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Abstract

Past research during the breeding season in the Antarctic Peninsula region indicates that
Gentoo Penguins (Pygoscelis papua) are generalist foragers, while Adélie (P. adeliae) and
Chinstrap (P. antarcticus) Penguins tend to specialize on Antarctic krill (Euphausia superba).
However, little is known about the degree of temporal consistency in the diets and foraging
habitats of these three species, particularly at the individual level. Such year-round and inter-
annual dietary understanding is important to help interpret contrasting trends in their populations.
We used carbon and nitrogen stable isotope analysis of blood and feathers to evaluate seasonal
shifts in diet and individual foraging consistency within Pygoscelis penguin species breeding in
the South Shetland Islands, as well as among three geographically distinct Gentoo Penguin
populations in the Western Antarctic Peninsula and South Shetland Islands. We found that
Gentoo Penguins exhibited a generalist foraging strategy with individual consistency, Adélie
Penguins exhibited an intermediate generalist foraging strategy with little individual consistency,
and Chinstrap Penguins exhibited a specialized diet with little variation among individuals. Our
results also indicated that all three species have greater variation in foraging habitat usage during
the post-breeding season compared to the breeding season. Finally, we observed differences in
the degree of seasonal shifts in population level diet and consistency in foraging strategies at the
individual level across the three Gentoo Penguin populations examined. This suggests that
Pygoscelis penguins can differ in diets and foraging habitat usage not only at the population level
among species, sites, and seasons, but also in the level of variation within populations, and in the

degree of seasonal consistency among individuals.
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Introduction

Research into the diets and foraging ecologies of Antarctic penguins can provide vital
information about their vulnerability to ecological pressures and help explain declines in certain
species or populations. For example, the diet of Adélie (Pygoscelis adeliae) and Chinstrap
Penguins (P. antarcticus) are well documented at the population level, particularly in the South
Shetland Islands and Western Antarctic Peninsula, where past studies indicate that both species
forage primarily on Antarctic Krill in offshore areas (Volkman et al. 1980; Trivelpiece et al.
1987; Karnovsky 1997). Antarctic krill have declined over the past 30 years (Atkinson et al.
2004), which may be the driver of recent population declines in Adélie and Chinstrap Penguins
in this region (Trivelpiece et al. 2011). In contrast, Gentoo Penguin (Pygoscelis papua)
populations are stable and even increasing in this same region (Lynch et al. 2013). Several
possible explanations for this trend have been explored including flexible timing of breeding in
Gentoo Penguins as well as extended parental provisioning (Polito and Trivelpiece 2008; Hinke
et al. 2012). In addition, recent studies suggest that the more generalist foraging strategy
employed by Gentoo Penguins may add to their adaptability to environmental changes (Miller et
al. 2009, Polito et al. 2015).

The diets and foraging ecology of Pygoscelis penguins have been well studied in the
Antarctic Peninsula region. In general, dietary studies within the Western Antarctic Peninsula
and South Shetland Islands, which are based mostly on stomach content analyses, have indicated
that Gentoo Penguins have a mixed diet of Antarctic krill and fish that varies among populations
and years, while Adélie and Chinstrap tend to forage predominately on krill (Volkman et al.
1980, Lishman, 1985; Karnovsky 1997; Hinke et al. 2007; Miller et al. 2008, 2009, 2010; Polito

et al. 2011b; Polito et al. 2015). Studies focused on foraging habitat demonstrate that, in general,
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Gentoo Penguins forage in deeper benthic, inshore habitats, while Chinstrap and Adélie Penguins
forage further offshore in shallower, pelagic areas. However, past studies have focused primarily
on the breeding season and only a few have focused on diet or foraging habitat during the post-
breeding or non-breeding period (Miller et al. 2009, 2010; Gorman et al. 2014; Juéres et al. 2016;
Negrete et al. 2016). Even so, existing studies do indicate that Gentoo Penguin populations
exhibit a generalist diet with substantial variation in their foraging ecology across breeding
locations (Putz et al. 2001; Clausen and Piitz 2002, 2003; Miller et al. 2009; Polito et al. 2015).

Individual niche variation is frequently found within generalist populations and is
commonly assessed by quantifying the degree of foraging variation among individuals and the
presence of individual consistency over time (Bolnick et al. 2003; Sargeant 2007). While one
study by Carravieri et al. (2013) detected individual dietary consistency in Gentoo Penguins in
the sub-Antarctic Kerguelan Islands, no such studies have been undertaken in the Antarctic
Peninsula region. Specifically, past studies of Pygoscelis penguins in this region lack an analysis
of dietary and foraging habitat consistency of individuals through time. Quantifying the degree
of niche variation and consistency at the individual level is important because individual
variation within populations has the potential to determine a species’ population level response
to changes in food availability or other environmental change (Bolnick et al. 2002; Bearhop et al.
2004). For example, within-population differences in behavioral plasticity are thought to be an
important factor stabilizing populations in the face of changing environmental conditions
(Dingemanse and Wolf 2013).

