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ABSTRACT: Cephalopods play an important role in the trophic web of the Southern Ocean, but little
information is available on their biology. The 2 largest sub-Antarctic seabirds, the king penguin Apten-
odytes patagonicus and the wandering albatross Diomedea exulans, feed primarily on squids during
the austral winter at the Crozet Islands. We examined a large number of accumnulated cephalopod
beaks in the stomach of these birds together with some undigested items; first, to understand how these
2 predators share the squid resource during winter, a period of supposed low food availability, and, sec-
ond, to use a diving and a flying seabird as biological samplers of Southern Ocean cephalopods. Indi-
viduals of the family Onychoteuthidae formed the bulk of the squid diet, accounting for 72.6 and 57.0 %
of the number of lower beaks in samples from king penguins and wandering albatrosses, respectively.
Seven different species were identified, the 3 main squids being Kondakovia longimana (38.8 and
28.0% by number for penguins and albatrosses, respectively), Moroteuthis ingens (13.5 and 26.2%)
and M. knipovitchi (20.1 and 2.3 %). Both seabirds preyed upon the same cephalopod species, but pen-
guins primarily took smali- to medium-sized juveniles (99.0 % of the onychoteuthids} and albatrosses
preyed on larger adult specimens (96.0%). Fresh remains indicated that adult K. longimana and M.
ingens were mature individuals which, as shown by satellite tracking of albatrosses, were taken over
the slope and nearby oceanic waters surrounding the archipelago. The present study indicates that
mating/spawning of K. longimana and M. ingens occurs in Crozet waters during the winter months. It
also extends the biogeography of K. longimana to north of the Antarctic Polar Front, in the Polar Frontal
Zone, where it has not previously been recorded.
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INTRODUCTION

In the Southern Ocean, squids constitute a key group
in the pelagic food web, but little information is avail-
able on species composition, distribution and biology
(Kock 1987). Several factors are primarily responsible:
(1) the small number of oceanographic cruises devoted
to the collection of cephalopods, cruises being restricted
in time and space; (2) the difficulty of scientifically
sampling active squids that are able to avoid being
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captured by conventional techniques; and (3) in most
species, specimens caught are larvae and juveniles,
adults rarely being sampled or even unknown. Com-
parison of net-caught cephalopods with those eaten
by predators indicates that birds and mammals catch
larger specimens and a greater diversity of species
than sampling gear (Rodhouse 1990), which empha-
sizes the usefulness of predators for obtaining valuable
information on cephalopod biology. Indeed, recent
studies using dietary data and satellite tracking of sea-
birds have localized previously unknown concentra-
tions of pelagic squids {Cherel & Weimerskirch 1995,
Rodhouse et al. 1996).
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In the Southern Ocean, phytoplankton production is
mostly limited to the summer months, which, in turn,
leads to an enhanced concentration of zooplankton
and nekton biomasses in surface layers (Smith &
Schnack-Schiel 1990}. These animals provide an abun-
dant food source for seabirds and marine mammals at
a time when most of them are engaged in breeding
activities. Conversely, winter is a season of food
scarcity due to the seasonal migration of marine organ-
isms into deeper layers of the water column, so only a
few top predators reproduce at this time (Croxall
1984). For the 2 largest sub-Antarctic seabirds, the
king penguin Aptenodytes patagonicus and the wan-
dering albatross Diomedea exulans, the long growth
period of chicks is related to bird size, which means
that the austral summer/autumn growth phase is too
short to allow the birds to fledge. These 2 species have
to cope with low marine resource availability in winter
in 2 opposite ways. Due to a low adult feeding rate,
king penguin chicks are underfed at this time (Cherel
et al. 1987), and most of their energy expenditure is
covered by the use of endogenous energy reserves
built up during the previous autumn (Cherel et al.
1993a). Chicks of wandering albatrosses, however,
continue growing during the austral winter, being fed
by their parents at short intervals for the whole period
(Tickell 1968, Lequette & Weimerskirch 1990).

Both king penguins and wandering albatrosses feed
their chicks with fish and squid. King penguins are myc-
tophid fish eaters that shift to a squid diet during the win-
ter months (Adams & Klages 1987, Cherel et al. 1993b,
Moore et al. 1998), while wandering albatrosses are
mainly squid eaters that complement their diet with ner-
itic fishes and carrion (see review in Cherel & Klages
1998). At the Crozet Islands (southern Indian Ocean), the
winter diet of the 2 species is dominated by squids of the
same family, the Onychoteuthidae (Ridoux 1994, Cherel
et al. 1996, Weimerskirch et al. 1997).

The aim of the present study is to compare the
cephalopod diet of king penguins and wandering alba-
trosses at the Crozet Islands to investigate, first, the
feeding ecology of diving and flying seabirds during a
period of supposed low prey availability, the austral
winter, and, second, the biology of a major component
of the marine ecosystem, the onychoteuthid squids,
through the use of predators as biological samplers.
The study focuses on the analysis of accumulated
items, because the high number of accumulated beaks
allows large numbers to be assessed rather than con-
centrating on the smaller number of fresh specimens
found in the bird’s stomach. Species identification of
cephalopods from the external features of lower beaks
is now possible due to the availability of a reliable com-
parative key in the literature (Clarke 1986) and refer-
ence collections.

