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Abstract The Ross Sea, a large, high-latitude (72-78°S)
embayment of the Antarctic continental shelf, averages
500 m deep, with troughs to 1,200 m and the shelf break
at 700 m. It is covered by pack ice for 9 months of the
year. The fish fauna of about 80 species includes pri-
marily 4 families and 53 species of the endemic perci-
form suborder Notothenioidei. This review focuses on
the diet and role in the food web of notothenioids and
top-level bird and mammal predators, and also includes
new information on the diets of artedidraconids and
bathydraconids. Although principally a benthic group,
notothenioids have diversified to form an adaptive
radiation that includes pelagic and semipelagic species.
In the southern Ross Sea, notothenioids dominate the
fish fauna at levels of abundance and biomass >90%
and are, therefore, inordinately important in the food
web. Antarctic krill (Euphausia superba) and mesope-
lagic fishes are virtually absent from the shelf waters of
the Ross Sea. Of the four notothenioid families, noto-
theniids show the most ecological and dietary diversifi-
cation, with pelagic, cryopelagic, epibenthic and benthic
species. Neutrally buoyant Pleuragramma antarcticum
constitutes >90% of both the abundance and biomass
of the midwater fish fauna. Most benthic nototheniids
are opportunistic and feed on seasonally or locally
abundant zooplanktonic prey. Artedidraconids are
benthic sit-and-wait predators. Larger bathydraconids
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are benthic predators on fish while smaller species feed
mainly on benthic crustaceans. Channichthyids are less
dependent on the bottom for food than other notothe-
nioids. Some species combine benthic and pelagic life
styles; others are predominantly pelagic and all consume
euphausiids and/or fish. South polar skuas, Antarctic
petrels, Adélie and emperor penguins, Weddell seals and
minke and killer whales are the higher vertebrate com-
ponents of the food web, and all prey on notothenioids
to some extent. Based on the frequency of occurrence of
prey items in the stomachs of fish, bird and mammal
predators, P. antarcticum and ice krill E. crystallorophias
are the key species in the food web of the Ross Sea.
P. antarcticum is a component of the diet of at least 11
species of nototheniid, bathydraconid and channichth-
yid fish and, at frequencies of occurrence from 71 to
100%, is especially important for Dissostichus mawsoni,
Gvozdarus svetovidovi and some channichthyids. At least
16 species of notothenioids serve as prey for bird and
mammal predators, but P. antarcticum is the most
important and is a major component of the diet of south
polar skua, Adélie and emperor penguins and Weddell
seals, at frequencies of occurrence from 26 to 100%.
E. crystallorophias is consumed by some nototheniid and
channichthyid fish and can be of importance in the diet
of emperor and Adélie penguins, although in the latter
case, this is dependent on location and time of year.
Unlike the linear phytoplankton — E. super-
ba — consumers of the E. superba food chain hypothe-
sized for much of the Southern Ocean, the food web of
the Ross Sea shelf is non-linear, with complex prey-
predator interactions. Notothenioid fish play a key role:
as predators, they occupy most of the trophic niches
available in the ecosystem, relying on benthic, zoo-
planktonic and nektonic organisms; as prey, they are
important food resources for each other and for most
top predators living and foraging on the shelf. They also
constitute the major link between lower (invertebrates)
and higher (birds and mammals) levels of the food web.
This is especially true for P. antarcticum. Along with
E. crystallorophias, its ecological role in the Ross Sea is
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equivalent to that of myctophids and E. superba else-
where in the Southern Ocean.

Introduction

The Southern Ocean consists of the southern parts of
the Atlantic, Indian and Pacific oceans (Lutjeharms
1990). The northern boundary of the Southern Ocean
is the Antarctic Polar Front, located at about 50°S in
the Atlantic and Indian sectors and 60°S in the Pacific
sector (Hureau 1994; Lutjeharms 1990). The Antarctic
Polar Front is characterized by a sudden drop of sur-
face temperature of 3—4°C, as well as by changes in
other oceanographic parameters like salinity. At the
front, northward-flowing Antarctic Surface Water sinks
beneath warmer Subantarctic Surface Water, generat-
ing a transition zone between surface water masses of
different temperatures (Eastman 1993). From an
oceanographic perspective, the surface circulation
around Antarctica consists of two main currents. Close
to the Antarctic Continent, easterly winds generate a
counterclockwise water circulation, i.e. the Antarctic
Coastal Current or East Wind Drift. North of 60°S,
westerly winds produce a clockwise and northward
water flow, known as Antarctic Circumpolar Current
or West Wind Drift, representing the major current in
the Southern Ocean. In large embayments of the Ant-
arctic Continent, particularly the Weddell and Ross
Seas, the Antarctic Coastal Current forms clockwise
gyres, which probably concentrate nutrients like sili-
cate, phosphate and nitrate (Lutjeharms 1990). Unlike
other areas of Antarctica, the continental shelves of the
Weddell and Ross Seas are wide and 500-600 m deep,
with inner shelf depressions reaching depths of over
1,200 m (Anderson 1999). Furthermore, much of the
Antarctic coastline is covered by ice shelves, which are
exceptionally large in the Weddell and Ross Seas.
During much of the year, the adjacent shelf waters are
covered by pack ice.