Although the foraging ecology of individual marine predators can be challenging to track
over time, stable isotope analyses (SIA), provides a robust tool for measuring animal diets

through time from a single capture event. Prior studies have demonstrated that SIA is an
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effective method to quantify the diets and foraging niches of Pygoscelis penguins (Polito et al.
2011c, Polito et al. 2015; Negrete et al. 2016). Nitrogen stable isotope values (§'°N) in
consumers exhibits a strong positive correlation with trophic level (Minagawa and Wada 1984;
Hobson et al. 1994). Carbon stable isotope values (5'3C) change little with increasing trophic
level but instead provide a proxy of marine foraging habitat use due to differences in baseline
313C values between inshore/benthic and offshore/pelagic habitats (France 1995; Cherel and
Hobson 2007). In addition, the 3*3C and 5'°N values of specific tissues reflect the diets of
consumers at the time of synthesis such that comparing tissues synthesized at different times
from a single individual can assess foraging niche consistency over time (Newsome et al. 2007,
Hickstadt et al. 2012; Kernaléguen et al. 2016). For example, Bearhop et al. (2006) detected
individual consistency and distinct foraging specialization in South Georgian shags
(Phalacrocorax georgianus) and Kerguelen shags (P. verrucosus) by comparing the §*3C and
5'°N values of blood (i.e. breeding season) and feathers (i.e. post-breeding season) sampled from
the same individuals. A similar analysis on sympatric Pygoscelis populations would help to
quantifying seasonal diet variation and the degree of consistency at the individual level and help
to inform these species’ responses to recent changes in krill availability in the Antarctic
Peninsula region.

To address this gap, we use SIA of blood and feathers to evaluate seasonal shifts in diet
at the population level and individual level dietary consistency within Pygoscelis species
(Adélie, Chinstrap and Gentoo Penguins) breeding in sympatry in the South Shetland Islands,
Antarctica. In addition, we investigate these same parameters among three Gentoo Penguins’
populations in the Western Antarctic Peninsula and South Shetland Islands, Antarctica. Based on

previous dietary studies of Pygoscelis penguins, we predict that Gentoo Penguins will have
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greater degree of among individual variation and individual consistency in diets relative to
Adélie and Chinstrap Penguins (Miller et al. 2010; Polito et al. 2015). Furthermore, we predict
that the degree of among individual variation and extent of individual consistency will vary
among the Gentoo Penguin populations examined, which we derive from the evidence of
geographic variation in diet among Gentoo Penguins breeding locations (Pitz et al. 2001,
Clausen and Piitz 2002, 2003; Miller et al. 2009; Polito et al. 2015). We define “individual
consistency” as among-individual differences that remain consistent between seasons even when

there is an overall shift in diet of the population level between seasons.

Methods
Study Site and Sample Collection

In December 2010, we collected samples from breeding Adélie, Chinstrap, and Gentoo
Penguins at Admiralty Bay, King George Island, South Shetland Islands (62.1°S, 58.25°W) (Fig.
1). In December 2014 we collected samples from breeding Gentoo Penguins at three sites in the
Western Antarctic Peninsula and South Shetland Islands: Damoy Point, Wiencke Island (64.8°S,
63.5°W), Georges Point, Rongé Island (64.7°S, 62.7°W), and Stinker Point, Elephant Island
(61.1°S, 55.2°W) (Fig. 1). At each breeding site, we collected three white body feathers and 1ml
of whole blood from 15-22 individuals per species. We sampled adults when both members of
the pair were at the nest and preferentially sampled the adult who had recently returned from the
sea. All Chinstrap Penguins sampled during late-incubation, while Adélie and Gentoo Penguins
were sampled within two days of chicks hatching. The half-life of stable isotope values in whole
blood of a 3-5 kg penguin is predicted to be approximately 10-30 days based on allometric and

empirical studies (Carleton and Martinez del Rio 2005, Barquete et al. 2013). Therefore, whole
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blood samples provides a proxy for dietary information during the incubation period of the 2010
breeding season at Admiralty Bay and the 2014 breeding season at Wiencke, Rongé and
Elephant Islands. Body feathers are grown following the breeding season (i.e. late February
through March; Hinke et al. 2015) and are metabolically inert after synthesis (Polito et al.
2011a). As such body feathers collected for this study represent reflect diets during the post-
breeding stages of the 2009 breeding season at Admiralty Bay and 2013 breeding season at
Wiencke, Rongé and Elephant Islands, respectively. Combined these two tissues provide proxies
of individual’s diet and foraging habitat usage during the post-breeding (feathers) and breeding
(blood) seasons that can be compared to evaluate individual consistency.