MATERIALS AND METHODS

Fieldwork was carried out on ile de la Possession,
Crozet Archipelago, located in the southern Indian
Ocean (46° S, 52° E). King penguin samples were col-
lected during 3 successive winters (1990, 1991 and
1992) in the breeding colony at La Baie du Marin.
Between 15 and 17 adult penguins were stomach-
flushed (Gales 1987) each year during late June-early
July, thus totalling 47 samples over the 3 yr. Adult
king penguins were randomly chosen from birds on
arrival at the colony after a foraging trip, but before
they fed their chick. Wandering albatross samples
were collected during the austral winter in 1992 (n =
24) and 1994 (n = 10) by induced regurgitation of
chicks after a returning parent had completed feed-
ing. For comparison, data previously collected in 1982
(n = 37 food samples) (Ridoux 1994) have been
included in the ‘Results’.

All the stomach contents were returned deep-frozen
(-20°C) to the laboratory in France for analysis. Each
sample was thawed and drained, and accumulated
squid beaks were subsequently sorted and kept in
70 % ethanol. Fresh remains were divided into broad
prey classes (fish, squid, others) which were weighed
to calculate their proportion by mass in the diet. Lower
beaks of cephalopods were identified by reference to
features given by Clarke (1986) and Imber (1992) and
by comparison with material held in our own reference
collection. Lower rostral length (LRL) of squid beaks
was measured to 0.1 mm with vernier calipers. Lower
beaks with undarkened or darkening wings were con-
sidered as belonging to juvenile squids, and beaks
with fully keratinized wings to adults (Clarke 1986).
Allometric equations given by Clarke (1986), Adams &
Klages {1987), and Jackson (1995) were used to esti-
mate mantle length (ML) and whole wet mass (M) from
LRL. Because Moroteuthis ingens shows sex-specific
relationships between LRL, ML and M (Jackson 1995},
the values of ML and M given in the text are the means
of those calculated for males and females.

Cephalopod beaks can persist in predator stomachs
for weeks and even months, thus overemphasizing
their importance in seabird diets (Furness et al. 1984).
Consequently, they were not taken into account in the
present study when calculating the proportion by mass
in the diet of the broad prey classes. Dietary samples of
king penguins were collected from adult birds during
the chick-rearing period; this precludes the accumula-
tion of squid beaks over a long time in adult stomachs
because beaks are passed to the chick during feeding.
Conversely, food samples of wandering albatrosses
were collected from chicks which had accumulated
beaks from hatching time, in mid-March, to the middle
of winter. Additional samples collected in the first 2 mo
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Table 1. Interannual comparison of the number of lower beaks of the main onychoteuthid prey in the diet of king penguins and
wandering albatrosses in winter

Species King penguins Wandering albatrosses
1990 1991 1992 19822 1992 1994

(n = 15) n=17) (n=15) (n = 37) (n=24) (n = 10)
Kondakovia longimana 203 (26.7%) 142 (43.0%) 637 (44.2%) 650 (52.5%) 132 {10.3%) 477 (52.8™)
Moroteuthis ingens 226 (29.7 %) 20 (6.1 %) 95 (6.6 %) 60 (4.8%) 523 (40. 9%) 48 (5.3%)
Moroteuthis knipovitchi 138 (18.2%) 103 (31.2%) 267 (18.5%) 3(3.5%) 0(2.3%) 20 (2.2%)
Total number of
accumulated beaks” 760 (100 %) 330 (100%) 1440 (100 %) 1238 (100 %) 1278 (100 %) 903 (100 %)
“From Ridoux (1994)
“Excluding unidentifiable {(very eroded) beaks N

of the chick-rearing period, however, contained only a
few accumulated items (n = 83 lower beaks from 30
pooled samples), including only 21 lower beaks from
onychoteuthid squids (unpubl. data). Thus, the large
number of accumulated beaks collected from penguin
and albatross stomachs in the present study is likely to
give information on cephalopod prey ingested during
the winter months.

Data were statistically analysed using SYSTAT 7.0
for Windows. Values are means + SD.

RESULTS
Squid prey of king penguins

Analysis of fresh remains over the 3 yr of the study
period indicated that fishes and squids accounted for
66.1 and 33.9% of the food by mass, respectively, dur-
ing the winter months. The squid part of the king pen-
guin diet was dominated by onychoteuthid squids
(70.5% of the squid prey and 95.8% of squid reconsti-
tuted mass), the main item being Moroteuthis ingens

(16.5% of the squid prey, but, owing to its large size,
88.0% of the squid reconstituted mass).