Based on the distribution of the pelagic and demersal
fishes, three main ichthyofaunal subregions are recog-
nized in the Southern Ocean: from north to south, the
Ice-free Zone, the Seasonal Pack-ice Zone and the High-
Antarctic Zone (Kock 1992).

The Ice-free Zone, where ice cover is absent all year,
lies between the Antarctic Polar Front and the northern
limit of the pack ice in winter/spring. It is deep sea,
almost exclusively inhabited by mesopelagic and
bathypelagic fish, and most of these are cosmopolitan
rather than members of the indigenous Antarctic perci-
form suborder Notothenioidei.

The Seasonal Pack-ice Zone extends between the
limit of pack ice in winter/spring and in autumn/sum-
mer, including the islands north of the maximum limit of
the pack ice. The pelagic fauna is represented by meso-
pelagic species and early life-stages of notothenioids.
The benthic fish fauna is dominated by nototheniids of

the genera Notothenia and Lepidonotothen, as well as by
harpagiferids, bathydraconids and channichthyids.

Finally, the High-Antarctic Zone is that region
immediately adjacent to the continent which is covered
by ice for most of the year. The fish fauna is similar to
that of the Seasonal Pack-ice Zone, at least for the pe-
lagic fauna. However, the benthic fauna is greatly re-
stricted in diversity of higher taxa, and characterized by
nototheniids of the genus Trematomus and a high pro-
portion of other notothenioids, such as artedidraconids,
bathydraconids and channichthyids. In the Antarctic,
fish species diversity, especially that of notothenioids,
generally increases with latitude, although biomass
decreases farther south. For example, fish biomass is 10-
to 20-fold higher in the Seasonal Pack-ice Zone near
Elephant Island than in the High-Antarctic southern
Weddell Sea, but indices of species diversity and even-
ness are lower at Elephant Island than at comparable
depths on the High-Antarctic shelf (Tiedtke and Kock
1989).

In high-latitude shelf areas like the Ross Sea, the
overwhelming dominance by a single taxonomic group is
unparalleled in the fish fauna of any other marine eco-
system. As documented by benthic trawling at depths
of 107-1,191 m in the southwestern Ross Sea (73-77°S),
notothenioids comprise 76.6% of species, 91.6% of
abundance and 91.2% of biomass (Eastman and Hubold
1999). Non-notothenioids are represented by Rajidae,
Muraenolepidae, Liparidae and Zoarcidae, accounting
for 8.4% of abundance and 8.5% of frequency of
occurrence (Eastman and Hubold 1999). Since noto-
thenioids are the only fish group of significant biomass,
they obviously play a major role in the food web.

There is a historical or evolutionary hypothesis for
this phenomenon—notothenioids reach these levels of
dominance because they occupy niches filled by taxo-
nomically diverse groups of fishes in temperate shelf
areas, groups not represented on the Antarctic shelf
(Eastman 2000). The fossil record indicates that over the
past 40 million years, there has been a nearly complete
replacement of the Antarctic fish fauna. A diverse cos-
mopolitan temperate fauna from the late Eocene was
replaced by the highly endemic, cold-adapted modern
fauna. Although the specific factors responsible for the
replacement are not completely understood, the
grounding of the ice sheet on the continental shelf and
changing trophic conditions may have played a role. In a
habitat with few other fishes and reduced competition,
notothenioids underwent a depth-related diversification
directed away from the ancestral benthic habitat toward
pelagic or partially pelagic zooplanktivory and pisci-
vory. Although they lack swim bladders, in a few spe-
cies, density reduction to neutral buoyancy has been
achieved through a combination of reduced skeletal
mineralization and lipid deposition, with paedomor-
phosis being one of the mechanisms facilitating such a
diversification (Balushkin 1984, 2000; Voskoboinikova
1982, 2001). In the dominant family Nototheniidae,
about 50% of the Antarctic species temporarily or per-



manently inhabit the water column rather than the
ancestral benthic habitat. Referred to as pelagization
(Klingenberg and Ekau 1996), this evolutionary tailor-
ing of morphology for life in the water column has been
discussed by several authors (Andersen 1984; Andria-
shev 1965, 1987; Eastman 1993; Ekau 1991; Hubold
1992; Klingenberg and Ekau 1996) and is the hallmark
of the notothenioid radiation. Again, nototheniids have
received particular attention in this regard, with eco-
morphological studies documenting the evolution of the
pelagic or partially pelagic mode of life (Ekau 1988,
1991), later confirmed by behavioural observations in
the field (Ekau and Gutt 1991; Gutt 2002; Gutt and
Ekau 1996) and by feeding habits (for example, Sch-
warzbach 1988).