Molecular sexing was conducted for populations at Admiralty Bay and Elephant Island
and resulted in roughly equal sampling of sexes (i.e. Polito et al. 2011). Molecular sexing was
not possible for Wiencke or Rongé Island populations; however we sampled adults when both
members of the pair were at the same nest and used relative body and bill size differences within
pairs to approximate equal sampling of the sexes (Polito et al. 2011). Due to the differences in
the sexing methods used and the higher uncertainty in sex identification at Wiencke or Rongé

Island we chose not to examine sex related trends as part of this study.

Sample Preparation and Isotopic Analysis

We soaked body feathers in a mixture of 2:1 chloroform-methanol for 24 hours to remove
lipids, then rinsed each segment in 2:1 chloroform-methanol and allowed them to air dry for 24
hours (Cherel et al. 2005). We then subsampled pieces of the vane of equal size from three body
feathers to obtain a total of 0.5-0.8 mg per individual. We dried blood samples to constant weight

at 50°C in an analytical oven for 48 hours and then ground the dried blood into a powder and
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sub-sampled 0.6 mg of blood per individual for analysis. Samples were analyzed using a PDZ
Europa ANCA-GSL and Costech ECS4010 elemental analyzers interfaced to a PDZ Europa 20-
20 and Thermo Finnigan Delta Plus XP continuous flow stable isotope ratio mass spectrometers.
Raw & values were normalized using glutamic acid, bovine liver, and nylon 5 as reference
materials (USGS-40: §13C = -26.39+0.09%o, 8*°N = -4.52+0.12%0; USGS-41: §13C =
37.63+0.10%o, 81°N = 47.57+0.22%0; bovine liver: §13C = -21.69+0.20%o, 51°N = 7.72+0.30%0;
nylon 5: §°C = -27.7240.20%o, §*°N = -10.31+0.30%o0). Sample precision based on internal
repeats and duplicate standard reference materials across all samples was 0.1%o for *°N and
0.2%o for 313C. Stable isotope ratios are expressed in the § notation in per mil units (%o)

according to the following equation:

6X = [(Rsampte/ Rstanaara) — 1] x 1000
where X is **C or >N and R is the corresponding ratio **C/**C or *°N/*N. The R standard

values were based on the Vienna Peedee belemnite (VPDB) for 3C and atmospheric N2 for °N.

Standardizing stable isotope values between blood and feathers

Dietary isotopic discrimination, which is the difference between the isotopic values of
diet and consumers, can vary significantly across tissue types even when synthesized under the
same diet (Hobson and Clark 1992; Bond and Jones 2009; Polito et al. 2009). Several studies
have examined the isotopic values of feathers and blood synthesized under the same diet
(Sanpera et al. 2007; Bugoni et al. 2008; Quillfeldt et al. 2008; Kohler et al. 2011; Cruz et al.
2012; Cherel et al. 2014). Based on a meta-analysis of these studies, we used the following
regressions from Cherel et al. (2014) to standardize values to directly compare between §°N and

513C values obtain from the feather and blood tissues of the same individual penguin:
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feather 8'°N = 1.014 (£0.056) X blood 8°N + 0.447 (£0.665)

feather 813C = 0.972 (£0.020) X blood §'3C + 0.962 (+£0.414)

Statistical Analysis

Prior to analysis, we examined for normality in all populations using the Shapiro-Wilks
test. We also examined for homogeneity of variance using Bartlett’s test for normally distributed
populations and Levene’s test for non-normally distributed populations. In order to determine
whether populations are more generalized or specialized relative to one another, we calculated
coefficient of variation (CV; o/x) as a proxy for individual variation within populations of
species for post-breeding (feather) season and breeding (blood) season §'°N and 5*3C absolute
values. Differences in CV were assessed qualitatively as there are no robust statistical analyses
that can directly test for significant differences between CVs (Donnelly and Kramer 1999). As
such, we calculated standard ellipse area Bayesian estimations (SEAw) to provide a bivariate
quantitative metric that allows for the comparison of niche area among and within species and
populations (Jackson et al. 2011). Bivariate analyses were completed using the SIBER package
(Stable Isotope Bayesian Ellipses in R) within the SIAR package in R.

To test for shift in population level diet and foraging habitat between seasons in the three
penguin species sampled from King George Island in 2010, we compared population means of
post-breeding (feather) 8*°N and §'3C values to the standardized breeding season (blood) 5°N
and &*3C values using paired t-tests for normally distributed populations with equal variance and
Wilcoxon signed rank tests for populations that were non-normal.

To test whether individual diet and foraging habitat is consistent between seasons and/or
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individual diet and foraging habitat are consistent relative to each other, we tested for
relationships among individual’s post-breeding and breeding season 8°N and *3C values using
Pearson Correlation for normally distribute populations with equal variance and Kendall rank
correlations for populations that were non-normal or had unequal variance. We conducted these
same analyses for three Gentoo Penguin populations sampled in 2014 in order to test for
geographic variation in the presence of population level and individual level diet and foraging
consistency. All statistical analyses were performed in R software ver. 3.3.2 (R Core Team

2016). Significance was assumed at the p < 0.05 level and all means are presented +SD.

