Marine Biology (1998) 130: 335±344

Ó Springer-Verlag 1998

Y. Cherel á G. L. Kooyman

Food of emperor penguins (Aptenodytes forsteri )
in the western Ross Sea, Antarctica

Received: 20 May 1997 / Accepted: 8 October 1997

Abstract The diet of the emperor penguin Aptenodytes
forsteri in the western Ross Sea during spring was investigated by analysis of stomach contents sampled at
three dierent localities. At Cape Washington, emperor
penguins feeding chicks consistently preyed on ®shes (89
to 95% by mass) and crustaceans (5 to 11%) over the
four spring seasons examined. By far the commonest
prey was the Antarctic silver®sh Pleuragramma antarcticum (89% of the ®sh prey); the remainder of ®sh prey
were mainly unidenti®ed juveniles of dierent species of
channichthyid ®shes. Three species dominated the crustacean part of the diet, i.e. the gammarid amphipods
Abyssorchomene rossi/plebs (30% of the crustacean prey)
and Eusirus microps (22%), together with the euphausiid
Euphausia crystallorophias (24%). At Coulman Island
and Cape Roget, ®shes, mainly P. antarcticum, formed
the bulk of the food (88 and 93% by mass, respectively),
crustaceans were minor prey (2.5 and 0.4%), and the
squid Psychroteuthis glacialis accounted for a small but
signi®cant part of the food (3.5 and 0.8%). This study
emphasizes the importance of the small, shoaling pelagic
®sh Pleuragramma antarcticum as a key link between
zooplankton and top predators, including seabirds, in
the food web and marine ecosystem of the Ross Sea.

Introduction
The emperor penguin Aptenodytes forsteri is the most
southerly penguin species. The total population of about
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200 000 breeding pairs is distributed in 42 colonies along
the coast of the Antarctic continent (Woehler 1993). Six
colonies are located in the western Ross Sea (Kooyman
1993). Of these, the smallest is Cape Crozier (a few hundred pairs); the largest ± Cape Washington and Coulman
Island (>20 000 pairs) ± are also the two largest colonies
in the world (Kooyman and Mullins 1990; Kooyman
1993). In the western Ross Sea, there are a minimum of
60 000 pairs of this species (Kooyman and Mullins 1990).
Birds of the genus Aptenodytes are the heaviest penguins and the deepest divers among seabirds (Kooyman
et al. 1992; Kooyman and Kooyman 1995). The emperor
penguin reaches depths of 400 to 500 m (Ancel et al.
1992; Kooyman and Kooyman 1995; Robertson 1995;
Kirkwood and Robertson 1997). Their diving capabilities, therefore, allow emperor penguins to forage in the
whole water column over the Antarctic shelf.
Previous dietary studies at ®ve colonies located outside the Ross Sea indicated that emperor penguins
nurturing chicks feed on ®shes, squid and crustaceans.
Fishes, mainly the Antarctic silver®sh Pleuragramma
antarcticum, is always a main component of the diet; this
species forms the bulk of the food by mass in Amanda
Bay (Gales et al. 1990) and probably also in AdeÂlie Land
(small ``nototheniids'': Oredo and Ridoux 1986). Unlike ®shes, the dietary importance of cephalopods and
crustaceans varies according to locality. Squid, mainly
Psychroteuthis glacialis and Alluroteuthis antarcticus,
dominate the diet at Taylor and Auster glaciers (Robertson et al. 1994), while the Antarctic krill Euphausia
superba is the main prey at Drescher Inlet (Klages 1989).
The emperor penguin is an important top predator in
the marine environment of Antarctica. For example, it
was recently estimated that each pair of penguins
consumes about one metric tonne of food during the
chick-rearing period (Robertson and Newgrain 1996).
Surprisingly, however, little is known about the prey of
this species in the Ross Sea, where at least 30% of the
world's population breeds. Anecdotal dietary data include the occurrence of squid beaks in the stomachs of
dead chicks at Cape Crozier (Kooyman et al. 1971), and
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adult emperor penguins preying on the ®sh Pagothenia
borchgrevinki in McMurdo Sound (Kooyman et al.
1989). The main goal of this study, therefore, was to
investigate the food of the emperor penguin in the Ross
Sea. Food samples were collected over four spring seasons at Cape Washington and during one season at two
other localities, Coulman Island and Cape Roget, thus,
allowing a comparison between large breeding colonies.

total lengths (TL) of undigested crustaceans were measured following Ridoux (1994).
Data were compared for statistically signi®cant dierences
using the Peritz' F-test. Values in the text are expressed as means
SE unless otherwise stated.