A total of 2530 identifiable accumulated lower beaks
was recovered from the 47 stomach contents. Onycho-
teuthids formed the bulk of the squid diet determined
from accumulated items, accounting together for
72.6% of the total number of cephalopod prey. Four
species of onychoteuthids were identified, including
the 3 most important squid prey and 1 rare item; they
were Kondakovia longimana (38.8% by number),
Moroteuthis knipovitchi (20.1%), M. ingens (13.5%),
and Moroteuthis sp. B (0.3%]). Thirteen other taxa
were found, including 6 common species (Gonatus
antarcticus: 7.9%; Chiroteuthis sp.: 6.1%; Alluro-
teuthis antarcticus: 5.5%, 2 to 3 species of the genus
Brachioteuthis grouped together: 4.7%; and Histio-
teuthis atlantica: 1.4%), and 7 occasional or rare prey
items.

Cephalopod beaks were 2 and 4 times more numer-
ous in winter 1992 than in winters 1990 and 1991, re-
spectively (Table 1). The relative numbers of the 3 main
species of onychoteuthids varied significantly between
years (Pearson chi-squared test; Kondakovia longi-

mana: % = 67.18, p < 0.0001; Mo-
roteuthis ingens: x*, = 246.31, p <

Table 2. Numbers and percentages of juveniles (lower beaks with undarkened and
darkening wings) and adults (beaks with darkened wings) of onychoteuthid squids
eaten by king penguins and wandering albatrosses in winter

Species King penguins Wandering albatrosses
Juveniles Adults Juveniles Adults
Kondakovia longimana 982 (100.0%) 0 (0.0%) 22 (3.6%) 587 (96.4 %)
Moroteuthis ingens 334 (97.9%) 7 (2.1%) 28 (4.9%) 543 (95.1%)
Moroteuthis knipovitchi 497 (97.8%) 1(2.2%) O (0.0%) 0 (100.0%)
Moroteuthis robsoni - - 0 (0.0%) 7 (100 0%)
Moroteuthis sp. B® 7 (100.0%) 0 (0.0%)
Onychoteuthis banksi - - 0 (0.0 %) (100 0%)
Onychoteuthis sp. C* - - 0 (0.0%) 3 (100.0%)
Total 1820 (99.0%) 18 (1.0%) 0 (4.0%) 1193 (96.0 %)
2Following Imber (1992) J

0.0001; M. knipovitchi: ¥, =
29.36, p < 0.0001). K. longimana
dominated the squid diet in 1991
and 1992 (43.0 to 44.2 %), but not
in 1990 when it co-occurred with
M. ingens as the main items (26.7
and 29.7 %, respectively).

All individuals of Kondakovia
longimana eaten by king pen-
guins were juveniles, as indicated
by the undarkened wings of
lower beaks (Table 2). Penguins
fed on specimens showing a wide
range in size, with the average
LRL being 2.2 + 1.7 mm (ML: 61 +
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Fig. 1. Number of accumulated lower beaks of Kondakovia

longimana in the stomach contents of king penguins (n = 47,

totalling 982 lower beaks of K. Jongimana, including 133 mea-

surable items) and wandering albatrosses (n = 34, 609 lower

beaks, 510 measurable items) at the Crozet Islands during
winter as a function of lower rostral length

64 mm; M: 37 + 103 g); the smallest and largest speci-
mens had a LRL of 0.8 mm (ML: 6.9 mm; M: 0.3 g) and
8.7 mm (ML: 302 mm; M: 648 g), respectively. There
was a mode at 1.0 to 1.5 mm LRL (ML: 25 mm; M: 1.7 g)
(Fig. 1), which was not, however, representative of the
main class size eaten. A major bias arose from the
eroded state of the lower beaks which, due to the loss of
undarkened wings, precluded any measurements on
the majority of beaks (86 %) from juvenile squids.

A larger proportion of lower beaks (55 %) of Moro-
teuthis ingens was measured (Fig. 2). The mean LRL was
5.7 £ 0.6 mm (ML: 233 + 21 mm; M: 408 = 134 g), in-
cluding a mode at 5.5 to 5.8 mm (ML: 230 mm; M: 380 g)
and a few individuals at 8.0 to 8.3 mm (ML: 316 mm;
M: 1001 g). The mode corresponded to juveniles, which
constituted 97.9% of squids eaten by
king penguins, the remainder being
adult specimens (Table 2). LRL of juve-
niles differed significantly between
years (Table 3; ANOVA, F, 135 = 40.57,
p < 0.001): squids eaten by penguins

Moroteuthis ingens
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Fig. 2. Number of accumulated lower beaks of Moroteuthis

ingens in the stomach contents of king penguins (n = 47,

totalling 341 lower beaks of M. ingens, including 188 measur-

able items) and wandering albatrosses (n = 34, 571 lower

beaks, 375 measurable items) at the Crozet Islands during
winter as a function of lower rostral length

squids (97.8%) and a few adult specimens (Table 2).
Three size classes occurred; 2 main modes of juveniles
at 2.0 to 2.3 mm (ML: 83 mm; M: 14 g) and at 3.0 to
3.3 mm (ML: 122 mm; M: 51 g), and a discrete mode of
adults at 5.5 to 5.8 mm (ML: 219 mm; M: 396 g). Finally,
7 beaks of Moroteuthis sp. B were identified in 1 sam-
ple. They were eroded, thus precluding any measure-
ments. However, the size of the lower beaks indicated
that they belonged to small juvenile squids.