Results
Comparison of three species at King George Island in 2010

Gentoo Penguins had the highest CVs for post-breeding season (feather) and breeding
season (blood) 5'°N values, followed by Adélie Penguins and Chinstrap Penguins (Table 1).
Adélie and Chinstrap Penguins had nearly twice the CV for post-breeding season §**C values
compared to Gentoo Penguins. All three species displayed a much lower and similar CV for
breeding season 513C values. Isotopic niche areas (SEAp) during the post-breeding were larger
than niche areas during the breeding season in all three species (Adélie: p = 0.0003; Chinstrap: P
= 0.001; Gentoo: P = 0.089; Fig 2a). There was no significant difference in SEAb during the
post-breeding season between Adélie and Chinstrap Penguins (P = 0.119), Adélie and Gentoo
Penguins (P = 0.177) or Chinstrap and Gentoo Penguins (P = 0.374). Gentoo Penguins had a
larger SEAD than Chinstrap Penguins during the breeding season (P = 0.015), but there were no
significant differences in SEAb during the breeding season between Adélie and Chinstrap

Pengiuns (P = 0.158) or Adélie and Gentoo Penguins (P = 0.110).
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Gentoo Penguin 5'°N differed between the post-breeding season and breeding season
(Paired t test, too = 3.53, P = 0.002; Fig. 3). Concurrently, Gentoo 33C values differed between
the post-breeding season and breeding season (Wilcoxon signed-ranks test, T =19.5,N=21,P =
0.0003). While Adélie Penguin 5'°N did not differ significantly between the post-breeding and
breeding seasons (Paired t test, tz1 = -0.23, P = 0.9), the 5'3C values were significantly lower
during the post-breeding season relative to the breeding season by 1.2%. (Paired t test, to; = -4.8,
P = <0.0001). Chinstrap Penguin §'°N during the post-breeding season was significantly lower
relative to the breeding season by 0.3%. (Paired t test, tig = -5.34, P < 0.0001), but there was no
significant difference between the post-breeding and breeding seasons in §*3C values (Wilcoxon
signed-ranks test, T = 100, N = 20, P = 0.86). There was a significant correlation in individual
Gentoo Penguin 3*°N (Pearson correlation, r = 0.8, N = 21, P < 0.001) and §**C values (Kendall
rank correlation, re = 0.47, N = 21, P = 0.006) between the two seasons examined (Fig. 3). In
contrast, there was no correlation in individual Adélie Penguin §'°N (Pearson correlation, r =
0.09, N =22, P = 0.68) and 8*3C values (Kendall rank correlation, r: = -0.09, N = 22, P = 0.61) or
Chinstrap Penguin 8*°N (Pearson correlation, r = 0.18, N = 20, P = 0.44) and §'3C values

(Kendall rank correlation, rt =-0.21, N = 20, P = 0.24) between seasons (Fig. 3.

Comparison of three Gentoo Penguin populations in 2014

Gentoo Penguins at Elephant Island had the highest CV for §!°N during both the post-
breeding and breeding season by more than double that of the populations at Wiencke and Ronge
Island (Table 1). The population at Rongé Island had the highest CV for §!3C during the post-
breeding season, followed by Wiencke and Elephant Island. Wiencke Island population had the

highest 5'3C CV during the breeding season, followed by Rongé and Elephant Island. Isotopic
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niche areas (SEAs) during the post-breeding was large than niche areas during the breeding
season at Wiencke Island (p = 0.039) and Rongé Island (p = 0.004), but did not differ in size at
Elephant Island (p = 0.085; Fig 2b). SEAs during the post-breeding season was larger at
Elephant Island than Wiencke Island (P = 0.036). There was no significant difference in SEAy
during the post-breeding season between Wiencke and Rongé Island (P = 0.235) or Rongé and
Elephant Island (P = 0.139). During the breeding season, SEAb at Elephant Island was greater
than both Wiencke Island (P = 0.026) and Rongé Island (P = 0.014). There was no significant
difference in SEAp during the breeding season between Wiencke and Rongé Island (0.382).

Gentoo Penguins at Wiencke Island had a significantly higher §'°N in the post-breeding
season compared to the breeding season (Paired t test, tig = 5.03, P < 0.0001) by 0.4%e.. In
addition, the 8*3C values of this population were significantly lower during the post-breeding
season relative to the breeding season by 2.6%. (Paired t test, t19 = -9.9, P < 0.0001). Gentoo
Penguins at Rongé Island also had significantly higher 5°N and §!3C values in the post-breeding
season compared to the breeding season (Paired t test, tig = 4.1, P = 0.0006; Wilson signed-ranks
test, T = 8, P = 0.0002, respectively). 5'°N values of Gentoo Penguins at Elephant Island were
significantly lower during the post-breeding season relative to the breeding season by 1.2%o
(Paired t test, t14 = -7.23, P < 0.0001). Gentoo Penguin &3C values at Elephant Island were also
significantly lower during the post-breeding season relative to the breeding season 1.0%o (Paired
t test, t14 = -6.03, P < 0.0001).