Results
General diet composition

Materials and methods
Fieldwork was carried out at Cape Washington (165°22¢E; 74°39¢S)
in November/early December 1986, 1989, 1990 and 1992, and at
Coulman Island (169°38¢E; 73°20¢S) and Cape Roget (170°31¢E;
71°59¢S) in late October/November 1993. Samples were collected
from Aptenodytes forsteri by the stomach-pumping method of
Wilson (1984) using warm water, or in the case of Coulman Island
and Cape Roget by the collection of frozen-vomit samples. To
minimize bird disturbance, penguins were ¯ushed only one time
and, consequently, only incomplete stomach contents were recovered. Food samples were then drained to remove excess water, and
stored at )20 °C until analysis.
In the laboratory, samples were thawed, drained a second time,
and placed in a large ¯at-bottomed tray. Food was analysed as
described by Cherel and Ridoux (1992). Brie¯y, items that accumulate over time (stones, squid beaks) were sorted ®rst. Fresh ®sh,
squid and crustacean components were thereafter weighed. Identi®cation of ®shes and squids relied almost totally on the examination of otoliths, mandibles, vertebrae, opercular bones (Iwami
1985; Hecht and Hecht 1987; Williams and McEldowney 1990),
and of upper and lower beaks (Clarke 1986), respectively, because
the digested condition of the samples prevented the use of any
external features. Fish numbers were estimated either from eye-lens
or mandible counts. Only uneroded otoliths and mandibles were
measured. Fish lengths and masses were calculated using previously
determined regressions (Hecht and Hecht 1987; Williams and
McEldowney 1990) or unpublished data (R. Williams personal
communication). The length of unidenti®ed channichthyid ®shes
was estimated using mandible length (MaL) and assuming that
lower jaws account for 18% of ®sh standard length (SL), as calculated from drawings (Gon and Heemstra 1990) of channichthyids
living in the Ross Sea. Lower rostral length (LRL) of the squid
Psychroteuthis glacialis was measured, and dorsal mantle length
(ML) and body mass were estimated using the equations in Lu and
Williams (1994).
Crustaceans were identi®ed from their external features using
keys in Baker et al. (1990), Ledoyer (1990) and Bowman (1973) for
euphausiids, mysids and hyperiid amphipods, respectively. The
Table 1 Aptenodytes forsteri. Composition (means  SE) by wet
mass of general prey classes and numbers of prey items in diet of
emperor penguins in western Ross Sea. Values within same vertical
Location,
Year
Cape Washington
1986
1989
1990
1992

(n)

Fishes
Ten ®sh taxa were identi®ed in the samples from Cape
Washington (Table 2). Both the frequency of occurrence
and percentage by number clearly indicated that the
nototheniid Pleuragramma antarcticum together with
unidenti®ed channichthyids comprised most of the ®sh
diet (99% by number). P. antarcticum alone occurred in
95% of the samples, and accounted for 89% by ®sh
number (Table 2) and for 38% of the total number of
column not sharing common superscript letter are signi®cantly
dierent (P < 0.05) (nd no data)

Percentage by mass of:
Fishes

(14)
(9)
(7)
(10)

Fishes contributed 89 to 95% by mass of the diet of
Apteno-dytes forsteri at Cape Washington during the
4 yr study (Table 1). Crustaceans ranked second (5 to
11% by mass), and no fresh squid was found. No signi®cant interannual variations were detected. A comparison of percentages by mass and number for both
unpooled and pooled samples (Table 1, Fig. 1) clearly
shows that ®shes were more important by mass than by
number (92 vs 47%); the opposite trend was true for
crustaceans (8 vs 53%).
Fishes also comprised the bulk of the food of emperor penguins at Coulman Island and Cape Roget
(Table 1). Two dierences emerged, however, from the
comparison of the diet at these two localities with that at
Cape Washington. First, crustaceans accounted for
lower percentages both by mass and by number at
Coulman Island and Cape Roget. Second, squid were a
small but signi®cant part of the food at the latter two
locations, while no fresh remains of squid occurred in
the Cape Washington samples (Table 1, Fig. 1).