Thus, the modern notothenioid fauna of nearly 100
species forms an adaptive radiation (Clarke and John-
ston 1996; Eastman 1993, 2000) and possibly a species
flock on the High-Antarctic shelf (Eastman and Clarke
1998; Eastman and McCune 2000). As products of this
radiation, certain water-column species reach levels of
vital importance in the food web. With its density-
reducing modifications, Pleuragramma antarcticum is an
exemplar of a neutrally buoyant species (DeVries and
Eastman 1978), and is an important subject of this re-
view as it is the dominant notothenioid in both abun-
dance (92%) and biomass (74-97%) in the midwaters of
the Ross Sea (DeWitt 1970).

Several authors have described different pelagic and
benthic feeding communities in all three ichthyofaunal
subregions, focusing mainly on fish diet and feeding
strategies (Casaux et al. 1990; Daniels 1982; Grohsler
1994; Hubold and Ekau 1990; Linkowski et al. 1983;
McKenna 1991; Olaso et al. 2000; Pakhomov 1997;
Pakhomov and Tseitlin 1992; Pakhomov et al. 1995;
Permitin and Tarverdiyeva 1972, 1978; Richardson
1975; Schwarzbach 1988; Takahashi and Iwami 1997;
Targett 1981; Tarverdiyeva and Pinskaya 1980; Vacchi
et al. 1999). Nevertheless, few studies have dealt with the
position of fish in the Antarctic marine food web, con-
sidering fish as both prey and predator, and these studies
are restricted to the Atlantic and Indian sectors of the
Southern Ocean (Barrera-Oro 2002; Blankley and
Grindley 1985; Hopkins et al. 1993; Hubold 1992; Wil-
liams and Duhamel 1994). Some of this work (Barrera-
Oro 2002; Hopkins et al. 1993) outlines the importance
of Antarctic krill (Euphausia superba) and mesopelagic
fishes (myctophids) and their key role within the food
web of the southern Scotia Sea marine communities.

An assessment of the role of fishes in the food web of
the Ross Sea is pertinent for several reasons. As men-
tioned above, there is increasing recognition that the
High Antarctic is a unique evolutionary site for fishes,
and this has implications for the food web. In the past
decade, the largest Antarctic fish, the Antarctic toothfish
Dissostichus mawsoni, has become the target of a com-
mercial longline fishery in the northern Ross Sea (Horn
2002). The harvesting of such fishery resources over next
two decades is considered the major threat to the Ant-
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arctic marine ecosystem (Clarke and Harris 2003).
Furthermore, the absence of the Antarctic krill over the
continental shelf of the Ross Sea, where it is replaced by
the ice krill (E. crystallorophias) (Biggs 1982; Hopkins
1987; Sala et al. 2002), as well as the northernmost (with
respect to the Ross Sea shelf) distribution of the meso-
pelagic fish families Myctophidae, Gonostomatidae,
Bathylagidae and Paralepididae (DeWitt 1970), raises
questions concerning the composition of the marine
food web of this area. Is the role of E. crystallorophias in
the Ross Sea similar to that of E. superba in other
Antarctic areas? What group substitutes for the absent
mesopelagic families? What is the role and the relative
importance of the Antarctic silverfish (P. antarcticum) in
the food web of the permanent ice zone of the Ross Sea,
where it is overwhelmingly the most abundant pelagic
species (DeWitt 1970)? Finally, to what extent do
demersal fish inhabiting the continental shelf rely on
pelagic resources?

To answer these questions, we review the published
literature on the feeding habits of notothenioid fish and
top-level predators. We also add some new data on
the diets of artedidraconids of the genera Artedidraco,
Histiodraco and Pogonophryne, and the bathydraconid,
Bathydraco marri. Our emphasis is on the shelf waters of
the western Ross Sea, one the most intensively studied
areas in the Pacific sector of the Southern Ocean.

The Ross Sea

The Ross Sea is a large embayment of the Antarctic
continental shelf, extending to nearly 78°S. It is sur-
rounded by Edward VII Land, the Ross Ice Shelf and
Victoria Land, with many glaciers flowing into the
Ross Sea from these areas (Fig. 1). Compared to other
Antarctic areas where the continental shelf is narrow,
the Ross Sea has a wide shelf averaging 500 m deep,
with the shelf break located at 700 m. The shelf be-
comes deeper from north to southwest, due to land-
ward deepening from isostatic depression. Off Victoria
Land, the shelf consists of two large N-NE shallow
banks (Mawson and Pennell), about 300 m deep, sep-
arated by 500-m-deep basins. A strong cyclonic gyre
characterizes the summer surface circulation on the
continental shelf, with the surface current flowing
westward along the Ross Ice Shelf and then northward
along the Victoria Land coast (Smith and Schnack-
Schiel 1990).