There was no correlation between seasons in individual §*°N values (Pearson correlation,
r=0.23, N =19, P = 0.34) or 5!3C values (Kendall rank correlation, r;=0.14, N = 15, P =
0.435.) at Wiencke Island (Fig. 4). Similarly, there was no correlation between seasons in

individual 8*°N values (Pearson correlation, r = 0.04, N = 19, P = 0.85) or 8*3C values (Kendall



278  rank correlation, rr =0.33, N = 19, P = 0.071) at Rongé Island (Fig. 4). In contrast, Gentoo

279  Penguins at Elephant Island exhibited a significant correlation in individual 3°N values between
280  seasons (Pearson correlation, r = 0.60, N = 15, P = 0.02), but no correlation in individual §*3C
281  values between seasons (Kendall rank correlation, r; = 0.35, N = 15, P = 0.109; Fig. 4).

282

283  Discussion

284 Gentoo Penguins in the Western Antarctic Peninsula and South Shetland Islands are often
285  regarded as generalist foragers with a mixed and varying diet of Antarctic krill and fish, whereas
286  Adélie and Chinstrap are thought to specialize primarily on krill within this region, particularly
287  during the breeding season (Volkman et al. 1980; Lishman 1985; Karnovsky 1997; Miller et al.
288 2008, 2009, 2010; Polito et al. 2011b; Polito et al. 2015). In addition, vertical and temporal

289  differences in foraging habitat usage also aid in differentiating the foraging niches of the three
290  species when they occur in sympatry (Wilson 2010). However, very few studies have

291 investigated foraging variation among individuals within populations of Pygoscelis species

292  (Polito et al. 2015) or temporal consistency at the population and individual level (e.g. Polito et
293  al. 2011; Juares et al. 2016; Negrete et al. 2016). Our results suggest that Pygoscelis penguins
294  can differ in foraging ecology not only at the population level among species, sites and seasons,
295  butalso in the level of individual variation within populations, and in the degree of foraging
296  consistency within individuals.

297

298  Comparison of foraging strategies at King George Island

299 Comparisons of coefficients of variation (CV) and isotopic niche area (SEAy) provide

300 additional support for differences in the relative width of foraging niches among the three species
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as indicated by previous studies (Volkman et al. 1980; Miller et al. 2010; Polito et al. 2015).
SEA results suggest that three species have a similar sized population niche during the post-
breeding season, while Gentoo Penguins maintain a larger population niche relative to Chinstrap
Penguins during the breeding season. When examining $*°N values among the three species at
King George Island, Gentoo Penguins had the highest CV, Chinstrap Penguins had the lowest
CV, and Adélie Penguins CV were intermediate of their congeners during both seasons
examined (Table 1; Fig. 3). These results suggest that Adélie Penguins are more generalized in
their diet relative to Chinstrap Penguins, while Gentoo Penguins are more generalized in their
diet relative to both Adélie and Chinstrap Penguins. ). Previous studies support our findings that
Gentoo Penguins have greater variability in diet than Adélie and Chinstrap Penguins in the South
Shetland Islands during the breeding season (Volkman et al. 1980; Polito et al. 2015; Negrete et
al. 2016). However, while past studies indicate that Adélie Penguins diets are more diverse in
regions outside of the Antarctic Peninsula (e.g. Ainley 2002; Jarman et al. 2013) to our
knowledge there are no previous studies showing that Adélie Penguins are more generalized in
diet relative to Chinstrap Penguins.

When examining 8*3C values among the three species, Adélie and Chinstrap Penguins
had greater CV than Gentoo Penguins during the post-breeding season, while Gentoo Penguins
had a larger CV than Adélie and Chinstrap Penguins during the breeding. These results suggest
that during the post-breeding period individual Adélie and Chinstrap Penguins use a wider range
of foraging habitats relative to individual Gentoo Penguins at King George Island, but Gentoo
Penguins (Table 1). These findings are similar to those of Juares et al. (2016) at Stranger Point,
King George Island, which found Adélie Penguins had a greater variation in body feather §3C

values relative to Gentoo Penguins. In combination, these results agree with tracking studies
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which indicate that Adélie and Chinstrap Penguins disperse broadly during the post-breeding
period (Hinke et al. 2015) while Gentoo Penguins remain close to their breeding colonies and

forage in open-water, near-shore habitats (Wilson et al. 1998a).

Seasonal and individual variation at King George Island

Our results indicated that the Adélie Penguin 3°N values do not differ between seasons
at the population level with no evidence of individual-level consistency in this dietary proxy.
Past studies examining stomach contents during the chick-rearing period have found Adélie
Penguin diets are dominated by Antarctic Krill in the South Shetland Islands (Volkman et al.
1980; Karnovsky 1997). However, the CV and SEA values observed in our study suggest that
Adélie Penguins in this region may have a relatively more diverse trophic level of diet during the
incubation and post-breeding periods; similar to what has been suggested for the pre-breeding
season (Polito et al. 2011b).

