
13

Ornithol Sci 14: 13 – 20 (2015)

SPECIAL FEATURE The ornithological application of stable isotope analysis

Isotopic values of Antarctic Krill in relation to foraging 
habitat of penguins

Nobuo KOKUBUN1,2,#, Eun-Jung CHOY3, Jeong-Hoon KIM3 and Akinori TAKAHASHI1,2

1 National Institute of Polar Research, 10–3 Midori-cho, Tachikawa, Tokyo 190–8518, Japan
2 Department of Polar Science, The Graduate University for Advanced Studies (SOKENDAI), 10–3 Midori-cho, 

Tachikawa, Tokyo 190–8518, Japan
3 Korea Polar Research Institute, Songdo Mirae-ro 26, Yeongsu-gu, Incheon 406–840, Korea

Abstract Antarctic Krill Euphausia superba is a key component of the Antarctic 
coastal marine ecosystem. Investigations into stable isotopic values of krill in pre-
dation hotspots are important in facilitating our understanding of the feeding envi-
ronments of krill in a local coastal ecosystem. In this study we investigated stable 
isotopic values and maturity and size composition of krill at a small spatial scale, 
by logging GPS tracks of five Chinstrap Pygoscelis antarcticus and seven Gentoo P. 
papua penguins, and analyzing their stomach contents. The study was conducted at a 
penguin colony on Barton Peninsula, King George Island, Antarctica. The main food 
item of both species was Antarctic Krill (>98% wet mass). One Chinstrap and four 
Gentoo penguin foraging trips were classified as “on-shelf” trips, and four Chinstrap 
and three Gentoo Penguin foraging trips were classified as “off-shelf” trips. Krill 
collected from off-shelf trips had higher δ15N (4.22±0.28‰) values than those from 
on-shelf trips (3.78±0.29‰). The δ13C of the krill samples did not differ between 
the two penguin species or between trip types. The proportion of juvenile krill taken 
was higher for Chinstrap (13.04±4.97%) than Gentoo penguins (3.33±2.43%). Our 
results suggest that the main food source of the krill in our sample originated as non 
benthic planktonic/suspended organic matter, and that krill in off-shelf habitat may 
occasionally consume higher trophic level prey compared to those in on-shelf habi-
tats.
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The Antarctic Krill Euphausia superba (hereafter 
referred to as krill) is a key component of the Southern 
Ocean ecosystem because of it’s high biomass and 
importance as prey for penguins, flying birds, marine 
mammals, fishes and benthic invertebrates (Atkinson 
et al. 2009). Krill occur in a wide range of marine 
habitats, from the epi-pelagic (the upper 200 m of 
the water column) to the abysso-pelagic (down to 
3,500 m) zones, and from open water to beneath sea 
ice, and on the sea floor (Brierley et al. 2002; Siegel 
2005; Schmidt et al. 2011). However, krill consump-
tion by predators is concentrated in certain ‘hotspots’ 
such as along the continental shelf, along ice edges 
and ocean fronts, which occur at a scale of tens of 
kilometers (Atkinson et al. 2008). It is important to 

know the trophic condition of krill in hotspots such 
as these, as this condition is important in developing 
a fuller understanding of the relationship between 
krill and their feeding environment in the Antarctic 
coastal marine ecosystem.

In situ sampling of krill at hotspots has been diffi-
cult because of space and time constraints. Ship-based 
surveys have been a major approach to investigating 
krill distribution and/or composition; these have usu-
ally operated on large spatial scales or over limited 
timeframes (e.g., Lascara et al. 1999: >100s km, but 
see Cox et al. 2011: inflatable boat-based study with 
~100s m scale along the Antarctic coast). Dietary 
analysis of krill predators provides a complemen-
tary approach (Croxall & Pilcher 1984; CCAMLR 
2004), but diet samples themselves do not provide 
information on the locations where predators feed on 
krill at sea. Recently developed animal-borne GPS-
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depth loggers and camera/video loggers allow us to 
examine the foraging habitat of krill predators at a 
fine scale (<1 km: Kokubun et al. 2010; <1 min: 
Takahashi et al. 2008). With these techniques, we 
can use medium-sized penguins as “krill samplers” in 
the Antarctic coastal environment, including shallow 
waters (<50 m) where net sampling and/or acoustic 
surveys are usually difficult.

