S. Stammerjohn for providing sea ice data used in our analyses,
in addition to D. Esler, S. Franks, and J. Barrett-Winch for statistical

March 2014 | Volume 9 | Issue 3 | 90081



advice. J. Blum provided invaluable help in the field. D. Patterson-Fraser
provided essential logistical support. H. Lucas, H. Geisz, E. Erdmann, R.
Smaniotto, T. Morgan, K. Yeager, and S. Farry assisted with fieldwork. O.
Love guided much of the initial molecular sexing protocols. We are grateful
to J. Matthews and staff at the Stable Isotope Facility (UC- Davis) for their
assistance with sample analysis. Comments by T. Hart and two anonymous
reviewers improved the manuscript. Raytheon Polar Services Company
and Edison Chouest Offshore provided logistical support.

References

1.

10.
11.

26.

27.

Hutchinson GE (1957) Concluding remarks. Cold Spring Harbor Symposium
on Quantitative Biology 22: 417-427.

Smith TB, Skulason S (1996) Evolutionary significance of resource polymor-
phisms in fishes, amphibians, and birds. Annu Rev Ecol Syst 27: 111-133.

. Bolnick DI, Svanback R, Fordyce JA, Yang LH, Davis JM, et al. (2003) The

ccology of individuals: incidence and implications of individual specialization.

Am Nat 161: 1-28.

. Dall SRX, Bell AM, Bolnick DI, Ratnicks FLW (2012) An evolutionary ecology

of individual differences. Ecol Lett 15: 1189-1198.

. Ruckstuhl KE, Neuhaus P, editors (2005) Sexual segregation in vertebrates.

Cambridge, UK: Cambridge University Press. 488 p.

. Fairbairn DJ (1997) Allometry for sexual size dimorphism: pattern and process in

the coevolution of body size in males and females. Annu Rev Ecol Syst 28: 659~
687.

Székely T, Lislevand R, Figuerola J (2007) Sexual size dimorphism in birds. In:
Fairbairn DJ, Blanckenhorn WU, Székely T, editors. Sex, size and gender roles:
Evolutionary studies of sexual size dimorphism. New York: Oxford University
Press. pp. 27-37.

. Darwin C (1871) The descent of man, and selection in relation to sex. London:
John Murray.
. Lande R (1980) Sexual dimorphism, sexual selection, and adaptation in

polygenic characters. Evolution 34: 292-305.

Andersson MB (1994) Sexual selection. Princeton: Princeton University Press.
Slatkin M (1984) Ecological causes of sexual dimorphism. Evolution 38: 622
630.

Shine R (1989) Ecological causes for the evolution of sexual dimorphism - a
review of the evidence. QQ Rev Biol 64: 419-461.

. Phillips RA, Silk JRD, Phalan B, Catry P, Croxall JP (2004) Seasonal sexual

segregation in two Thalassarche albatross species: competitive exclusion,
reproductive role specialization or foraging niche divergence? Proc R Soc B-
Biol Sci 271: 1283-1291.

. Weimerskirch H, Le Corre M, Gadenne H, Pinaud D, Kato A, et al. (2009)

Relationship between reversed sexual dimorphism, breeding investment and
foraging ecology in a pelagic seabird, the masked booby. Oecologia 161: 637
649.

. Lewis S, Benvenuti S, Dall’Antonia L, Griffiths R, Money L, et al. (2002) Sex-

specific foraging behaviour in a monomorphic seabird. Proc R Soc B-Biol Sci
269: 1687-1693.

. Pinet P, Jaquemet S, Phillips RA, Le Corre M (2012) Sex-specific foraging

strategies throughout the breeding season in a tropical, sexually monomorphic
small petrel. Anim Behav 83: 979-989.

. Forero MG, Gonzalez-Solis J, Hobson KA, Doncazar JA, Bertellotti M, et al.

(2005) Stable isotopes reveal trophic segregation by sex and age in the southern
giant petrel in two different food webs. Mar Ecol-Prog Ser 296: 107-113.