Adélie penguin 5*3C results indicate that foraging habitats shifts between seasons at the
population level with no evidence of individual level consistency. The lower §**C values and
higher CV found in the post-breeding season relative to the breeding season suggest that Adélie
Penguins disperse widely and forage in more pelagic/offshore habitats during this time. This
agrees with a recent study of at Ardley Island, where §*3C values indicated Adélie Penguins
foraged further off shore during the post-breeding season compared to the incubation stage
(Negrete et al. 2016). Furthermore, Tierney et al. (2008) found the incubation and guard §*3C
values Adélie Penguins from MacRoberston Island, East Antarctica, were higher than during
arrival to breeding locations but lower than those from creche. The above isotopic studies

confirm tracking studies and indicate that foraging ranges are restricted during incubation and
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chick rearing relative to outside of the breeding season (Trivelpiece et al. 1987; Hinke et al.
2015)

Chinstrap Penguin 5!°N values indicated a small but significant seasonal shift in
population level diets with no evidence of individual level consistency (Table 1; Fig. 3). The
observed difference in §1°N values of 0.3%o likely reflects a 5-10% shift between krill and fish
prey between seasons based on previous isotopic mixing-model analyses of Chinstrap Penguin
diets in the South Shetland Islands (Polito et al. 2011c). Combined with a relatively narrow CV
for both seasons, this suggests that Chinstrap Penguins have a narrow diet that is relatively
consistent between seasons. This interpretation is consistent with many studies that have found
Chinstrap Penguin in the South Shetland Islands have a narrow diet composed primarily of
Antarctic krill during the breeding season (Volkman et al. 1980; Trivelpiece et al. 1987; Miller et
al. 2008; Miller et al. 2010; Polito et al. 2015). $:3C results suggest Chinstrap Penguin population
level isotopic foraging habitat use does not change between seasons, which agrees similar
findings by Negrete et al. (2016), but individuals are not seasonally consistent relative to each
other. Combined with a large range in post-breeding season 5'3C values and a relatively large
CV and SEAy values, Chinstrap Penguins appear to have considerable seasonal variability in
individual foraging habitat, which is supported by a previous study of both tracking and 5'3C
data that found Chinstrap Penguins at King George Island exhibit individual variation in
movement patterns and the population generally occupies a broad geographic range of foraging
habitats (Hinke et al. 2015). Although statistical tests suggest that this Chinstrap Penguin
population does not shift its foraging habitat seasonally, 5!°C values appear to reflect the same
pattern seen in Adélie Penguins. Breeding season 53C values and SEA values are substantially

narrower and less variable than post-breeding §*3C and SEA;, values, suggesting a similar
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foraging restriction due to incubation/chick-rearing responsibilities during the breeding season.

Gentoo Penguins 8*°N results suggest that population level diets differed between the
post-breeding and breeding seasons. These results differ from those of Juares et al. (2016), which
found no differences in the 3°N values of Gentoo Penguins between these two time periods at
Stranger Point, King George Island, South Shetland Islands. The §*3C values and SEA;, of
Gentoo Penguin in our study indicate that foraging habitats usage did not differ between these
two seasons. This agrees with similar findings by Negrete et al. (2016) as Gentoo Penguins often
remain close to their breeding colonies outside of the breeding season (Wilson et al. 1998a).
While Juéres et al. (2016) and Negrete et al. (2016) did not examine individual consistency; our
results also indicate that individual Gentoo Penguin were consistent, relative to each other in
their diets (§'°N) and foraging habitats usage (6*3C) between seasons. In addition, similar to
Adélie and Chinstrap Penguins, §!3C values in Gentoo Penguins reveals a slight truncation
during the breeding season, suggesting foraging range restriction due to incubation

responsibilities.

Comparisons among Gentoo Penguin populations

We found evidence of seasonally consistent foraging niche differences among individual
Gentoo Penguins at King George Island in 2010. However comparisons among the three other
Gentoo Penguin populations in the Western Antarctic Peninsula and the South Shetland Islands
in 2014 indicated that the degree of among individual variation and extent of individual
consistency can vary among populations. For example, we found a greater degree of individual
variation in 8*°N values at Elephant Island relative to Gentoo Penguins at Wiencke and Rongé

Island during both the post-breeding and breeding periods (Fig. 4). Specifically *°N value CVs
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at Elephant Island were more than twice as high as the Wiencke and Rongé populations,
indicating a wider dietary diversity and variation among individuals. Furthermore, Elephant
Island also had a larger isotopic niche area (SEAs) than Wiencke Island during the post-breeding
season and both Wiencke and Rongé Island during the breeding season. A comparison of §!3C
values CV suggest that all populations demonstrate a similar level of variation in foraging habitat
use during the post-breeding season, while Gentoo Penguins at Wiencke Island exhibit a higher
degree of foraging habitat use variation during the breeding season relative to Gentoo Penguins
at Rongé and Elephant Island (Table 1; Fig. 4).