Squid prey of wandering albatrosses

Analysis of fresh remains over the 3 yr indicated that
squid, fish and carrion accounted for 74.8, 17.6 and 7.6 %

Table 3. Lower rostral lengths of accumulated beaks of the squid Moroteuthis
ingens eaten by king penguins and wandering albatrosses at Crozet Islands
during the winter months. Values are means + SD, with number of items in

parentheses

were much smaller in 1991 than in 1990
(post hoc Tukey HSD multiple compar-
ison test: p < 0.001) and 1992 (p < 0.001),
the difference also being significant be-
tween 1990 and 1992 (p = 0.033).

The mean LRL of beaks of Moro-
teuthis knipovitchi was 2.8 = 0.9 mm

(ML: 108 + 34 mm; M: 52 = 94 g), Total

Small-size mode

Large-size mode

King penguins Wandering albatrosses

1990 1991 1992 1992 1994
56+03 4704 58+03 6.1+0.6

(128) 9) (44) (12)
79106 - 8.2+03 82+05 88206

(3) (4) (352) (11)

57+05 47+04 6007 81+x06 88zx06
(131) (9) (48) (364) (11)

including a large majority of juvenile
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of the food by mass, respectively,
during the winter months. The
squid part of the wandering alba-
tross diet was dominated by ony-
choteuthid squids (60.4 % of the to-
tal number of fresh squids, and
89.2% of the identifiable speci-
mens, Table 4). By far the main
items were Kondakovia longi-
manain 1982 and 1994, and Moro-
teuthis ingensin 1992 (Table 4).

A total of 2181 accumulated
lower beaks was identified from

97

Table 4. Importance of cephalopods in the diet (fresh remains only) of wandering
albatrosses in winter

1982 1992 1994 Total

(n = 37) (n=24) (n=10) (n=71)
Squids (% by mass) 76.7 72.4 75.9 74.8
Number of squids
Kondakovia longimana 19 (46.4%) 4 (10.8%) 13 (72.2%) 36 (37.5%)
Moroteuthis ingens 0 21 (56.8 %) 0 21 {21.9%}
Moroteuthis knipovitchi 1 (2.4%) 0 0 1 (1.0%)
Others 6 (14.6% ) 1(2.7%) 0 7 (7.3%)
Unidentifiable squids 15 (36.6" 1 (29.7 %) 5(27.8%) 31 (32.3%)
Total 41 (100% 37 (100%) 18 (100"0) 96 (100 %)
“From Ridoux (1994)

the 34 chick regurgitations col-

lected in 1992 and 1994. Onycho-

teuthid squids contributed 57.0% by number to the
cephalopod diet of wandering albatrosses in winter. Six
species of that family were found, including the 2 most
numerous prey (Kondakovia longimana: 28.0%, and
Moroteuthis ingens: 26.2%), 1 regular item (M. knipo-
vitchi: 2.3%) and 3 rare squids (M. robsoni: 0.3%;
Onychoteuthis banksi: 0.1%; and Onychoteuthis sp.
C: 0.1 %). Other common cephalopod taxa were Histio-
teuthis eltaninae (9.8 %), different species of the genus
Histioteuthis grouped together (10.0 %) and Galiteuthis
glacialis (9.6 %). Twenty-five other species were found,
including 3 regular prey (Martialia hyadesi: 4.4 %;
Alluroteuthis antarcticus: 1.9%; and Cycloteuthis aki-
mushkini; 1.9%) and 22 occasional or rare items.

Moroteuthis knipovitchi

The relative numbers of Kondakovia longimana and
Moroteuthis ingens, but not of M. knipovitchi, varied
significantly between years (Pearson chi-squared test;
K. longimana: x* = 615.85, p < 0.0001; M. ingens: y* =
684.62, p < 0.0001; M. knipovitchi: x* = 4.20, p = 0.123).
M. ingens dominated the diet in 1992 but not in 1982
and 1994 (40.9 vs 4.8 to 5.3%), and the reverse was
true for K. longimana (10.3 and 52.5 to 52.8 %, respec-
tively) (Table 1).

