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Abstract Positioned near the top of the food web, the
dietary composition of Antarctic penguins and seals can be
an excellent indicator of the regional food web and thus the
status of the marine ecosystem. The dietary composition of
modern penguins and seals has been well investigated; a
long-term time series of data on penguin and seal diets,
however, are rare. Such data, especially any predating the
initiation of human harvesting of fish, whales and seals in
Antarctica, are crucial for understanding and predicting
responses of regional marine food webs to natural climate
changes. Here we review recent progress on research of
paleodietary change in Antarctic penguins and seals, specifically the Adélie penguin (Pygoscelis adeliae) and
Antarctic fur seal (Arctocephalus gazella). These studies
indicate that the dietary changes of penguins correspond
quite well with fluctuations in climate and sea ice extent
during the Holocene. The depleted d15N ratios found in
modern Adélie penguins support the ‘‘krill surplus
hypothesis’’ in relation to historic human depletion of krilleating fish, seals and whales.
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1 Introduction
Seabirds and marine mammals are very sensitive to changes in the environments in which they live and forage, and
their diets are excellent indicators of regional food webs
and thus the marine ecosystem [1]. For example, the diets
of marine animals permit us to infer the availability of their
prey species and the status of the marine environment that
are difficult and costly to determine by shipboard survey.
Therefore, the dietary study of marine animals is an
important field in marine ecology and the effects of environmental changes.
Penguins and seals are upper trophic level predators in
the Southern Ocean ecosystems and they are sensitive to
changes in the marine environment. The annual formation
and retreat of Antarctic sea ice is an important driver of
marine ecological dynamics [2]. Penguins and seals are
also very sensitive to sea ice conditions, and their diets are
often affected by Antarctic climate and sea ice extent [3].
In addition, recent human exploitation of meso-predators,
especially baleen whales, seals and fish in the Southern
Ocean has affected the regional marine food web [4, 5].
Therefore, dietary studies of penguins and seals are multidisciplinary and require information from climate change,
fluctuations in sea ice extent and history of human hunting
and fisheries to fully assess their biological responses.
Though the diets of modern penguins and seals have
been well studied, the time scale of these dietary data is
usually too short to be useful for investigating the impact of
climate change. Here, we review recent progress in dietary
research in Adélie penguins (Pygoscelis adeliae) and
Antarctic fur seals (Arctocephalus gazella) and focus on
the paleodietary changes of these species and their
responses to climate change and sea ice extent as well as
human activities.
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2 Methods and materials for dietary study
The primary conventional method for studying diets of top
marine animals is to identify prey taxa from stomach
contents [6], guano and excrement [7]. Dietary information
also can be obtained from seabird-formed ornithogenic
soils [8]. These traditional methods provide us with the
prey items that are not completely digested. Biogeochemical methods are based on the analyses of stable C and N
isotope ratios, fatty acids and DNA signatures on predator
tissues, and they have been successfully used to infer an
animal’s average dietary composition [9–13]. A major
advantage of these methods is that they are able to assess
animal diets at different time scales, from days for blood
plasma to weeks for feathers and hairs, and to months of
collagen from bones [14]. Additionally, the common biases
often associated with sampling stomach contents do not
exist for these indirect biogeochemical methods. While the
indirect approaches also have some limitations, such as that
the stable isotope method could not provide the specific
items in the diet.
Adequate study samples and materials are critical for
paleodietary reconstructions. At present, there are primarily two types of material for past dietary reconstruction of
penguins and seals in Antarctica. The first is the penguinformed ornithogenic soils and seal-formed excrement soils
in abandoned colonies, which contain organic remains such
as bones, feathers, eggshell fragments, hairs, otoliths and
squid beaks from the penguins/seals and their prey. This
material, however, usually provides a discontinuous profile. The second is sediments containing excrement and
prey remains deposited in lakes or ponds near penguin or
seal colonies, or molt and haul out sites, with continuous
accumulation of guano, excrement and organic remains on
ice-free beaches and marine terraces [15]. The chronology
of ornithogenic soils/sediments can be established by performing AMS14C dating on organic remains as old as about
50,000 years, and 210Pb and 137Cs dating on sediments no
more than 200 years old. Identification of prey taxa from
ornithogenic soils or stable isotope analyses on subfossil
tissues thus provides a continuous or near-continuous
record on the dietary composition of penguins and seals in
the past and their responses to climate change, the marine
environment and/or human activities.