94.9
91.0
93.9
88.6






Squid
1.5a
2.6a
1.1a
2.6a

0
0
0
0

Percentage by number of:
Crustaceans
5.1
9.0
6.1
11.4






Fishes

Squid

Crustaceans

1.5a
2.6a
1.1a
2.6a

nd
nd
nd
38.2  6.8a

nd
nd
nd
0

nd
nd
nd
61.8  6.8a

Coulman Island
1993

(7)

88.0  9.1a

11.6  9.2b

0.4  0.2b

94.0  2.3b

3.5  2.6b

2.5  0.9b

Cape Roget
1993

(4)

93.3  2.7a

6.6  2.7b

0.1  0.01b

98.9  0.5b

0.8  0.2b

0.4  0.3b
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Fig. 1 Aptenodytes forsteri. Percentages by wet mass and numbers of
broad prey classes in pooled samples collected at Cape Washington in
1992 (n  10) and at Coulman Island in 1993 (n  7)

prey at Cape Washington. P. antarcticum was also by far
the major penguin food at Coulman Island and Cape
Roget. It was found in all the samples and constituted
97% of the ®sh diet. Three size classes of P. antarcticum
were revealed by MaL measurements (Fig. 2). A discrete
mode in MaL occurred at 4 to 5 mm (SL  28 mm;
mass  0.11 g). This mode was underestimated because

it was very dicult to sort such small mandibles from
the well-digested food samples. The second and third
modes were at 7 to 8 and 15 to 16 mm MaL (Fig. 2);
these corresponded to 48 and 104 mm SL, and body
masses of 0.7 and 7.7 g, respectively. P. antarcticum
eaten by emperor penguins reached a maximum of 144
mm SL (mass  22.0 g).
Only a few identi®able otoliths of channichthyid
®shes were found in the samples. They allowed the determination of individuals of large size from ®ve species
(Table 2), including one specimen of Dacodraco hunteri
(otolith length  1.74 mm; SL  173 mm) in a regurgitation from Coulman Island. The use of jaws was the
only way to count channichthyid ®shes. Numerical distributions of MaL and SL showed that most of these
®shes were small, with a main mode at 12 to 15 mm
MaL. The latter corresponds to a mean SL of 75 mm
(Fig. 3). MaL and SL ranged from 8.9 to 74.2 mm, and
from 50 to 412 mm, respectively. We were unable to
identify channichthyid species from the morphology of
jaws only. Distinctive features of opercular bones
(Iwami 1985) and the presence of an antrorse rostral
spine at the tip of the snout (Gon and Heemstra 1990),
however, indicated that two species formed a signi®cant
part of the small channichthyids: Chaenodraco wilsoni
and Pagetopsis sp.
Squid
All but two of the cephalopods identi®ed were Psychroteuthis glacialis. The two other species were Gonatus
antarcticus and Alluroteuthis antarcticus, with only one
eroded beak for each species. Both the latter were found

Table 2 Aptenodytes forsteri. Frequency of occurrence, numbers and length of ®shes in diet of emperor penguins at Cape Washington,
Ross Sea, Antarctica. Values are means  SD
Prey item

Occurrence

Numbers
(n)

%

(n)d

(2)
(39)
(1)
(3)

4.9
95.1
2.4
7.3

(11)
(3875)
(1)
(7)

0.3
88.6
<0.1
0.2

(4)
(429)
(1)
(4)

(1)

2.4

(1)

<0.1

(1)

(26)
(1)
(2)
(2)
(3)

63.4
2.4
4.9
4.9
7.3

(468)
(1)
(2)
(2)
(3)

10.7
<0.1
<0.1
<0.1
0.1

(205)
(1)
(2)
(2)
(3)

Osteichthyes sp. A

(5)

12.2

(5)

0.1

(±)

nd

Total

(±)

±

(4376)

100.0

(±)

±

Nototheniidae
Pagothenia borchgrevinki
Pleuragramma antarcticum
Trematomus lepidorhinus
T. newnesi
Bathydraconidae
Gerlachea australis
Channichthyidae
Unidenti®ed Channichthyidaea
Chaenodraco wilsoni
Chionodraco hamatus
Neopagetopsis ionah
Pagetopsis sp.