Most individuals of Kondakovia longimana eaten by
albatrosses were adults (96.4 %) (Table 2). The average
measured LRL was 13.5 £+ 1.7 mm (ML: 480 + 63 mm;
M: 2722 + 1106 g), with a mode at 12.0 to 12.5 mm (ML:
435 mm; M: 1921 g) (Fig. 1). As with the penguin prey,
the size of juveniles was difficult to assess because the
loss of wings precluded LRL measurement; the LRL of
5 large juveniles was 8.8 + 1.3 mm (ML: 307 + 47 mm;

2 60 King penguins M: 717 i 273 _gy No intergnnual difference was
o n =236 observed in the size of K. longimana eaten by wander-
5 40 ing albatrosses in winter (13.6 + 1.6 mm, n = 127, and
g 13.4 + 1.7 mm, n = 383, for 1992 and 1994, respectively;
€ 20 2-sample t-test, t=1.18, p = 0.239).
z The mean LRL of Moroteuthis ingens was 8.1 =
0 PR 0.7 mm (ML: 316 + 23 mm; M: 1021 + 218 g), with a
10 mode at 8.0 to 8.3 mm (ML: 316 mm; M: 1001 g) and a
v g Wandering few individuals at 5.5 to 5.8 mm (ML: 230 mm; M:
é a'b:‘;‘f;es 380 g) (Fig. 2). The mode corresponded to adults that
5 6 formed 95.1% of the squids eaten (Table 2), the
E 4 remainder being juvenile specimens. Adult squids
E eaten by albatrosses in 1992 were significantly smaller
z ¢ than those eaten in 1994 (Table 3, Mann-Whitney U-
0 test, U= 824, p =0.001).

8 10

2
Lower rostral length {(mm)

4 6

Fig. 3. Number of accumulated lower beaks of Moroteuthis

knipovitchiin the stomach contents of king penguins (n = 47,

totalling 508 lower beaks of M. knipovitchi, including 236

measurable items) and wandering albatrosses (n = 34, 50

lower beaks, 48 measurable items) at the Crozet Islands dur-

ing winter as a function of lower rostral length. Note different
scales of ordinates

All the specimens of Moroteuthis knipovitchi eaten
by wandering albatrosses were adult squids (Table 2},
which had a mean LRL of 6.8 + 0.7 mm (ML: 265 +
26 mm; M: 804 + 269 g). Two modes were observed
(Fig. 3), one at 6.0 to 6.3 mm (ML: 238 mm; M: 532 g)
and the second at 7.0 to 7.3 mm (ML: 277 mm; M:
904 g). No interannual variation was noted in the size
of M. knipovitchi (6.9 + 0.6 mm, n = 28, and 6.7 + 0.8 mm,
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n = 20, for 1992 and 1994, respectively; 2-sample t-test,
t=1.15 p =0.255).

The few specimens of the remaining 3 species of
Onychoteuthidae were all adult squids (Table 2). The
average LRL for Moroteuthis robsoni, Onychoteuthis
banksiand Onychoteuthis sp. C was 8.5+ 1.4 mm (ML:
330 + 54 mm; M: 1813 £ 831 g), 3.3 + 0.1 mm (ML: 174
+ 7 mm; M: 152 + 19 g), and 4.9 + 0.2 mm (ML: 268 +
13 mm; M: 626 + 104 q), respectively.

DISCUSSION
General comments

The present study shows that squid is the main prey
of wandering albatrosses and, together with fish, is a
major dietary component of king penguins at the
Crozet Islands during the austral winter. Comparison
between localities is difficult because studies per-
formed at sites other than the Crozet Islands have gen-
erally been conducted over a single season, thus pre-
cluding the assessment of interannual differences. For
king penguins, our data are, however, in agreement
with the diet described for winter at other localities
from the southern Indian Ocean (Adams & Klages
1987, Moore et al. 1998), but not at Macquarie Island
(southern Pacific Ocean), where myctophid fish forms
the bulk of the food all year long (Hindell 1988). The
main squid prey (by number) consumed by king pen-
guins in winter varies according to the areas and/or the
year of sampling; they were the ommastrephid Mar-
tialia hyadesi and the 2 onychoteuthids Kondakovia
longimana and Moroteuthis ingens at Heard Island in
1992 (Moore et al. 1998), and onychoteuthid squids
including K. longimana and unidentified items at Mar-
ion Island in 1984 (Adams & Klages 1987). At the
Crozet Islands, detailed analysis of both fresh and
accumulated cephalopod remains over 3 consecutive
years allows us to verify that onychoteuthids dominate
the squid diet of king penguins from year to year dur-
ing winter; it also indicates that 3 different species are
involved, namely K. longimana, M. ingens and M.
knipovitchi (Cherel et al. 1996, the present study).