Meanwhile, carbon and nitrogen stable isotopic 
ratio (δ13C and δ15N) analyses have become a major 
approach for determining the source of food, such as 
the pelagic/benthic systems and trophic structure of 
marine organisms in the marine food web (Wada et 
al. 1987). The stable isotopic signatures of Antarc-
tic Krill have been used as an indicator of seasonal/
basin-scale variation in their food habits (Frazer 1996; 
Polito et al. 2013). Although some previous studies 
(Siegel 2005; Ichii et al. 2007) have demonstrated a 
relationship between local oceanographic environ-
ments and krill maturity and size composition, few 
studies have been made of the stable isotopic values 
of krill at a sufficiently small scale (<10s km) to cor-
respond with predation hotspots. Small-scale studies 
of stable isotopic values of krill thus provide oppor-
tunities for new insights into the feeding environ-
ments of krill in the Antarctic coastal marine ecosys-
tem. Specifically, we expected that krill foraging in 
on-shelf habitats would have higher δ13C compared 
to those in off-shelf habitats, because on-shelf habitat 
is spatially close to the sea bottom, and benthic food 

sources (e.g., benthic diatoms) have higher δ13C val-
ues compared to pelagic food sources (e.g. planktonic 
diatoms) (France 1995).

In this study, we aimed to investigate various char-
acteristics of krill, including stable isotope ratios, the 
composition of maturity stages, and total length in 
relation to individual variation in penguin foraging 
habitat. We used GPS-depth loggers to track sym-
patric Chinstrap Pygoscelis antarcticus and Gentoo 
P. papua penguins as krill samplers. We investigated 
species-specific (penguin species) and habitat-spe-
cific (on-shelf and off-shelf trips) differences in the 
characteristics of the krill taken from the foraging 
habitat of the penguins.

MATERIALS AND METHODS

1) Study site
The field study was conducted on the Barton Pen-

insula, King George Island, Antarctica (62°14′16″S, 
58°46′30″W), where 2,278 pairs of Chinstrap and 
1,759 pairs of Gentoo penguins breed sympatri-
cally (Antarctic Specially Protected Area no. 171: 
Narębski Point). The vicinity of the study colony 
is characterized by shallow waters less than 200 m 
deep, including glacial coves, neritic areas along the 
coast, and deep waters more than 200 m deep, includ-
ing the central part of Maxwell Bay and the open 
water part of the northern Bransfield Strait (Fig. 1). 
We defined locations with a bottom depth of less than 

Fig. 1. Location of dives >5 m for on-shelf and off-shelf trips of chinstrap and gentoo penguins. 
The definitions of on-shelf and off-shelf trips are provided in MATERIALS AND METHODS.
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200 m as “on-shelf ”, and locations with a bottom 
depth of more than 200 m as “off-shelf ” accord-
ing to the bathymetry, as previously defined by Ichii 
et al. (2007). Penguins occasionally make benthic 
dives in the on-shelf region (Takahashi et al. 2008; 
Kokubun et al. 2010). The study was conducted from 
22 December 2009 to 23 January 2010, which cov-
ered the chick-guarding period of both penguin spe-
cies. Sea ice was not observed in the study area dur-
ing the study period.