. Bearhop S, Phillips RA, McGill R, Cherel Y, Dawson DA, et al. (2006) Stable

isotopes indicate sex-specific and long-term individual foraging specialisation in
diving seabirds. Mar Ecol-Prog Ser 311: 157-164.

. Phillips RA, McGill RAR, Dawson DA, Bearhop S (2011) Sexual segregation in

distribution, diet and trophic level of seabirds: insights from stable isotope
analysis. Mar Biol 158: 2199-2208.

. Deniro MJ, Epstein S (1978) Influence of diet on distribution of carbon isotopes

in animals. Geochim Cosmochim Acta 42: 495-506.

. Deniro MJ, Epstein S (1981) Influence of diet on the distribution of nitrogen

isotopes in animals. Geochim Cosmochim Acta 45: 341-351.

. Peterson BJ, Fry B (1987) Stable isotopes in ecosystem studies. Annu Rev Ecol

Syst 18: 293-320.
Gauthreaux SA, Jr. (1978) The ecological significance of behavioural
dominance. Persp Ethol 3: 17-54.

. Conradt L (2005) Definitions. hypotheses, models and measures in the study of

animal segregation. In: Ruckstuhl KE, Neuhaus P, editors. Sexual segregation in
vertebrates. Cambridge, UK: Cambridge University Press. pp. 11-32.

. Baker AJ, Pereira SL, Haddrath OP, Edge KA (2006) Multiple gene evidence for

expansion of extant penguins out of Antarctica due to global cooling. Proc R Soc
B-Biol Sci 273: 11-17.

Dehnhard N, Voigt CC, Poisbleau M, Demongin L, Quillfeldt P (2011) Stable
isotopes in southern rockhopper penguins: foraging areas and sexual differences
in the non-breeding period. Polar Biol 34: 1763-1773.

Smetacek V, Nicol S (2005) Polar ocean ecosystems in a changing world. Nature
437: 362-368.

PLOS ONE | www.plosone.org

Pygoscelis Ecological Sexual Dimorphism

Author Contributions

Conceived and designed the experiments: KBG TDW WREF. Performed
the experiments: KBG. Analyzed the data: KBG. Contributed reagents/
materials/analysis tools: KBG TDW WREF. Wrote the paper: KBG TDW
WREF.

28.

30.

31.

32.

37.

38.

39.

40.

41.

46.

47.

48.

49.

50.

Moline MA, Karnovsky NJ, Brown Z, Divoky GJ, Frazer TK, et al. (2008) High
latitude changes in ice dynamics and their impact on polar marine ecosystems.

Ann NY Acad Sci 1134: 267-319.

. Ainley DG (2002) The Adélie penguin: Bellwether of climate change. New York:

Columbia University Press. 310 p.

Clarke ], Kerry K, Fowler C, Lawless R, Eberhard S, et al. (2003) Post-fledging
and winter migration of Adélie penguins Pygoscelis adeliae in the Mawson region of
east Antarctica. Mar Ecol-Prog Ser 248: 267-278.

Ballard G, Toniolo V, Ainley DG, Parkinson CL, Arrigo KR, et al. (2010)
Responding to climate change: Adélie penguins confront astronomical and
ocean boundaries. Ecology 91: 2056-2069.

Dunn MJ, Silk JRD, Trathan PN (2011) Post-breeding dispersal of Adélie
penguins (Pygoscelis adeliae) nesting at Signy Island, South Orkney Islands. Polar
Biol 34: 205-214.

. Fraser WR, Trivelpiece WZ, Ainley DG, Trivelpiece SG (1992) Increases in

Antarctic penguin populations - reduced competition with whales or a loss of sea
ice due to environmental warming? Polar Biol 11: 525-531.

. Trivelpiece WZ, Buckelew S, Reiss C, Trivelpiece SG (2007) The winter

distribution of chinstrap penguins from two breeding sites in the South Shetland
Islands of Antarctica. Polar Biol 30: 1231-1237.

. Tanton JL, Reid K, Croxall JP, Trathan PN (2004) Winter distribution and

behaviour of gentoo penguins Pygoscelis papua at South Georgia. Polar Biol 27:
299-303.