Wandering albatrosses are squid eaters (see review
in Imber 1992, Cherel & Klages 1998). In localities
south of the Sub-Antarctic Front, they mainly feed in
winter on Kondakovia longimana, the histioteuthid
Histioteuthis eltaninae, the cranchiid Galiteuthis
glacialis, and other main prey including the ommas-
trephid Illex argentinus at South Georgia (Rodhouse et
al. 1987), Moroteuthis knipovitchi at Marion Island
(Cooper et al. 1992}, and M. ingens at Crozet Islands
(the present study). M. ingens is generally a minor to
rare item in the diet of wandering albatrosses and has

not previously been reported as an important prey for
that species (Cooper et al. 1992, Imber 1992, Ridoux
1994). At the Crozet Islands, M. ingens was, however,
the main food item in 1992, but not in 1982 and 1994,
during which K. longimana formed the bulk of the
food. Together with dietary samples collected over
several years at the closely related Marion Island
(Cooper et al. 1992, Imber 1992), these findings show
that K. longimana usually predominates in the winter
diet of wandering albatrosses from the southern Indian
Ocean; they also indicate that albatrosses are able to
shift to other food sources in response to environmen-
tal changes. The fairly large number of M. ingens in
the bird's diet in 1992 may eventually result in a year of
unusually high abundance of that species in Crozet
waters, as recently described for the Patagonian shelf
in 1994 (Jackson et al. 1998a).

Comparison between king penguins and
wandering albatrosses

A major finding of the present study is that king pen-
guins and wandering albatrosses prey upon the same
species of onychoteuthid squids in winter, but not the
same size classes. The diving king penguin eats juve-
niles of Kondakovia longimana, Moroteuthis ingens
and M. knipovitchi, while the flying wandering alba-
tross feeds on adult specimens of K. longimana and M.
ingens, the overlap in the size of prey caught by the 2
birds being quite limited (Figs. 1 to 3). Since penguins
are known to feed on small live prey and to swallow
them whole, the most likely explanation for the lack of
adult squids in the diet of king penguins is their exces-
sive size. The largest cephalopod (an adult M. ingens)
caught by a penguin in the present study had an esti-
mated ML and a M of 331 mm and 1153 g, respectively,
which is much higher than the size of myctophid fish
(20 to 125 mm and 0.1 to 23.1 g) (Cherel et al. 1996),
but smaller than the average size (480 mm and 2722 g)
of adult K. longimana eaten by albatrosses. King pen-
guins, thus, have the ability to occasionally catch
adults of the genus Moroteuthis, but not larger speci-
mens of K. longimana (Table 2).

Unlike penguins, wandering albatrosses probably
depend significantly on scavenged squid (Weimer-
skirch et al. 1986, Cooper et al. 1992, Croxall & Prince
1994, Cherel & Klages 1998), large specimens being
bitten into pieces by one to several birds before being
ingested. This way of feeding probably explains the
relatively high number of unidentified cephalopods in
the fresh fraction due to the lack of buccal masses in
samples (Table 4). Large to very large squid bits were,
however, quite similar to those from identified squids,
suggesting that most of the unidentified specimens
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were also onychoteuthids. Albatrosses rarely feed on
juveniles of Moroteuthis spp. and Kondakovia longi-
mana, probably because some of them are too small,
too fast and/or occur too deep in the water column.
Indeed, wandering albatrosses are surface feeders and
do not dive (Prince et al. 1994), while king penguins
prey on mesopelagic organisms in the 0 to 300 m depth
range (Kooyman et al. 1992, Piitz et al. 1998). More-
over, the smallest squid eaten by wandering alba-
trosses have a ML > 40 mm {(Rodhouse et al. 1987,
Cooper et al. 1992), thus excluding many small to very
small individuals caught by king penguins (Adams &
Klages 1987, Cherel et al. 1996, present study).

The reason why king penguin chicks fast during
winter while chicks of wandering albatrosses are regu-
larly fed is probably related to the availability of
marine resources at this time. Also, at the Crozet
Islands, king penguins outnumber wandering alba-
trosses by 3 orders of magnitude, i.e. about 1000000
and 1700 annual breeding pairs, respectively (Weimer-
skirch & Jouventin 1987, Guinet et al. 1995), resulting
in a major impact of king penguins on marine
resources (Guinet et al. 1996). Both the known distrib-
ution of the main prey of king penguins in winter,
Moroteuthis ingens (Nesis 1987), and the hardly
digested state of some specimens (Cherel et al. 1996)
indicate that juveniles were caught in neritic/slope
waters surrounding the archipelago. The restricted
distribution of M. ingens to the medium-sized Crozet
shelf suggests that the population of this squid is too
small to sustain the fairly high number of king pen-
guins in winter. Indeed, adult king penguins forage for
themselves very far from the island at this time of year
(Jouventin et al. 1994), and probably hunt to feed their
chicks on their way back, as previously described dur-
ing the summer months (Bost et al. 1997, Putz et al.
1998), or, alternatively, during trips of more restricted
range, as do wandering albatrosses (Weimerskirch et
al. 1994, 1997). This strategy favors foraging in distant
areas where penguin density is low, and avoids high
intraspecific competition around the islands. Because
penguins travel slowly in comparison to flying birds,
the main consequence of this strategy is, however, a
low chick feeding rate in winter, chick energy expen-
diture being covered by the use of endogenous energy
reserves built up during the more favorable conditions
prevailing in summer (Cherel et al. 1993a).