2) Foraging habitat of penguins
GPS-depth loggers (GPL380-DT, housed in a rect-

angular container measuring 58 mm long×28 mm 
wide×20 mm tall with a cylindrical battery section 
measuring 20 mm in diameter, 47 mm long, and with 
a mass of 92 g; Little Leonardo Inc., Tokyo, Japan) 
were deployed on six Chinstrap and seven Gentoo 
penguins to investigate the duration of foraging trips 
away from the colony, the maximum distance from 
the colony during the trips, as well as diving depth 
and location. The loggers were set to record loca-
tion and diving depth once every second. We did not 
monitor the behavior of penguins with and without 
GPS-depth loggers, but Kokubun et al. (2010) found 
no significant effects of GPS-depth loggers (92 g) on 
either diving behavior or trip duration when com-
pared with smaller (17 g) loggers. Stomach contents 
were collected (see “Krill Sampling and Analyses”) 
from the same individuals just after they had com-
pleted a foraging trip. Diving depth, and the location 
of each dive deeper than 5 m, was investigated using 
the GPS-depth data (Kokubun et al. 2010). The last 
location recorded prior to a dive was regarded as the 
location of the dive. The average time between the 
last occasion when the GPS location was fixed and 
when the dive began was 8.97±5.90 s (ranging from 
0 to 259 s). Given that Pygoscelis penguins swim at 
a mean speed of 2.1 ms−1 (Culik & Wilson 1994), the 
accuracy of the location of dives was within 20 m on 
average. If the data logger failed to record the loca-
tion of a dive, the location was interpolated linearly 
using the nearest neighbor locations associated with 
the time when the dive occurred. Water depth where 
dives occurred was investigated with ArcView® using 
digitized bathymetric data. Dives were defined as 
“on-shelf dives” if the dive occurred in on-shelf area; 
otherwise they were defined as “off-shelf dives”. Fur-
thermore, dives were defined as “benthic dives” if the 
maximum dive depth exceeded the deepest 20% of 
the water column (Kokubun et al. 2010). Trips were 

defined as “on-shelf trips” if the proportion of on-
shelf dives exceeded half of all dives made during the 
trip; otherwise trips were defined as “off-shelf trips”, 
in consideration of the clear bimodal distribution in 
the proportion of on-shelf dives (Fig. 2).

3) Krill sampling and analyses
Stomach contents were collected using the standard 

stomach-flushing method (CCAMLR 2004) from the 
same individual penguins that were tracked by the 
GPS-depth loggers. We flushed the stomach contents 
using a funnel, a silicone gum tube and warm water 
(twice per individual). Stomach content samples were 
weighed to the nearest 1 g with an electronic bal-
ance, visually sorted and identified to the lowest pos-
sible taxonomic level. Twenty to 200 krill specimens 

Fig. 2. Carbon (a: δ13C) and nitrogen (b: δ15N) stable iso-
topic ratio values of Antarctic Krill taken during on-shelf 
and off-shelf trips by Chinstrap and Gentoo penguins. The 
symbols listed below correspond to stable isotopic results for 
each penguin species. The vertical dotted line shows the 50% 
threshold in the proportion of on-shelf dives that separates on-
shelf and off-shelf trips (see MATERIALS AND METHODS).
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retaining their original form were sub-sampled and 
inspected under a microscope to determine their sex 
and stage of maturity (Makarov & Denys 1981). Krill 
carapace lengths were measured after removal, and 
the total length of each krill was estimated using sex- 
and maturity stage-specific equations for the relation-
ship between carapace length and body length (Hill 
1990). Fish species were identified following Gon 
and Heemstra (1990).

Krill were randomly sub-sampled and freeze dried 
for about 48 hours in preparation for stable isotope 
analysis (δ13C and δ15N). Lipids were not extracted 
from the krill samples. The samples were analyzed 
using a system that coupled an elemental analyzer 
(EuroVector 3000 Series) with a continuous-flow iso-
tope ratio mass spectrometer (CF-IRMS; Isoprime, 
GV Instruments, U.K.). Stable isotope abundance is 
expressed in delta (δ) notation as the deviation from 
the conventional standard Pee Dee Belemnite (PDB) 
for carbon and air N2 for nitrogen in parts per thou-
sand (‰), according to the equation: δX=([Rsample/
Rstandard] −1)×103, where X is 13C or 15N and R is the 
13C/12C or 15N/14N ratio, respectively (Fry & Sherr 
1984). Sucrose (ANU C12H22O11; NIST, Gaithersburg, 
MD) and ammonium sulfate ([NH4]2SO4; NIST) 
were used for the internal 13C and 15N calibration, 
respectively, and were analyzed twice after every 
six samples. The analytical reproducibility, based on 
the standard deviations of at least three analyses for 
each sample, was approximately ±0.1‰ for δ13C and 
±0.3‰ for δ15N.

The δ13C, the δ15N, the proportion of adult females 
and juveniles, and the total lengths of Antarctic Krill, 
were compared between the two penguin species and 
between trip types.