3 Principles of stable isotope analysis for dietary
reconstruction
Stable C and N isotope ratios can be used to trace prey
sources because of the kinetic isotope effects in biological
metabolic processes. Metabolic processes involve the
breaking and/or synthesis of biochemical compounds, and
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the molecules with lighter nitrogen-14 are preferentially
utilized over the same molecules with the heavier nitrogen15 [9, 10] in the processes. In marine food webs, the
nitrogen isotope ratio (15N/14N, d15N) shows an enrichment
of *3 %–5 % from prey to predator [11]. The carbon
isotope ratio (13C/12C, d13C), however, does not show
noticeable enrichment between each trophic level but
changes remarkably between habitats such as inshore vs.
offshore or benthic vs. pelagic [16]. Thus, the d15N value is
used to indicate the trophic level of the predator, though
not the specific items in the diets [11]; d13C of marine
animals is usually employed to determine their foraging
habitat and movement in space and time [16]. Stable C and
N isotope ratios were used to determine ancient human
diets in early research [17–19], and have been excellent
tools for investigating marine ecology and environments
during the past few decades [20–23].
Preservation of samples for stable isotope analyses is an
important issue in paleodietary research. Diagenetic processes may change dietary signals in samples through time.
For example, abnormally high d15N values were observed
in penguin ornithogenic soils [24–26] and penguin and seal
excrement sediments [27–30]. These very high values are
due to substantial fractionation in the excrements from
ammonia volatilization [24], during which 14N is emitted
with ammonia and 15N is enriched in the remaining soils
and sediments. Therefore the d15N value in ornithogenic
soils or sediments is not a good proxy for dietary inference,
though organic remains preserved in these soils are not
affected by volatilization [31]. Although clear diagenetic
alterations occur in outer margins of the eggshell carbonate
following burial in ornithogenic soils, the inclusion of
unaltered CO23 from the original eggshell material allows
for the fossil’s use in isotopic reconstructions [32]. For
samples that were less affected by the diagenetic process
such as collagen of bone and keratinous feather and hair,
their preservation status could be distinguished by comparing the C/N ratios between modern and ancient samples
[33, 34].
Measurement of baseline values is another important
issue in stable isotopic reconstruction of paleodietary
change [27, 30]. For example, the change of predator’s
d15N values over time could be caused by either dietary
change and/or variability of d15N values at lower trophic
levels. Therefore, the measurement of baseline or lower
trophic prey values is helpful for stable isotope dietary
studies [35]. For a time series on isotope values of predators, it is best to conduct a comparison with the baseline
over time. In the cases of absence for baseline values, we
can study the change of the controlling factors that determine the baseline variability and infer whether or not it has
contributed to fluctuations in paleodietary signals of the
predators [27, 30].
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4 Progress in dietary studies in penguins and seals
4.1 Modern diets of Adélie penguin and Antarctic fur
seal
Dietary composition of modern penguins and seals provides a clue to their diets in the past. There have been
numerous dietary studies of modern Adélie penguins and
Antarctic fur seals in Antarctica and sub-Antarctica
(Fig. 1). Adélie penguin diet has been investigated since
the early 20th century [36]. Nearly a century of research
from analyses of stomach contents and fecal samples of
these seabirds indicate that Adélie penguins feed primarily
on Antarctic krill (Euphausia superba) in the Antarctic
Peninsula and Scotia Sea, ice krill (E. crystallorophias) and
Antarctic silverfish (Pleuragramma antarcticum) in the
Ross Sea, and krill, fish and amphipods in coastal areas of
East Antarctica [37] (see Table 2.1 in Ainley [37] and
references therein). In addition, Adélie penguins foraging
along or beyond the continental shelf break consume more
E. superba, while penguins in coastal areas prey on a
mixture of E. superba, E. crystallorophias, and fish [38].
Stomach content and fecal analyses indicate that Antarctic
fur seals primarily rely on Antarctic krill and fish, with a
greater proportion of krill in high Antarctic areas and fish
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in sub-Antarctica [39]. While Reid et al. [5] concluded that
fur seals in Scotia Sea area used to eat a lot more fish
before the industrial fishing.