5. Ducklow HW, Baker K, Martinson DG, Quetin LB, Ross RM, et al. (2007)

Marine pelagic ecosystems: the west Antarctic Peninsula. Philos Trans R Soc B-
Biol Sci 362: 67-94.

Vaughan DG, Marshall GJ, Connolley WM, Parkinson C, Mulvaney R, et al.
(2003) Recent rapid regional climate warming on the Antarctic Peninsula. Clim
Change 60: 243-274.

Stammerjohn SE, Martinson DG, Smith RC, Iannuzzi RA (2008) Sea ice in the
western Antarctic Peninsula region: spatio-temporal variability from ecological
and climate change perspectives. Deep-Sea Res Part II-Top Stud Oceanogr 55:
2041-2058.

Stammerjohn S, Massom R, Rind D, Martinson D (2012) Regions of rapid sea
ice change: an inter-hemispheric seasonal comparison. Geophys Res Lett 39.
Jacobs SS, Comiso JC (1997) Climate variability in the Amundsen and
Bellingshausen Seas. J Clim 10: 697-709.

Chapman EW, Hofmann EE, Patterson DL, Fraser WR (2010) The effects of
variability in Antarctic krill (Euphausia superba) spawning behavior and sex/
maturity stage distribution on Adélie penguin (Pygoscelis adeliae) chick growth: a
modeling study. Deep-Sea Res Part II-Top Stud Oceanogr 57: 543-558.

. Forcada ], Trathan PN (2009) Penguin responses to climate change in the

Southern Ocean. Glob Change Biol 15: 1618-1630.

. Bestelmeyer BT, Ellison AM, Fraser WR, Gorman KB, Holbrook SJ, et al.

(2011) Analysis of abrupt transitions in ecological systems. Ecosphere 2: art129.

. Trivelpiece WZ, Hinke JT, Miller AK, Reiss CS, Trivelpiece SG, et al. (2011)

Variability in krill biomass links harvesting and climate warming to penguin
population changes in Antarctica. Proc Natl Acad Sci U S A 108: 7625-7628.

. Lynch HJ, Naveen R, Trathan PN, Fagan WF (2012) Spatially integrated

assessment reveals widespread changes in penguin populations on the Antarctic
Peninsula. Ecology 93: 1367-1377.

Kelly JF (2000) Stable isotopes of carbon and nitrogen in the study of avian and
mammalian trophic ecology. Can J Zool-Rev Can Zool 78: 1-27.

Inger R, Bearhop S (2008) Applications of stable isotope analyses to avian
ecology. Ibis 150: 447-461.

Hobson KA, Clark RG (1992) Assessing avian diets using stable isotopes. 1.
Turnover of C-13 in tissues. Condor 94: 181-188.

Bearhop S, Waldron S, Votier SC, Furness RW (2002) Factors that influence
assimilation rates and fractionation of nitrogen and carbon stable isotopes in
avian blood and feathers. Physiol Biochem Zool 75: 451-458.

Cherel Y, Hobson KA, Guinet C, Vanpe C (2007) Stable isotopes document
seasonal changes in trophic niches and winter foraging individual specialization
in diving predators from the Southern Ocean. J] Anim Ecol 76: 826-836.

. Fairbairn J, Shine R (1993) Patterns of sexual size dimorphism in seabirds of the

Southern Hemisphere. Oikos 68: 139-145.

. Williams TD (1995) The penguins: Spheniscidac. New York, NY: Oxford

University Press.
Griffiths R, Double MC, Orr K, Dawson RJG (1998) A DNA test to sex most
birds. Mol Ecol 7: 1071-1075.

. Fridolfsson A-K, Ellegren H (1999) A simple and universal method for molecular

sexing of non-ratite birds. J Avian Biol 30: 116-121.

March 2014 | Volume 9 | Issue 3 | 90081



57.

58.

59.

60.

61.

62.

63.

64.

. Lovich JE, Gibbons JW (1992) A review of techniques for quantifying sexual size

dimorphism. Growth Develop Aging 56: 269-281.