4) Statistics
The data were analyzed using a generalized linear 

model (GLM) or a generalized linear mixed model 
(GLMM) to investigate the effects of penguin spe-
cies and/or trip types. GLMs were used for analyzing 
data that were sampled only once for each individual, 
such as trip duration, maximum trip distance from the 
colony, stable isotope, the proportion of on-shelf and 
off-shelf dives or benthic dives, and the proportion of 
adult female and juvenile krill. A binomial error dis-
tribution was used to analyze the proportion data, and 
a Gaussian error distribution was used after exam-
ining the normality (Shapiro-Wilk normality test, 
P>0.05) for the GLM analyses. GLMMs were used 
for analyzing data sampled repeatedly from the same 

individual, such as diving depth and total length of 
krill. A Gamma error distribution was used in the 
models given the skewed nature of the dependent 
variables, and bird identity was set as a random effect 
in the models. We used the “lme4” package in the R® 
2.7.0 software (R Development Core Team 2008). 
Data are presented as mean values±S.D.

RESULTS

1) Foraging habitat of penguins
Six Chinstrap and seven Gentoo penguins fitted 

with GPS-depth loggers were recaptured as they 
arrived back at their colony from foraging trips (in 
each case within one day of release), the loggers 
were retrieved, and stomach contents were collected. 
The stable isotope analysis of the stomach contents 
of one Chinstrap Penguin failed. As a consequence, 
five trips made by Chinstrap and seven trips made by 
Gentoo penguins (combination of GPS tracks, div-
ing depth and stomach contents with stable isotope 
analyses) were available for the subsequent analyses. 
The percentage of actual GPS locations of dives to 
deeper than 5 m located during the trips averaged 
50.41±17.54% for Chinstrap and 43.97±26.65 % for 
Gentoo penguins. Other locations of dives to deeper 
than 5 m were linearly interpolated from nearest 
neighbor locations (see Materials and Methods). The 
average times and distances to the nearest neighbor 
GPS locations from the interpolated locations were: 
39.70±27.62 min (ranging from 0.02 to 212.93 min) 
and 1.97±1.75 km (ranging from 0.00 to 14.29 km).

Neither foraging trip duration nor maximum trip 
distance from the colony differed between the two 
penguin species (Table 1, trip duration: GLM with 
Wald test, t=−0.8, P=0.448; maximum trip distance: 
GLM with Wald test, t=−1.3, P=0.212). Diving 
depth did not differ between the penguin species 
(Table 1: GLMM with LRT, χ2=0.1, P=0.725; see 
also Fig. 1). Gentoo Penguins made proportionally 
more on-shelf dives than did Chinstrap Penguins 
(Table 1: GLM with Wald test, z=8.8, P<0.001), 
they also made a higher proportion of benthic dives 
than Chinstrap Penguins (Table 1: GLM with Wald 
test, z=8.0, P<0.001).

One Chinstrap and four Gentoo penguin trips were 
categorized as “on-shelf ”, and four Chinstrap and 
three Gentoo penguin trips were categorized as “off-
shelf ” (Figs. 1 and 2). Diving depth was unrelated 
to trip type (Table 1: GLMM with LRT, χ2=1.2, 
P=0.269).
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The main prey of both penguin species was Ant-
arctic Krill (wet mass, 99.80±0.21% for Chinstrap 
and 99.44±1.08% for Gentoo). A total of four par-
tially digested Antarctic Silverfish Pleurogramma 
antarcticum were found in the stomach contents of 
two Chinstrap and two Gentoo penguins (one fish 
per individual). Because of the high proportion of 
Antarctic Krill in the penguin diet, we focused only 
on this species in further dietary analyses.

2) Characteristics of antarctic krill
The δ13C of the krill samples did not differ between 

penguin species or trip types (Table 2; Fig. 2a). The 

δ15N of krill did not differ between penguin species, 
but krill collected from off-shelf trips had higher 
δ15N values than those from on-shelf trips (Table 2; 
Fig. 2b).

There was no significant difference in the propor-
tion of adult female krill taken, between penguin spe-
cies or trip types (Table 2). Chinstrap Penguins took 
a higher proportion of juvenile krill than did Gentoo 
Penguins (Table 2). The size of krill taken did not 
differ between the penguin species or the trip types 
(Table 2).

Table 1. Comparison of trip and dive parameters between chinstrap and gentoo penguins, and  
on-shelf and off-shelf trips (means±S.D.).