There have been a growing number of stable isotope
studies on the diet of modern penguins and seals in Antarctica. Ainley et al. [40] investigated temporal change in
the diets of breeding Adélie penguins in the southwestern
Ross Sea between 1994–2000 by using stable isotopes and
stomach contents, and concluded that ice krill and silverfish
are the main prey items of local Adélie penguins. Cherel
[41] analyzed the stable carbon and nitrogen isotope values
of Adélie penguins and their prey in Adélie Land, East
Antarctica. Stable isotope ratios in amino acids and plasma
are more accurate indicators for penguin’s dietary compositions [42, 43]. By combining the analyses of stomach
contents and stable isotopes in tissues, the inter-annual and
species-specific differences in penguin diets can be tracked
[40, 44]. For Antarctic fur seals in sub-Antarctic Crozet
Islands, stable isotope values of their blood indicate that
they are fish eater in this region [45].
4.2 Paleodiets of penguins and seals
The available time series of data for dietary research
described above are relatively short from a few months to a

Fig. 1 (Color online) Primary sites of dietary studies on penguins (solid circles) and seals (stars) at islands and coastal areas of Antarctica and
sub-Antarctica. Sites of paleodietary studies include King George Island, Anvers Island, Rothera Point, Ross Island, Victoria Land, the Windmill
Islands and Vestfold Hills
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few years in duration. Thus, the short time scale of these
studies and lack of information on foraging habitat in some
cases makes it difficult to interpret the data. For example,
two studies on the diet of breeding Adélie penguins in the
Vestfold Hills show contrasting results [46, 47]. The time
series of dietary data collected on modern Adélie penguins
is no more than 40 years [37, 40, 48]; therefore, any longterm data from sediments would be important complements
to these modern studies.
From identification of prey taxa such as otoliths and
squid beaks preserved in the ornithogenic soils, we can
infer paleodietary composition and how it may have
changed in Adélie penguins in the past. The results from
Anvers Island, Antarctic Peninsula, indicate that the diet
of Adélie penguins there consisted primarily of squid
(Psychroteuthis glacialis), Antarctic silverfish (Pleuragramma antarcticum), and lanternfish (Electrona antarctica) over the past *500 years, with a higher proportion
of squid prior to the Little Ice Age (LIA) and more fish
during the LIA though silverfish still are the most
important prey [8]. Similar research in northern Marguerite Bay, Antarctic Peninsula, demonstrated that Adélie
penguins there primarily preyed on silverfish and squid
over the past *6,000 years, with more silverfish during
cold periods and more squid in warm periods [49].
Studies of ornithogenic soils in the Ross Sea region
indicated that silverfish was the most abundant prey
species of Adélie penguins in the past [50, 51]. In contrast
with the results of Antarctic Peninsula, the inferred
paleodietary composition of Adélie penguins in Ross Sea
area consisted of less silverfish during cold time periods,
and vise versa. For example, Polito et al. [50] found that
silverfish had decreased in the diets of Adélie penguin at
Ross Island over the past 600 years, perhaps in response
to the onset of the LIA, and the proportion of silverfish in
the diets of Adélie penguins in Victoria Land showed a
peak from 4,000 to 2,000 years ago [51], a period of a
warm climate optimum. These results are in accordance
with the dietary change of modern Adélie penguins in the
southwestern Ross Sea where they consume less silverfish
during cold years with increasing sea ice extent that may
block access to the area where the silverfish were prevalent [40, 52]. While due to the latitude gradient, the
temperatures associated with ‘‘cold’’ in Marguerite Bay
would be ‘‘warm’’ in the Ross Sea. The paleodietary data
may also reflect the prey availability to penguins in Ross
Sea affected by climate and sea ice. Prey remains
recovered from ornithogenic soils in the Windmill
Islands, East Antarctica, also indicated that silverfish was
an important prey item for Adélie penguins in the past
9,000 years, but a gradual decrease in the remains of this
species in increasingly older colonies may be due to the
preservational problems [53].