Furthermore, 5'°N values suggest that the population level diets differed between the
post-breeding and breeding periods for each of the three breeding location examined. However,
only at Elephant Island did among-individual differences in §*°N values remain consistent
between seasons (Fig. 4). A similar trend was not observed in foraging habitat usage as defined
by 813C values. All three populations demonstrated seasonal shifts in population level foraging
habitat use, but among-individual differences in §**C values did not remain consistent between
seasons. Similar to King George Island, §*C values were higher during the breeding season at all
sites suggesting individuals may be constrained to more near shore locations due to incubation
duties.

The observed differences in the population level foraging niche width and the extent of
individual consistency may be due to regional differences in productivity, foraging habitats and
prey availability. For example, studies on Galapagos sea lions (Zalophus wollebaeki) found a
high degree of variation in foraging strategies and the level of individual specialization between
populations throughout the Galapagos Archipelago whose habitats vary in prey availability and

physical oceanographic characteristics (Dellinger and Trillmich 1999; Salazar 2005; Villegas-
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Amtmann et al. 2008). In addition, studies of Gentoo penguins in the sub-Antarctic Kerguelen
Islands found differences in oceanographic condition between open and closed-sea foraging
habitats that influenced the degree of diet variation between breeding populations (Lescroél et al.
2004, Lescroél and Bost 2005). As such, it is possible that prey abundance and availability may
differ between the foraging habitat with differing oceanographic condition in the Western
Antarctic Peninsula and South Shetland Islands. The Western Antarctic Peninsula is known for a
relatively year round abundance of Antarctic krill (Lascara et al. 1999). Gentoo Penguin
populations at Wiencke and Rongé Island are most likely foraging primarily on krill, which
would explain their relatively narrow variation in §*°N values. The South Shetland Islands are in
close proximity to an ocean convergence zone, resulting in the Southern Antarctic Convergence
Front (SACCF) and Southern Boundary of the ACC (SB) (Fig. 1). These fronts are associated
with high densities of Antarctic krill, but with high variability between seasons (Dietrich et al.
2014). Differences in benthic habitat availability between breeding sites and regions are also
likely to further mediate prey availability (Lescroél et al. 2004, Miller et al. 2010). Variability in
the abundance and availability of krill may select for greater diversity in diet among individual
penguins in order to reduce competition, which could explain the high variability in §°N values
for Gentoo Penguins at Elephant Island as well as King George Island. This also suggests that
studies examining multiple Adélie and Chinstrap Penguins populations in the Western Antarctic
Peninsula and South Shetland Islands are merited to determine if similar trends in within-species

variation in foraging strategies exist.

Stable isotope analysis in Pygoscelis penguins

Past foraging ecology studies of Pygoscelis penguins using SIA have also included
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mixing models, which incorporate §°N and &3C values of prey items to estimate the
contribution of prey sources to a predator’s diet (e.g. Polito et al. 2011b; Juares et al. 2016). In
addition another common approach is to use stable isotope data to calculate standardized trophic
level and prey 8*3C values (Hobson and Bond 2012). While potentially informative, these
approaches require the comprehensive and concurrent sampling of prey items to allow for robust
estimates of consumer diets and/or trophic level while accounting for variation in isotopic
baselines. While we were not able to collect concurrent prey samples in this study, past research
indicates consistent isotopic differences between the krill and fish prey consumed by penguins
(Polito et al. 2011c), and limited spatial and temporal differences in the stable isotope values of
Antarctic krill in our study regions (Polito et al. 2013). While not conclusive, this indicates that
the isotopic variability observed across and within penguin populations in our study are less
likely to result from spatial and temporal differences in the stable isotope values of prey species.
Another potential uncertainty when using mixing models or calculating trophic level
using SIA are isotopic discrimination factors. While tissue and taxa-specific isotopic
discrimination factors are available for Gentoo Penguin feathers (Polito et al. 2011a), there are
no published discrimination factors for Pygoscelis penguin blood. Past studies of Pygoscelis
penguins have used whole blood discrimination factors derived from captive studies of other
piscivorous birds (Brasso and Polito 2013; Juéres et al 2016; Negrete et al. 2016) and it is
possible that there result would differ if taxa-specific discrimination factors were available.
Given the above issues, we therefore chose to use the conservative approach outlined by Cherel
et al. (2014) of standardizing feather and blood §*°N and §*3C values to allow for direct
comparisons between the post-breeding and breeding periods. In addition, our correlation results

would not differ by using standardized vs. un-standardized stable isotope values and as such the
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patterns between and within species observed in our study is not an artifact of the standardization
methods. Nonetheless, we suggest that future research should aim to include concurrent prey
sampling as well as controlled dietary studies of the target species and tissues in order to obtain

more robust estimates of penguin diets using SIA.