Chinstrap Gentoo On-shelf trips Off-shelf trips

N 5 trips 7 trips 5 trips 7 trips
Trip and dive parameters
Trip duration (h) 12.19± 4.90 10.58± 2.04  8.89± 0.51 12.94±3.64
Trip distance (km) 23.68± 8.60 17.36± 7.76 12.42± 2.02 25.40±6.65
Proportion of on-shelf dives (%) 27.42±40.09 47.62±34.98 79.70±11.79 10.28±7.60
Proportion of benthic dives (%)  1.87± 3.70 15.36±18.16 22.62±16.87  0.54±0.86
Diving depth (m) 39.09± 7.34 37.31±10.85 32.22±10.01 40.37±8.24

Only dives >5 m were used for the analyses.

Table 2. Comparison of krill characters between chinstrap and gentoo penguins, and on-shelf and off-shelf trips (means±S.D.).

Chinstrap Gentoo On-shelf trips Off-shelf trips

N 5 trips 7 trips 5 trips 7 trips
Krill characters
δ13C of the krill sample −26.82± 0.89 −27.19± 0.75 −27.37±0.53 −26.80± 0.90
δ15N of the krill sample 4.03± 0.24 4.05± 0.43 3.78±0.29 4.22± 0.28
Proportion of female adult krill (%) 29.22±10.19 41.78±10.13 42.36±9.03 32.40±12.08
Proportion of juvenile krill (%) 13.04± 4.97 3.33± 2.43 5.03±5.49 9.05± 6.34
Body length of krill (mm) 45.47± 1.56 46.66± 0.61 46.58±0.69 45.87± 1.45

Statistical analyses Between penguin species Between trip types
Statistic P value Statistic P value Model used

δ13C of the krill sample t=−0.788 0.449 t=−1.269 0.233 GLM (g) & W
δ15N of the krill sample t=0.115 0.910 t=−2.662 0.024* GLM (g) & W
Proportion of female adult krill (%) z=1.766 0.077 z=1.675 0.094 GLM (B) & W
Proportion of juvenile krill (%) z=−3.770 <0.001* z=−0.065 0.948 GLM (B) & W
Body length of krill (mm) χ2=0.056 0.812 χ2=0.005 0.943 GLMM (G) & LRT

Statistical terms are abbreviated: GLM generalized linear model, GLMM generalized linear mixed model, W Wald test, LRT 
likelihood ratio test.
In GLMs and GLMMs, “g”, “G” and “B” mean that the Gaussian, gamma and binomial distribution were used (see MATERI-
ALS AND METHODS).
Asterisks mean that significant differences were observed.
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DISCUSSION

This study investigated the characteristics of Ant-
arctic Krill at a small spatial scale (tens of kilome-
ters) by combining GPS tracking data and stomach 
contents analyses of krill-feeding penguins. In regard 
to the stable isotope values, on the one hand the δ13C 
of the krill did not differ between trip types (Table 
2), contrary to the expectation that krill from on-
shelf trips would have higher δ13C compared with 
off-shelf trips. On the other hand, krill from off-shelf 
trips had higher δ15N values than those from on-shelf 
trips (Table 2). Despite the small sample size (five 
Chinstrap and seven Gentoo, or five on-shelf and 
seven off-shelf trips), our results may be helpful for 
inferring feeding environments of krill in predation 
hotspots.

First, the δ13C result may suggest that krill col-
lected from on-shelf foraging trips did not necessarily 
feed on benthic food sources. δ13C is an index imply-
ing that marine food sources originate from benthic 
or pelagic environments (France 1995). Wada et al. 
(1987) and Corbisier et al. (2004) showed that δ13C 
of Antarctic Krill (without lipid extraction) have sim-
ilar or even lower values (~1 to 2 ‰) than their food 
sources. Krill in this study (−27.32±0.53‰ for on-
shelf and −26.80±0.90‰ for off-shelf) had similar 
δ13C values to small pelagic phytoplankton or partic-
ulate organic matter (POM), and considerably lower 
than micro-phytobenthos (δ13C values available from 
previous studies were −25.6±1.9‰ for small phyto-
plankton <62 μm; −16.7±2.1‰ for micro-phytoben-
thos, −28.7‰ for large phytoplankton or zooplankton 
>150 μm, and −26.6±1.3‰ for POM, in the same 
region during the austral summer season; Corbisier et 
al. 2004; Eun-Jung Choy personal communication). 
These results suggest that the main food source of 
krill in this study probably originated as planktonic/
suspended organic matter (e.g. nano- to pico-sized 
phytoplankton, not benthic phytoplankton) for both 
on-shelf and off-shelf habitats, although benthic dia-
toms are occasionally found in the water column as 
a result of re-suspension following tidal and/or storm 
mixing (Kang et al. 2002). Krill occasionally feed on 
benthic diatoms (Ligowski 2000) in the same region.