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Though ornithogenic soils contain direct prey remains of
penguins, the inferred prey data in the past are scattered. In
particular, all the prey remains from ornithogenic soils are
non-krill components because krill could be easily and
fully digested and lacks hard parts that typically preserve in
these soils. To our knowledge, there is only one report on
the paleodiet of seals [30], likely because old seal colonies
and/or haul out sites are not well preserved in contrast to
those of Adélie penguins.
Stable isotope analysis of tissues is an excellent tool for
examining animal foraging habitats and diets [11, 14, 22].
This method allows assessment of the diets of ancient
seabirds through their tissues preserved at specific sites
[54]. Plentiful organic remains preserved in ornithogenic
soils provide an opportunity to study the paleodiets of
penguins by using stable isotope methodology. Emslie and
Patterson [55] performed stable carbon and nitrogen isotope analyses on eggshell fragments of modern and ancient
Adélie penguins in Antarctica and found an abrupt shift to
lower trophic prey (i.e., krill) in penguin diets within the
past *200 years.
In addition to the discontinuous ornithogenic soils,
excrement and the included organic remains found in
sediments deposited in lakes or ponds near penguin or seal
colonies have been used as another important source for
studying past changes in these species in Antarctica [56–
59]. These sediments and their organic remains are ideal
for documenting dietary changes of penguins and seals in
the past [27, 30]. Huang et al. [30] studied dietary changes
of Antarctic fur seals along the West Antarctic Peninsula
during the 20th century by analyzing the d13C and d15N
values of archival hairs in seal excrement sediments. The
increasing d15N values of seal hairs in the past century
indicated a declining proportion of krill in their diets in
agreement with the observed decreasing krill populations
for the past 30 years. On a longer time scale, the diets of
Adélie penguins in the Vestfold Hills varied significantly
during the past 8,000 years, as indicated by stable nitrogen
isotope values of bones and feathers handpicked from ornithogenic sediments [27]. The depleted stable nitrogen
isotope ratios of Adélie penguins during 8,500–7,600 a BP
(before present) and 6,300–5,700 a BP indicated more krill
in the penguin’s diets, while the enriched ratios during
7,500–6,300 a BP and 4,800–2,200 a BP showed that
penguins consumed higher trophic prey, primarily fish [27].
4.3 Paleodietary fluctuations in penguins and seals
in association with climate change and sea ice
extent
As one of the most spectacular seasonal changes on earth,
the annual formation and retreat of Antarctic sea ice is an
important driver of climate, the marine physical
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environment and its ecological dynamics; sea ice is also
impacted by both long-term climate change and short-term
fluctuations in the marine environment (i.e., El Niño
Southern Oscillation events) [2, 60–62]. Antarctic krill is a
cold-water planktonic species and it is very sensitive to
climate change. The Antarctic krill-centered food web and
thus the marine ecosystem also are sensitive to the changes
of Antarctic sea ice extent. It is reported that both krill
recruitment and its abundance are positively correlated
with sea ice conditions in the preceding winter, with good
recruitment and high abundance in extensive sea-ice years
and poor recruitment and low density with reduced regional sea-ice formation [63, 64] (Fig. 2). Krill abundance
also has been linked with sea temperature and the latitudinal extent of cool water [65]. Antarctic krill density, from
scientific net sampling, has declined since the 1970s in the
southwest Atlantic sector [64], accompanied by regional
increasing sea surface temperature [66] and declining sea
ice extent [67] during the same period. Winter sea ice cover
is also a critical habitat for the spawning of silverfish [68]
that is another important prey for penguins and seals.
As a keystone species of Southern Ocean food webs,
krill forms an important linkage between the physical
marine environment and its top predators. Sea ice affects
penguin and seal foraging behavior through its influence on
krill availability and abundance. Studies in the southwestern Ross Sea showed that sea ice extent and presence of
baleen whales affected prey availability to Adélie penguins
and thus their diets [40, 52, 69]. Dietary compositions of
Adélie penguins and Antarctic fur seals could be an indicator of krill availability and abundance in foraging areas
[70]. The long-term time series of data from archived seal
hairs at Fildes Peninsula, King George Island, showed
decreasing d15N values in Antarctic fur seals over the past
century. This trend suggests a declining proportion of krill
in their diet and thus a decrease in relative krill abundance
[30]. By comparing the regional sea surface temperature
and sea ice extent in the past century (Fig. 3a), Huang et al.