a

Mainly small individuals of several species including Chaenodraco wilsoni and Pagetopsis sp. (see ``Results ± Fishes'')
b
No. of penguin samples examined

c

Total/standard length

%

(n)

b

c
d

mm
143  54
75  32
180
184  17
201
122  79
275
297±336
402±422
177  10

No. of individuals identi®ed for each prey species
No. of individuals measured for each prey species
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Fig. 3 Aptenodytes forsteri. Numerical distribution of mandible
length and standard length of unidenti®ed channichthyid ®sh in diet
of emperor penguins from western Ross Sea

Fig. 2 Aptenodytes forsteri. Numerical distribution of mandible
length, standard length and body mass of nototheniid ®sh Pleuragramma antarcticum in diet of emperor penguins from western Ross
Sea (n number of measurements)

in samples from Cape Washington. No fresh squid remains occurred in food samples from that colony, but 30
accumulated lower beaks of P. glacialis were found in
three stomach contents. All the beaks were very eroded,
thus precluding LRL measurements and indicating that
squids had been ingested several weeks/months ago
(PuÈtz 1995).
Squids were more important prey at Coulman Island
and Cape Roget than at Cape Washington. Fresh remains and/or hardly eroded accumulated beaks were
found in all but one food sample. Of the 23 measured
beaks of Psychroteuthis glacialis (8 fresh and 15 accumulated), two distinct size classes were apparent
(Fig. 4), one with a mean LRL of 1.9  0.4 mm (ML 
97 mm, mass  18 g; n  6), and the other with a mean
LRL of 6.5  0.7 mm (ML  187 mm, mass  127 g;
n  17). Minimum and maximum LRL values were 1.3
and 7.6 mm, corresponding to specimens with a ML of
84 and 209 mm and a mass of 9 and 163 g, respectively.

Fig. 4 Aptenodytes forsteri. Numerical distribution of lower rostral
length and dorsal mantle length of cephalopod Psychroteuthis glacialis
in diet of emperor penguins at Coulman Island and Cape Roget
(combined data)

Crustaceans
Ten species of crustaceans were identi®ed from the Cape
Washington samples (Table 3). The most diverse and
important taxon was Amphipoda, with four gammarid
and two hyperiid species. Taken together, amphipods
accounted for 75% of the total number of crustaceans,
including four abundant species: Abyssorchomene rossi/
plebs (30%), Eusirus microps (22%), Epimeriella macronyx (11%) and Hyperia macrocephala (9%) (Table 3).
Careful examination of 68 specimens of the genus
Abyssorchomene (Hurley 1965; Nagata 1986) in eight
1992 samples indicated that A. rossi predominated (84 vs
16%) in the diet over the closely related species A. plebs.
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Table 3 Aptenodytes forsteri.
Frequency of occurrence, numbers and length of crustaceans
in diet of emperor penguins at
Cape Washington, Ross Sea,
Antarctica. Values are means
 SD (n as in footnotes to
Table 2)

Prey item

Occurrence

Numbers

Total length

(n)

(n)

(n)

%

%

mm

Mysidacea
Mysidae
Antarctomysis ohlinii

(5)

12.2

(13)

0.2

(3)

47.0  2.2

Amphipoda
Epimeriidae
Epimeriella macronyx

(37)

90.2

(675)

11.4

(17)

22.7  4.1

Eusiridae
Eusirus microps
Eusirus propeperdentatus

(40)
(29)

97.6
70.7

(1324)
(119)

22.3
2.0

(30)
(1)

35.2  6.4
40.0

Lysianassidae
Abyssorchomene rossi/plebs
Uristes gigas

(40)
(14)

97.6
34.1

(1801)
(18)

30.3
0.2

(128)
(4)

22.3  5.6
23.3  5.1

Hyperiidae
Hyperia macrocephala
Hyperiella macronyx

(23)
(5)

56.1
12.2

(516)
(15)

8.7
0.3

(72)
(2)

24.0  3.4
6.3±6.8

(4)
(31)
(3)

9.8
75.6
7.3

(48)
(1406)
(4)

0.8
23.7
0.1

(0)
(10)
(0)

±
25.4  3.8
±

(1)

<0.1

(0)

±

(5940)

100.0

(-)

±

Euphausiacea
Euphausiidae
Euphausia superba
Euphausia crystallorophias
Unidenti®ed Euphausia
Unidenti®ed Crustacea