Second, the difference in δ15N values between trip 
types may suggest a slightly different food compo-
sition of krill between on-shelf and off-shelf habi-
tats. The δ15N is expected to increase by 3.3‰ if 
one trophic level increases in the Antarctic marine 
environment (Wada et al. 1987). Therefore, the small 

difference in the krill δ15N between the penguin trip 
types (0.44‰ higher on average for the on-shelf trips 
compared with the off-shelf trips) suggests that the 
trophic level of the krill food source did not differ 
distinctly between on-shelf and off-shelf habitats in 
this study. Nevertheless, there is a possibility that the 
dietary composition of krill differed between on-shelf 
and off-shelf habitats, as adult krill consume not only 
phytoplankton, but also higher trophic prey such as 
copepods (Schmidt et al. 2011; Polito et al. 2013). 
Copepods are transported from the Bransfield Strait 
and are commonly found off King George Is. near 
the study site (Walkusz et al. 2004). It is possible that 
the krill in the off-shelf habitat occasionally fed on 
closely distributed copepods, resulting in the slightly 
higher δ15N value compared to that in the on-shelf 
habitat. Other factors may also potentially affect the 
δ15N value, such as the origin of the organic matter 
(terrestrial or oceanic: Wada & Hattori 1991) and the 
degree of degradation of the organic matter (Wada 
& Hattori 1991; Koppelmann & Weikert 2003). We 
were unable to evaluate the effects of these factors 
because of our small sample sizes and/or lack of 
actual krill diet data. In addition, in a previous study 
Schmidt et al. (2003) reported low isotopic turnover 
rates (i.e. <1% per day) of Antarctic Krill, which may 
have resulted in the relatively small differences in the 
δ15N of krill between on-shelf and off-shelf habitats 
due to krill movement. An estimation of the preferred 
sample size for sufficient statistical power ([1-prob-
ability of type II error] >0.8) was 8 to 10 individuals 
for each species or each trip type, given the same dif-
ference in mean δ15N value between groups standard-
ized by standard deviation. Clearly, more data sets 
are required for elucidating the effects of on-shelf 
and off-shelf trips with greater confidence.

Inter-specific and/or inter-annual differences in 
the maturity and size composition of krill have been 
described in previous studies of the diets of Antarc-
tic penguins (Reid et al. 1996; Miller & Trivelpiece 
2007). In these cases, it was not clear whether or not 
the differences in krill characteristics were attributed 
to inter-specific differences in foraging habitat or spe-
cies-specific prey preferences. Information regarding 
individual foraging tracks and stable isotopic values 
of dietary samples, would help to clarify whether 
inter-specific or habitat-specific effects are related to 
differences in the characteristics of prey species. An 
inter-specific difference was observed in the propor-
tion of juvenile krill taken by two penguin species 
(Table 2), as suggested in a previous study (Miller 
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& Trivelpiece 2007). Krill samples in the stomach 
contents of birds from the same colony in an ear-
lier season (2006–2007) also showed that Chinstrap 
Penguins tended to predate juvenile krill more fre-
quently than did Gentoo Penguins (10.53±16.36% 
for Chinstrap and 2.34±3.56% for Gentoo; Nobuo 
Kokubun unpublished). Such species-specific prefer-
ences should be considered carefully when interpret-
ing krill data derived from different penguin species.

In conclusion, isotopic values of Antarctic Krill 
were investigated using GPS tracking and stomach 
content analysis of Chinstrap and Gentoo penguins. 
Based on δ13C values, the main food of Antarctic 
Krill was presumed to be derived from planktonic/
suspended organic matter (not benthic prey). Also, 
based on δ15N values, Antarctic Krill taken from off-
shelf habitats was presumed to consume higher tro-
phic level prey, compared with those from on-shelf 
habitats.
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