[30] proposed that the change of d15N values in seals at
Fildes Peninsula is likely due to the regional warming of
the ocean with a concomitant decline in sea ice. The dietary
change, reconstructed from nitrogen isotopes, in Adélie
penguins in the Vestfold Hills showed strong correspondence with episodes of regional climate and sea ice changes over the past * 8000 years (Fig. 3b): depleted d15N
ratios were recorded in penguin tissues dating to cold
intervals with extensive sea ice, while enriched d15N ratios
were in tissues dating to warm periods [27].
As discussed above, dietary changes in Adélie penguins
and Antarctic fur seals are tightly linked with climate and
sea ice extent, and thus the paleodietary changes in penguins and seals reflect sea ice conditions in the past,
especially when comparing distinctly different climatic
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Fig. 2 Sketch-process chart of Sea ice extent that affects krill
population dynamics [63] and thus the dietary change of penguins and
seals

Fig. 3 Paleodietary change of Antarctic penguins and seals and their
relationship with climate change and sea ice extent (redraw according
to references [27, 30]). a *80-year record of d15N values of Antarctic
fur seal hair (solid circle) in the Fildes Peninsula [30] and the
observed annual average sea ice extent (triangle) for the Palmer
region from 1979 to 2004 [67]; b an *8000-year record of d15N
values of Adélie penguin bone (solid circle) and feather (triangle) in
Vestfold Hills [27] with reconstructed changes of climate and sea ice
extent [71]

periods. There is a debate about the sea ice conditions
around the Scott Coast, Victoria Land, between
2,000–1,100 a BP. Studies [72, 73] by Emslie and his coworkers found that after the penguin optimum between
4,000–2,000 a BP, this coastline was abandoned by
breeding Adélie penguins and remains unoccupied today,
probably due to extensive sea-ice coverage that blocked
access to the ice-free coastline beginning at 2,000 a BP and
persists to this day. Hall et al. [74], however, argue that a
warm period occurred at *2,300–1,100 a BP as evidenced
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by abundant elephant seal remains (hair, bone) found in
sediments along the Victoria Land Coast. They proposed
that this ‘‘seal optimum’’ was due to warming that reduced
coastal sea ice and allowed more seals to haul out and
breed, and that sea-ice reduction was unfavorable for
Adélie penguin populations. However, penguins respond
quickly to changing sea ice conditions in the Ross Sea
today, occupying coastline formerly blocked by ice [37],
and appear to have done so in the past as well (i.e., the
penguin ‘‘optimum’’ at 4,000–2,000 a BP on the Scott
Coast). If this coast had been accessible to seals (and thus
penguins) until 1,100 a BP, as proposed by Hall et al. [74],
then penguin occupation should have persisted until that
time, but it ended by 2,000 a BP when all colonies were
abandoned. Moreover, no bona fide evidence of past seal
breeding has been recovered (i.e., bones of pups) and the
hairs and adult bones that have been found could have
resulted from animals occasionally visiting this region on
annual molt migrations. Investigation of paleodietary
changes in penguins during this period could provide further evidence for climate and sea ice conditions at that
time.
4.4 Historic human impacts on Southern Ocean
ecosystems reflected in penguin paleodietary
records
Historic human exploitation in Antarctica has modified the
Southern Ocean ecosystems significantly [4, 75]. For
example at South George Island and the South Shetland

4461

Islands, Antarctic fur seals were hunted to near extinction
from the late 18th to early 20th centuries [76, 77]. With the
ban of hunting in the Southern Ocean in the 1960s, Antarctic fur seal populations recovered rapidly throughout
this region in the past several decades [56, 78–80]. In the
20th century, whaling increased significantly in the
Southern Ocean and 90 %–95 % of baleen whale (Mysticeti) populations were killed by mid-century [81]. During
the late 1970s to early 1980s, hundreds of thousands of
tonnes of krill-dependant finfish were depleted from many
parts of the Southern Ocean, especially Scotia Sea by
intensive industrial fishing [82, 83]. The severe depletion
of these krill-eating predators was believed to have resulted
in a large amount of unconsumed krill, thus forming the
basis for the ‘‘krill surplus hypothesis’’ (KSH) in Southern
Ocean ecosystems [4, 84]. If true, it should be recorded in
the paleodietary changes of Adélie penguins.