Within the Crozet Island avian community, wander-
ing albatrosses are the most dependent on onycho-
teuthids (Ridoux 1994}, and, together with giant petrels
Macronectes spp., the only species of large flying
seabird present in winter. Furthermore, satellite track-
ing indicates that only a part of the breeding popula-
tion is present at a given time in the vicinity of the
archipelago, adults alternating long oceanic trips to

feed for themselves and shorter trips over slope waters
to feed their chicks (Weimerskirch et al. 1997). Thus,
the combination of their small population, their alter-
nating foraging strategy, and high degree of food spe-
cialization allows wandering albatrosses to feed their
chicks at a high rate. For this species, winter is not a
period of lower prey availability in Crozet waters,
which contrasts with most of the other top predators,
including the king penguin.

Seabirds as biological samplers of squids

The frequent occurrence of fresh squid remains in
dietary samples of king penguins and wandering alba-
trosses together with satellite tracking of wandering
albatrosses (Weimerskirch et al. 1997) indicates that
Kondakovia longimana, Moroteuthis ingens and M.
knipovitchi are abundant organisms in waters sur-
rounding the Crozet Islands. This is in agreement with
the known biogeography of M. ingens and M. knipo-
vitchi {(Nesis 1987), but not with that of K. longimana, a
species previously known to only occur in and south of
the Antarctic Polar Front (Lubimova 1985, Kubodera et
al. 1998, Xavier et al. 1999), which is located several
hundreds of kilometers south of Crozet (Park et al.
1993). The analysis of accumulated lower beaks allows
us to identify 4 other onychoteuthid squids, including
the poorly known Onychoteuthis sp. C and Moro-
teuthis sp. B (Table 2). These rare, but distinctive
beaks were initially described from dietary samples of
wandering albatross which bred at different localities
(Imber 1992); they were recently found in the diet of
royal albatrosses in the New Zealand area (Imber
1999), suggesting that both species have a circumpolar
distribution in the Southern Ocean.

Taken together, king penguins and wandering alba-
trosses feed on a large size range of onychoteuthids,
from small juveniles to adult squids. We recently
hypothesized that the occurrence of small, nearly
intact, specimens in the diet of king penguins indicates
that spawning grounds of several cephalopods are
located near the Crozet Islands (Cherel et al. 1996).
The analysis of food samples from wandering alba-
trosses confirmed this hypothesis for 2 species, Kon-
dakovia longimana and Moroteuthis ingens. Accumu-
lated items in albatross stomach contents included
numerous cephalopod spermatophores together with
fully keratinized onychoteuthid beaks; importantly,
fresh remains also included spermatophores, and
sometimes intact penises containing spermatophores,
which were associated with buccal masses of onycho-
teuthids (unpubl. data). During their foraging trips,
wandering albatrosses concentrate on the southeast-
ern edge of the Crozet shelf (Weimerskirch et al. 1994,
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1997). This suggests that the area is an important mat-
ing/spawning ground for K. longimana and M. ingens.
To our knowledge, this is one of the first cephalopod
reproductive areas located in the Southern Ocean.

It is surprising that onychoteuthids are common prey
of albatrosses feeding at the sea-surface because they
are generally considered as mesopelagic and even
benthic organisms (Lubimova 1985, Nesis 1987).
Recent studies show that large juveniles and immature
Moroteuthis ingens live on the bottom on shelves and
suggest a downward migration for spawning in deeper
water (Jackson 1993, 1997, Jackson et al. 1998a), with
a few spent specimens being found at depths >700 m
(Lipinski & Linkowski 1986, Jackson 1997). Our data
are consistent with the occurrence of juveniles in the
vicinity of the Crozet Islands, where king penguins are
able to catch them in the water column or even at the
bottom, but they do not agree with the occurrence of
adults in deep waters, where albatrosses are unable to
forage. The only possible explanations for this discrep-
ancy are, first, that mating/spawning takes place at the
surface, or, second, that after copulation and spawning
at deep depths, incapacitated and dying squids rise to
the epipelagic. The second hypothesis is most likely to
occur because onychoteuthid squids are true terminal
spawners, mature and spent individuals showing ad-
vanced tissue breakdown, and some of them, including
Kondakovia longimana, having been observed floating
dead or dying at the sea-surface (Clarke 1980, Jackson
& Mladenov 1994, Lu & Williams 1994, Vacchi et al.
1994, Arkhipkin & Nigmatullin 1997, Bello 1998). Fur-
thermore, the presence of a large amount of ammonia
in the tissues of K. longimana, M. ingens and M. rob-
soni implies that onychoteuthids would normally float
when dead (Lu & Williams 1994). Rising to the surface
after spawning is a common feature in other squid fam-
ilies such as cranchiids (including Galiteuthis glacialis)
and histioteuthids (Nesis et al. 1998), which are 2 other
main components of the albatross diet. Taken together,
these 3 families account for 88 % of the squids eaten at
Crozet, suggesting that the usual way for wandering
albatrosses to feed on squid is to scavenge spent indi-
viduals at the surface.