(1)

Total

(±)

Most of the amphipods were >20 mm TL, the largest
species being Eusirus spp. (Table 3, Fig. 5). The small
species Hyperiella macronyx was secondarily ingested as
a ®sh prey, some of the individuals being found in ®sh
stomachs.
Euphausiacea was the second important crustacean
taxon in the emperor penguin diet at Cape Washington
(Table 3). Euphausia crystallorophias alone accounted
for 24% of the total number of crustaceans, while the
Antarctic krill E. superba was only a minor prey (<1%).
Finally, a few individuals of the mysid shrimp Antarctomysis ohlinii were also positively identi®ed. It was not
possible to measure their total length because they were
always broken in several pieces and partially digested.
However, nine specimens were sexed (4 males and 5 females), including three females carrying Larval Stages
III (Crescenti et al. 1994) in their marsupium. Most
specimens of A. ohlinii therefore were mature individuals, i.e. they probably had a TL of >45 mm (Siegel and
MuÈhlenhardt-Siegel 1988).
Only a few crustaceans occurred in food samples
collected at Coulman Island and Cape Roget. No
hyperiids, no Eusirus microps and no Euphausia superba
were found in these stomach contents.

Discussion
Stomach samples recovered from the emperor penguin
Aptenodytes forsteri were highly digested, thus inducing
some biases in analysis. The most important bias was
probably an underestimation of the number of small

2.4
±

®shes in the diet. In some cases, the only evidence of
®shes was their ¯esh and eye lenses; species determination was possible only from a few recognisable lower
jaws. In this study, such bias has induced an underestimation of the smallest cohorts of Antarctic silver®sh,
and probably of juvenile channichthyid ®shes. On the
other hand, an underestimation of crustaceans was unlikely to occur because exoskeletons, especially those of
amphipods, resist digestion better than ¯esh and bones
of small ®shes. However, some crustaceans, such as the
euphausiid Euphausia crystallorophias, were probably
secondarily ingested by the ®shes preyed upon by the
emperor penguins.
Comparison with other studies
Fishes dominated the diet (>85% by mass) of emperor
penguins, not only in the western Ross Sea, but also in
AdeÂlie Land and in Amanda Bay (Table 4). At other
localities, ®shes were also an important component of
the diet, accounting for 27 to 55% of the food by mass
(Table 4). The nototheniid Pleuragramma antarcticum is
the main ®sh prey in the Ross Sea (present study),
Amanda Bay (Gales et al. 1990) and the eastern Weddell
Sea (Klages 1989), and probably in AdeÂlie Land ± most
of the ®sh prey there being small unidenti®ed ``nototheniids'' (Oredo and Ridoux 1986). Length at sexual
maturity of the Antarctic silver®sh is 125 mm SL; it
attains a maximum length of 250 mm SL (Gon and
Heemstra 1990). In the Ross Sea, emperor penguins
mainly fed on three cohorts of juvenile ®shes, with only
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Fig. 5 Aptenodytes forsteri.
Numerical distribution of total
length of crustaceans in diet of
emperor penguins from western
Ross Sea

a few adults taken (Fig. 2). Juveniles dominated by
number at other colonies investigated, but birds from
the eastern Weddell Sea (Klages 1989) and the Mawson
Coast (Robertson et al. 1994) also preyed on adult ®shes
(167 and 150 mm SL, respectively).
Pleuragramma antarcticum also predominated in the
diet of emperor penguins from the Mawson Coast in
winter 1993 (Kirkwood and Robertson 1997), but birds
mainly ate the larger nototheniid Trematomus eulepidotus during the spring 1988 (Robertson et al. 1994).
Fishes other than the Antarctic silver®sh were generally
found in small numbers in the food of emperor penguins, the commonest being nototheniids (Pagothenia
borchgrevinki and Trematomus spp.) and channichthyids
(Chionodraco spp. and Pagetopsis spp.), including a few
specimens of large size (length >400 mm SL) (Green
1986; Oredo and Ridoux 1986; Klages 1989; Gales et al.
1990; Williams and McEldowney 1990; Robertson et al.
1994; PuÈtz 1995; present study). One distinctive otolith
of Dacodraco hunteri occurred in a food sample from
Coulman Island. To our knowledge, this is the ®rst
positive identi®cation of this rare channichthyid ®sh in
the Ross Sea, where its presence was previously suspected but not proved (Gon and Heemstra 1990).
Squid generally accounts for a low percentage by
mass (<12%) in the diet of emperor penguins feeding
chicks, except at Taylor and Auster glaciers where squid