Emslie and Patterson [55] provided the first direct evidence in support of the KSH with stable carbon and
nitrogen isotope analyses of Adélie penguin eggshell
fragments from modern and ancient colonies. Their results
showed an abrupt shift in penguin diet within the past
*200 years to lower trophic krill [55] (Fig. 4), in accordance with the human removal of krill-eating seals, whales
and fish in the Southern Ocean. Further stable isotope
analysis on modern and ancient Gentoo penguin eggshells
from the Antarctic Peninsula indicated additional, but weak
support for the KSH, though this species feeds proportionally more on fish today and probably did so in the past
[31]. Additional evidence for KSH has been reported by

Fig. 4 d15N values (mean ± std) of modern and ancient (older than 500 years) Adélie penguins in Antarctica. These data compiled by Emslie
and Patterson [55] for the Ross Sea, Windmill Islands, and Antarctic Peninsula, Huang et al. [27] for Vestfold Hills, Jaeger et al. [85] for Adélie
Land and Tierney et al. [86] for MacRobertson Land
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Huang et al. [27] in d15N in modern to 8,000-year-old
Adélie penguin bones and feathers extracted from ornithogenic sediments at the Vestfold Hills. They also documented an abrupt shift in penguin d15N values between
modern and ancient samples (Fig. 4), with more depleted
d15N ratios in modern penguin samples, indicating a
greater proportion of krill in their diet. Exactly when the
KSH impacted penguin diets in the different regions and
how it varied for specific species, additional investigations
are required. In addition, Ainley et al. [87] showed that the
methanesulfonic acid (MSA) signature in ice cores also
changed in accord with the KSH.

5 Conclusions
We have reviewed the evidence that the diet of penguins
and seals is tightly linked with their foraging habits, climate change, sea ice extent and prey depletion. Stable
isotope analyses provide an excellent complement to traditional approaches for dietary studies (i.e., stomach
lavage), and this method has developed rapidly for both
dietary and paleodietary reconstructions in marine species.
However, the issues of sample preservation, baseline trophic measurements and differences in isotopic fractionation among tissues should be considered carefully in
stable isotopic analyses. As the methods continue to
improve, stable isotope analysis could become an even
more powerful tool for tracing paleodietary changes of
Antarctic animals and their responses to natural climate,
sea ice extent and human activities. The KSH has been
supported with paleodietary changes in penguins; additional studies in other locations are needed, especially for
documenting variation in the timing and extent of the krill
surplus in different regions of the Southern Ocean.
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Northern Victoria Land (Ross Sea, Antarctica). Oecologia
164:911–919

Chin. Sci. Bull. (2014) 59(33):4456–4464
27. Huang T, Sun LG, Long NY et al (2013) Penguin tissue as a
proxy for relative krill abundance in East Antarctica during the
Holocene. Sci Rep 3:2807
28. Huang T, Sun LG, Wang YH et al (2014) Transport of nutrients and
contaminants from ocean to island by emperor penguins from
Amanda Bay, East Antarctic. Sci Total Environ 468–469:578–583
29. Liu XD, Sun LG, Yin XB et al (2004) Paleoecological implications of the nitrogen isotope signatures in the sediments amended
by Antarctic seal excrements. Prog Nat Sci 14:786–792
30. Huang T, Sun LG, Stark J et al (2011) Relative changes in krill
abundance inferred from Antarctic Fur Seal. PLoS One 6:e27331
31. Emslie SD, Polito MJ, Patterson WP (2013) Stable isotope analysis
of ancient and modern gentoo penguin egg membrane and the krill
surplus hypothesis in Antarctica. Antarct Sci 25:213–218
32. Cavallerano EJ (2005) Temporal diagenetic alternations in Adélie
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penguin occupation and diet in the Windmill Islands, East Antarctica. Antarct Sci 17:57–66
54. Ainley DG, Hobson KA, Crosta X et al (2006) Holocene variation in the Antarctic coastal food web: linking delta D and delta
C-13 in snow petrel diet and marine sediments. Mar Ecol Progr
Ser 306:31–40
55. Emslie SD, Patterson WP (2007) Abrupt recent shift in delta C-13
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