The size of onychoteuthid beaks found in wandering
albatross samples at Crozet agrees well with that of
beaks collected at other localities (Cooper et al. 1992,
Imber 1992) and from stomachs of another adult
onychoteuthid eater, the sperm whale (Clarke 1980).
Our data indicate that the austral winter is a reproduc-
tive season for onychoteuthids in Crozet waters. In-
deed, winter spawning was suggested from the analy-
sis of sperm whale diet for Kondakovia longimana
(Clarke 1980), and a winter peak in spawning was
established from statolith increment analysis for Moro-
teuthis ingens (Jackson 1997). Comparison of the size

of juvenile M. ingens eaten by wandering albatrosses
with that of juveniles eaten by king penguins during
the same year (1992) shows no statistical difference
(Mann-Whitney U-test, U = 177, p = 0.082); the 2
seabird species also preyed upon adults of the same
size (U = 707.5, p = 0.986). This indicates that only 2
size classes, one of large juveniles and one of adult
individuals, co-occur in Crozet waters during the win-
ter months. Such a bimodal distribution was consis-
tently found at the Falkland Islands over the year.
Since M. ingens appears to be an annual species (Jack-
son 1997), this suggests a main spawning peak in win-
ter and a smaller peak in summer at the Falklands
(Jackson et al. 1998a). Consequently, king penguins
and wandering albatrosses probably feed on 2 differ-
ent sub-populations of M. ingens at Crozet; albatrosses
on winter reproducers and penguins on squids which
reproduce later in the year.

Interannual variation was found in the size of Moro-
teuthis ingens (but not of Kondakovia longimana)
eaten by seabirds at the Crozet Islands. Especially
noticeable was the smaller ML of juvenile M. ingens in
the diet of king penguins in winter 1991 (198 vs 230 to
235 mm in 1991 and 1990-92, respectively}. Such a
large difference in size suggests a low rate of growth
due to poor food availability. In the southwestern
Indian Ocean, winter 1991 was marked by an abnor-
mal event of warm sea-surface temperature which was
correlated with low body condition and poor breeding
performance in some Procellariiform seabirds at Ker-
guelen Archipelago {(Guinet et al. 1998, unpubl. data).
Results on squid suggest that the marine trophic web
was also influenced by this anomaly further west, at
the Crozet Islands, and that fast-growing organisms,
such as cephalopods, are particularly sensitive to envi-
ronmental changes, which makes them potentially
suitable to detect such events.

Onychoteuthid squids in the Southern Ocean
trophic web

At the Crozet islands, onychoteuthid squids are
eaten by various seabird species, but they are impor-
tant prey items only for king penguins and wandering
albatrosses in winter, and light-mantled sooty alba-
trosses and grey-headed albatrosses in summer (Ridoux
1994, present study). A review of the available litera-
ture to assess predation on onychoteuthids by seabirds
and marine mammals revealed that many predators
from various sectors of the Southern Ocean prey
upon Kondakovia longimana, Moroteuthis ingens and
M. knipovitchi (Table 5). Large flying seabirds mainly
feed on adult squids, and also on juvenile K. longi-
mana, which are known to occur in the epipelagic.
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Depending on their size, diving, air-breathing verte-
brates prey either upon juveniles (penguins), or on
both juveniles and adults (seals), the main predator
which feeds on adult cephalopods being the deep-
diving sperm whale. Onychoteuthids are also eaten
by some large fish and squid (see review in Jackson
et al. 1998a for M. ingens). For example, they account
for 24 % of the number of cephalopods eaten by Pata-
gonian toothfish Dissostichus eleginoides in Crozet
waters (Cherel & Duhamel unpubl. data), and M.
ingens is an important food source for southern opah
Lampris immaculatus at the Falklands (Jackson et
al. 1998a).

Little is known on the dietary habits of onycho-
teuthid squids, but a recent study shows that Moro-
teuthis ingens feeds on mesopelagic fish and squid,
including conspecifics {Jackson et al. 1998b). Onycho-
teuthids appear to prey upon Antarctic krill Euphausia
superba at higher latitudes, and upon myctophid fish
and squid further north (Lubimova 1985, Nemoto et al.
1988). At Crozet, it is more likely that they depend on
myctophids because no Antarctic krill occurs in the
area, and juvenile M. ingens have always been associ-
ated with myctophids in king penguin stomach con-
tents (Cherel et al. 1996). As noted in New Zealand
waters (Jackson et al. 1998bj}, onychoteuthids thus
belong to a previously unrecognised food chain in the
Southern Ocean linking zooplankton, mesopelagic
fish, squid and higher predators, including seabirds
and marine mammals. In the southwestern Indian
Ocean, the role of onychoteuthids in the trophic web is
further emphasized by their importance in the diet of
sperm whales (Mikhalev et al. 1981), possibly beaked
whales (Slip et al. 1995), and seabirds and marine
mammals (Guinet et al. 1996, present study).
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