forms the major component of the diet (45 to 69%,
Table 4). Cephalopods, however, account for >99% by
mass of the food of birds caught at sea in autumn and
winter (Ainley et al. 1991), suggesting that they may be
major prey of adult emperor penguins outside the chickrearing period. Our ®nding that Psychroteuthis glacialis
is by far the commonest cephalopod eaten agrees with
previous works on both fresh and accumulated squid
remains in the emperor penguin food (41 to 99% by
number: Oredo et al. 1985; Klages 1989; Gales et al.
1990; Ainley et al. 1991; Piatkowski and PuÈtz 1994;
Robertson et al. 1994). Penguins generally prey upon
both juvenile and adult P. glacialis, as indicated by the
bimodal distribution of beak sizes (Oredo et al. 1985;
Gales et al. 1990; Piatkowski and PuÈtz 1994), except in
the eastern Weddell Sea and Mawson Coast where they
only feed on juveniles (Klages 1989; Robertson et al.
1994).
The only species of crustaceans previously reported
to account for a signi®cant part of the diet (25 to 70% by
mass) of the emperor penguin is the Antarctic krill
Euphausia superba at Auster Glacier in winter and at the
Drescher Inlet (Table 4). In the Ross Sea, E. superba is
rare, and it is replaced by the dominant neritic species
E. crystallorophias (Smith and Schnack-Schiel 1990).
Accordingly, E. superba and E. crystallorophias amount
to <1 and 24% of the number of crustaceans at Cape

<1
<1
5±11
93
7
88
12
89±95 0
<1
3
62
1
3
0
99
94
38
25
86
100
100
86
0
spring
spring
spring
Ross Sea
Cape Roget
Coulman Island
Cape Washington

100
100
100

<1
2
3
3
97
95
winter/spring
spring
Wilkes Land and
AdeÂlie Land
Amanda Bay
Pointe GeÂologie

86
100

36
93

>41
>82

83
65

4
1

13
34

69
45
3
winter/spring
winter/spring
winter
Princess Elizabeth Land
Taylor Glacier
Auster Glacier
Auster Glacier

29
74
100

55
58
41

87
82
88

27
52
4

73
48
<1

?
?
96

31
55
27

?
?
70



Present study

Gales et al. (1990)
Oredo and Ridoux
(1986)

Robertson et al. (1994)
Robertson et al. (1994)
Kirkwood and
Robertson (1997)

Klages (1989)
PuÈtz (1995)
52
25
10
0
38
75
spring
summer
Dronning Maud Land
Drescher Inlet
Drescher Inlet