. Comiso JC (1999) Bootstrap sea ice concentrations from NIMBUS-7 SMMR

and DMSP SSM/I 1979-2007. Boulder, Colorado USA: National Snow and Ice
Data Center. Digital media.

R Core Team (2012). Vienna, Austria: R Foundation for Statistical Computing.
R: A 'language and environment for statistical computing.

Burnham KP, Anderson DR (2002) Model selection and multi-model inference:
A practical information theoretic approach. New York, NY: Springer-Verlag.
Hosmer DW, Lemeshow S (2000) Applied logistic regression. New York: John
Wiley & Sons, Inc.

Crawley MJ (2007) The R book. West Sussex, UK: John Wiley & Sons, Ltd.
Bertellotti M, Tella JL, Godoy JA, Blanco G, Forero MG, et al. (2002)
Determining sex of Magellanic penguins using molecular procedures and
discriminant functions. Waterbirds 25: 479-484.

Fargallo JA, Daavila JA, Potti J, de Leon A, Polo V (2004) Nest size and
hatchling sex ratio in chinstrap penguins. Polar Biol 27: 339-343.

Costantini V, Guaricci AC, Laricchiuta P, Rausa F, Lacalandra GM (2008)
DNA sexing in Humboldt penguins (Spheniscus humboldti) from feather samples.
Anim Reprod Sci 106: 162-167.

Hart T, Fitzcharles E, Trathan PN, Coulson T, Rogers AD (2009) Testing and
improving the accuracy of discriminant function tests: a comparison between
morphometric and molecular sexing in macaroni penguins. Waterbirds 32: 437
443,

. Reis EC, Aires RM, Moura JF, Matias CAR, Tavares M, et al. (2011) Molecular

sexing of unusually large numbers of Spheniscus magellanicus (Spheniscidae) washed
ashore along the Brazilian coast in 2008. Genet Mol Res 10: 3731-3737.

PLOS ONE | www.plosone.org

14

66.

67.

68.

69.

70.

74.

Pygoscelis Ecological Sexual Dimorphism

Polito MJ, Clucas GV, Hart T, Trivelpiece WZ (2012) A simplified method of
determining the sex of Pygoscelis penguins using bill measurements. Mar Ornithol
40: 89-94.

Williams TD (1990) Annual variation in breeding biology of gentoo penguins,
Pygoscelis papua, at Bird Island, South Georgia. J Zool 222: 247-258.

Polito MJ, Trivelpiece WZ, Karnovsky NJ, Ng E, Patterson WP, et al. (2011)
Integrating stomach content and stable isotope analyses to quantify the diets of
Pygoscelid penguins. PLOS ONE 6.

Forero MG, Hobson KA, Bortolotti GR, Donazar JA, Bertellotti M, et al. (2002)
Food resource utilisation by the Magellanic penguin evaluated through stable-
isotope analysis: segregation by sex and age and influence on offspring quality.
Mar Ecol-Prog Ser 234: 289-299.

Thiebot JB, Cherel Y, Trathan PN, Bost CA (2011) Inter-population segregation
in the wintering areas of macaroni penguins. Mar Ecol-Prog Ser 421: 279-290.

. Thiebot JB, Cherel Y, Trathan PN, Bost CA (2012) Coexistence of oceanic

predators on wintering areas explained by population-scale foraging segregation
in space or time. Ecology 93: 122-130.

. Bost CA, Thiebot JB, Pinaud D, Cherel Y, Trathan PN (2009) Where do

penguins go during the inter-breeding period? Using geolocation to track the
winter dispersion of the macaroni penguin. Biol Lett 5: 473-476.

. Polito MJ, Lynch HJ, Naveen R, Emsliec SD (2011) Stable isotopes reveal

regional heterogeneity in the pre-breeding distribution and diets of sympatrically
breeding Pygoscelis spp. penguins. Mar Ecol-Prog Ser 421: 265-277.

Ducklow HW, Fraser WR, Meredith MP, Stammerjohn SE, Doney SC, et al.
(2013) West Antarctic Peninsula: an ice-dependent coastal marine ecosystem in
transition. Oceanography 26: 190-203.

March 2014 | Volume 9 | Issue 3 | 90081