Conclusions

This study is the first to use stable isotope analysis of blood and feather of all three
Pygoscelis penguins to compare temporal foraging consistency within individuals and between
populations. Our results indicate species-specific differences at King George Island: Gentoo
Penguins exhibit a generalist foraging strategy with individual level consistency, Adélie
Penguins exhibit an intermediate generalist foraging strategy with little individual consistency,
and Chinstrap Penguins exhibit a specialized diet with little variation among individuals.
However, unlike trophic variation, we found similarities in foraging habitat across all three
species, with greater variation in foraging habitat at the population level during the post-breeding
season compared to the breeding season. Finally, we found variation in trophic level of diet
(5'°N) between Gentoo Penguin populations, with the two populations in the Western Antarctic
Peninsula exhibiting a narrow range of trophic level with little individual variation, relative to
the population on Elephant Island, South Shetland Islands, which had a large range in trophic
level, and evidence of individual foraging consistency. Though generalist populations
comprising individual specialists have been documented in other top marine predators (Woo et
al. 2008; Newsome et al. 2009; Huckstadt et al. 2012; Kernaléguen et al. 2016) true evidence of
individual specialization has only recently been observed in penguins (Dehnhard et al. 2016).

Future research on individual foraging specialization in Pygoscelis penguins should focus on
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Gentoo Penguins across their larger breeding distribution to identify the environmental
mechanisms that may act to mediate the degree of individual variation within these generalist
populations. Identifying and understanding these mechanisms that drive variation in foraging
strategy in Pygoscelis penguins may aid in our understanding of how these species will respond

to recent climate driven changes in the Antarctic ecosystem.
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738 Table 1. Mean and standard deviation, range (in parentheses), and coefficient of variation (CV%) of non-breeding season (feather)

739  and breeding season (blood) §*°N and §*3C values for all three species at King George Island and three Gentoo populations at

740  Wiencke, Rongé and Elephant Island. Absolute values were used to calculate CV.
741
Non-breeding (feather) Breeding (blood)
mean + SD CV  mean+SD CcVv
SN Adélie 22 9.1+04(8t010.1) 46 85x0.3(7.8t09.1) 4.0
Chinstrap 20 9.0+0.2(8.6t09.3) 24  8.7+0.2(8.3t09.0) 2.0
Gentoo 21 9.4+0.6(8.6t011.3) 6.2 85%0.6(8.0t010.6) 7.4
s13C Adélie 22 -241+11(-27.41t0-22.4) 46  -245%0.3(-25.1t0-24.1) 1.2
Chinstrap 20 -23.3%+1.0(-24.5t0-21.5) 43 -249+%0.2(-25.4t0-24.7) 0.8
Gentoo 21 -235%0.7(-24.510-21.8) 29 -247+0.4(-25.1t0-23.1) 1.8
SN Wiencke 19 99+0.3(9.41010.6) 29 9.0+0.2(8.7t09.4) 2.2
Rongé 19 10.1+0.3(9.5t010.7) 34 9.1+0.2(8.6t09.5) 2.6
Elephant 15 10.0%+0.7(8.1t010.9) 75 10.6+0.7(8.4t011.2) 6.6
s13C Wiencke 19 -243+0.7 (-25.310-22.7) 29 -243+0.3(-24.910-23.8) 1.3
Rongé 19 -24.0+0.9(-25.0t0 -22.4) 3.7 -24.8+0.2(-25.1t0-24.6) 0.6
Elephant 15 -243+0.6(-24.910-23.1) 24  -25.0+0.2(-25.51t0-24.8) 0.8
742
743
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Figure Legends

Fig. 1 Map of study sites: Wiencke Island, Rongé Island, King George Island, and Elephant
Island. Dashed lines indicate major currents and fronts: Southern Antarctic Circumpolar Current

Front (SACCF) and Southern Boundary (SB) from Orsi and Harris (2015).

Fig. 2 Standard ellipse area Bayesian estimations (SEAs) for Adélie, Chinstrap, and Gentoo
Penguins at King George Island, South Shetland Islands, Antarctica, 2009/2010, and for Gentoo
Penguins at three breeding sites in the South Shetland Island and Western Antarctic Peninsula,
2013/2014. Blue indicates feather (post-breeding) values and red indicates blood (breeding)
values. Black dots represent their mode and boxes represent 50%, 75% and 95% credible

intervals.

Fig. 3 Standardized §*°N and §*3C values for Adélie, Chinstrap, and Gentoo Penguins at King
George Island, South Shetland Islands, Antarctica, 2010. Lines connect post-breeding season
(feather) values and breeding season (blood) for each sampled individual. Blood §'°N and §**C

values were standardized following Cherel et al. (2014).

Fig. 4 Standardized 5'°N and §*3C values for Gentoo Penguins at three breeding sites in the
South Shetland Island and Western Antarctic Peninsula, 2014. Lines connect post-breeding
season (feather) values and breeding season (blood) for each sampled individual. Blood 5'°N and

313C values were standardized following Cherel et al. (2014).
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