73
93

80
0

93
93

17
17

3
0

80
83

Squid
Fishes Squid
Squid

Crustaceans
Fishes

Crustaceans

Fishes

Crustaceans

Source
Mass (%)
Number (%)
Frequency of occurrence (%)
Season
Locality

Table 4 Aptenodytes forsteri. Composition of diet of emperor penguins at various antarctic breeding colonies (? = some crustaceans in diet but not quanti®ed)
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Washington, respectively (Table 3). E. crystallorophias
nevertheless is a minor component of the diet in the
western Ross Sea, a few specimens appearing in food
samples from Coulman Island and Cape Roget.
The most unusual prey of emperor penguins identi®ed in this study were amphipods at Cape Washington.
They were generally barely digested and accounted for
almost all of the crustacean portion of the diet by mass
(5 to 11%) and number (75%) (Table 1). To date, this
feature appears unique and characteristic of the emperor
penguin diet at Cape Washington, because (1) they
consistently occurred in the food samples over the 4 yr
study and (2) they were rare or absent from the penguin
diet at other localities (Green 1986; Oredo and Ridoux
1986; Klages 1989; Gales et al. 1990; Robertson et al.
1994; PuÈtz 1995; present study). The species found in the
diet at Cape Washington were previously identi®ed as
prey of emperor penguins but in small numbers (Oredo
and Ridoux 1986); the only amphipod found in substantial amounts in previous works was the hyperiid
Cyllopus lucasii (PuÈtz 1995).
Prey biology and foraging ecology
The Antarctic silver®sh Pleuragramma antarcticum is a
small, shoaling ®sh living in Antarctic shelf areas (Gon
and Heemstra 1990; Eastman 1993); Euphausia superba
is an open-water euphausiid found in oceanic and slope
regions (Lomakina 1966; Smith and Schnack-Schiel
1990); and the squid Psychroteuthis glacialis mainly inhabits the upper shelf break (Lu and Williams 1994).
Emperor penguins feeding chicks prey on the Antarctic
silver®sh when breeding colonies are in the vicinity of
extended neritic areas (Gales et al. 1990; present study).
Satellite tracking has clearly shown that adult emperor
penguins from Cape Washington remain within the Ross
Sea while foraging for their chicks (Ancel et al. 1992).
On the other hand, the presence of large numbers of
E. superba and/or squid, together with Pleuragramma
antarcticum in the diet, strongly suggests that emperor
penguins feed in deeper waters where the Antarctic
continental shelf is narrow (Oredo and Ridoux 1986;
Klages 1989; Piatkowski and PuÈtz 1994; Robertson et al.
1994; Kirkwood and Robertson 1997).
The major prey of emperor penguins identi®ed in this
study is pelagic organisms, except for the epibenthic
nototheniid Trematomus lepidorhinus (Eastman 1993).
Some species are mainly pelagic, i.e. Pleuragramma
antarcticum (Eastman 1993), juvenile channichthyids
(Gon and Heemstra 1990), euphausiids, the mysid
shrimp Antarctomysis ohlinii (Siegel and MuÈhlenhardtSiegel 1988), and the amphipods Eusirus propeperdentatus, Hyperia macrocephala and Hyperiella
macronyx (Bowman 1973; Andres 1979). Other prey
may be found also near the bottom (benthopelagic
species): channichthyid ®shes (Gon and Heemstra 1990),
Trematomus newnesi (Eastman 1993), the squid Psychroteuthis glacialis (Lu and Williams 1994; Piatkowski
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and PuÈtz 1994), and the amphipods Epimeriella macronyx, Eusirus microps and Uristes gigas (Andres 1979;
C. De Broyer personal communication). Lastly, some
prey species live in close association with the undersurface of sea ice such as the nototheniid Pagothenia
borchgrevinki (Eastman 1993) and sometimes Antarctic
euphausiids (O'Brien 1987). Note that the gammarids
Abyssorchomene rossi/plebs live in the whole water column, but are mainly located both under the ice and near
the bottom (Andres 1979; Kaufmann et al. 1995).
The predominance of pelagic species in food samples
agrees well with the diving behavior of emperor penguins recently described in the Ross Sea (Kooyman and
Kooyman 1995) and the Mawson coast (Robertson
1995; Kirkwood and Robertson 1997). The majority of
dives are <200 m, with many at 20 to 180 m (Kooyman
and Kooyman 1995; Robertson 1995; Kirkwood and
Robertson 1997). These dives occur in mid-water, where
penguins probably feed on euphausiids and juvenile
Antarctic silver®sh, which both form dense swarms at
these depths (Lomakina 1966; Gon and Heemstra 1990).
Our data suggest that during deep dives, emperor
penguins in the Ross Sea target the mysid Antarctomysis
ohlinii and the large ®shes Trematomus lepidorhinus,
Gerlachea australis, Chaenodraco wilsoni, Dacodraco
hunteri, and adults and subadult Pleuragramma antarcticum, all consistently occurring in depths below 200 m
(Siegel and MuÈhlenhardt-Siegel 1988; Gon and Heemstra 1990; Eastman 1993). Flat dive-record pro®les at
the maximum depth, the uniform depth of successive
dives and bathymetry of the foraging area all suggest
that some deep dives of emperor penguins extend to the
bottom or near to it (Ancel et al. 1992; Kooyman and
Kooyman 1995; Robertson 1995; Kirkwood and Robertson 1997). The presence of various benthopelagic
species in the food of emperor penguins (see foregoing
paragraphs) together with the almost total absence of
truly benthic animals support the view of foraging
throughout the water column but not in close association with the bottom.
Shallow dives (<20 m) are very common in emperor
penguins. They are interpreted as non-foraging dives,
travelling dives, or part of the recovery from an oxygen
debt (Kooyman and Kooyman 1995; Kirkwood and
Robertson 1997). However, Robertson (1995) indicates
that some emperor penguins performed many shallow
dives of long duration consistent with foraging under the
fast ice. The occurrence of the cryopelagic species
Pagothenia borchgrevinki and of Euphausia superba and
scavenger amphipods in food samples (Oredo and
Ridoux 1986; Klages 1989; PuÈtz 1995; present study)
supports the assumption that some shallow dives are
probably feeding dives under the ice. Moreover, many
surface or shallow-depth foraging seabirds in the Ross
sea feed on Pleuragramma antarcticum, Psychroteuthis
glacialis and the various crustaceans evident in the emperor penguin diet (Ainley et al. 1984; Mund and Miller
1995). Thus, there is no reason to believe that emperor
penguins would not ®nd prey at shallow depths as well.

A serious limitation in the dietary predictions based
on food samples is that a foraging trip of emperor
penguins lasts several days and even weeks, while the
corresponding stomach content represents only the prey
swallowed during its ®nal stage (Kooyman and Kooyman 1995; Kirkwood and Robertson 1997). The diving
patterns of birds from Coulman Island in spring 1993
clearly show that emperor penguins stopped very deep
diving and performed continuous dives concentrated at
midwater depths during the last 2 to 3 days of the foraging trip (Kooyman and Kooyman 1995). Accordingly,
the pelagic ®sh Pleuragramma antarcticum formed the
bulk of the food at that time (95% of the total number
of items), the only identi®ed deep-water prey being 13
specimens of the midwater mysid Antarctomysis ohlinii
and one individual of the channichthyid Dacodraco
hunteri (present study). In this context, the occurrence of
large numbers of amphipods (genus Abyssorchomene) in
the food of birds from Cape Washington suggests that
at least some of the last foraging dives occur either in
shallow water under the ice or in very deep water near
the bottom. It is possible that there is a switch in
foraging habitat between the mid-part of a foraging
trip and the last day or two before returning to the
colony.
Comparison with other predators in the Ross Sea
In the Ross Sea, AdeÂlie penguins feed on the same
community of prey as emperor penguins, including
Pleuragramma antarcticum, small unidenti®ed channichthyids, amphipods [mainly Abyssorchomene ( Orchomenella) rossi/plebs] and Euphausia crystallorophias
(Emison 1968). However, emperor penguins feed more
on ®shes, while AdeÂlie penguins feed more on krill
(Emison 1968; Ainley et al. 1984; Van Heezik 1988),
except in recent years, which have been marked by a
dietary shift to P. antarcticum as the main prey (Ainley
and Wilson personal communication). Any trophic
segregation results from dierent feeding strategies.
AdeÂlie penguins are shallow divers, the bulk of foraging
activity taking place at depths of <30 m (Chappell et al.
1993; Watanuki et al. 1993), where dense and large
concentrations of krill occur (Lomakina 1966; O'Brien
1987). Emperor penguins dive deeper where adult krill is
less abundant and large ®shes more available.
In the Ross Sea, Euphausia crystallorophias make up
the bulk of food of other important air-breathing divers,
i.e. the minke whale and the crabeater seal (Ainley and
DeMaster 1990), while the deep-diving Weddell seal, like
the emperor penguin, preys heavily on the Antarctic
silver®sh (Green and Burton 1987; Castellini et al. 1992).
Pleuragramma antarcticum is also a main item in stomach contents of various surface-feeding seabirds, including the South polar skua, snow petrel and antarctic
petrel (Ainley et al. 1984; Mund and Miller 1995). It is a
major component of the diet of several squids (Lu and
Williams 1994) and ®shes such as channichthyids and
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the large nototheniid Dissostichus mawsoni (Takahashi
and Nemoto 1984; Eastman 1985).
The Antarctic silver®sh is the dominant ®sh in both
the Ross and Weddell Seas, where it feeds on copepods
and Euphausia crystallorophias (Gon and Heemstra
1990; Eastman 1993). Pleuragramma antarcticum therefore acts as a link between plankton and the community
of top predators in the shelf waters surrounding the
Antarctic continent, being especially important in the
marine ecosystem and food web of large neritic areas
such as Prydz Bay and the Ross and the Weddell Seas
(Williams 1989; Ainley and DeMaster 1990).
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