The Ross Sea is entirely covered by sea ice for at least
9 months of the year (Smith and Schnack-Schiel 1990).
However, persistent katabatic winds off the Ross Ice
Shelf (150°W-160°E) cause the formation of a large
coastal polynya during spring and reduced ice concen-
trations in winter (Bromwich et al. 1998; Zwally et al.
1985). The front of the Ross Ice Shelf is free of sea ice
during summer, and sea ice in the western part of the
Ross Sea is generally advected northward into warmer
water.
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Fig. 1 Map of the Ross Sea 65°00' S
indicating most of the sites cited
in the text. Dotted line shows
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The fish fauna

The first ichthyological sampling in the Ross Sea was
conducted during the 1839-1843 British Expedition
(Richardson 1844—1848). During the first two decades of
the last century, early ichthyologists described the in-
shore fauna off Cape Adare and McMurdo Sound, the
type localities for several species of notothenioids
(Boulenger 1902, 1907; Regan 1913, 1914; Waite 1911).
Nearly 50 years later, between 1960 and 1980, sampling
from shore and a series of cruises in the Ross Sea pro-

vided additional new species and material for taxonomic
purposes (Capurro 1973; DeWitt 1962, 1964, 1970, 1971,
1985; DeWitt and Tyler 1960; Iwami and Abe 1981;
Miller 1961; Miller and Reseck 1961; Reseck 1961).
More recent shore- and ship-based ichthyological sur-
veys carried out by USA and Italy (Eastman and
DeVries 1982; Eastman and Hubold 1999; Vacchi et al.
1991, 1992, 1999) have greatly improved knowledge of
the composition of the fish community of the Ross Sea,
although the number of newly discovered species indi-
cates our knowledge is far from complete (Chernova and



Table 1 Notothenioid fishes
inhabiting the continental shelf
of the Ross Sea. Data sources:
Gon and Heemstra (1990);
Eastman and Hubold (1999);
Vacchi et al. (1999, 2001);

La Mesa et al. (2002).
Nomenclature reflecting recent
taxonomic realignments based
on Eastman and Eakin (2000)
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Species

Nototheniidae

Aethotaxis mitopteryx De Witt 1962
Dissostichus mawsoni Norman 1937
Gvozdarus svetovidovi Balushkin 1989
Notothenia coriiceps Richardson 1844
Pagothenia borchgrevinki (Boulenger 1902)
Pagothenia brachysoma (Pappenheim 1912)
Paranotothenia dewitti Balushkin 1990
Pleuragramma antarcticum Boulenger 1902
Trematomus bernacchii Boulenger 1902
Trematomus eulepidotus Regan 1914
Trematomus hansoni Boulenger 1902
Trematomus lepidorhinus (Pappenheim 1911)
Trematomus loennbergii Regan 1913
Trematomus newnesiBoulenger 1902
Trematomus nicolai (Boulenger 1902)
Trematomus pennellii Regan 1914
Trematomus scotti (Boulenger 1907)
Trematomus tokarevi Andriashev 1978

Pogonophryne cerebropogon Eakin
and Eastman 1998

Pogonophryne lanceobarbata Eakin 1987
Pogonophryne macropogon Eakin 1981
Pogonophryne marmorata Norman 1938
Pogonophryne mentella Andriashev 1967
Pogonophryne permitini Andriashev 1967
Pogonophryne scotti Regan 1914
Bathydraconidae

Acanthodraco dewitti Skora 1995
Akarotaxis nudiceps (Waite) 1916
Bathydraco macrolepis Boulenger 1907
Bathydraco marri Norman 1938
Cygnodraco mawsoni Waite 1916
Gerlachea australis Dollo 1900
Gymnodraco acuticeps Boulenger 1902
Prionodraco evansii Regan 1914
Racovitzia glacialis Dollo 1900
Vomeridens infuscipinnis (DeWitt 1964)
Channichthyidae

Artedidraconidae
Artedidraco glareobarbatus
Eastman and Eakin 1999

Artedidraco loennbergi Roule 1913
Artedidraco orianae Regan 1914
Artedidraco shackletoni Waite 1911
Artedidraco skottsbergi Lonnberg 1905
Dolloidraco longedorsalis Roule 1913
Histiodraco velifer (Regan 1914)
Pogonophryne albipinna Eakin 1981

Chaenodraco wilsoni Regan 1914
Chionodraco hamatus (Lonnberg 1905)

Chionodraco myersi DeWitt and Tyler 1960
Cryodraco antarcticus Dollo 1900
Cryodraco atkinsoni Regan 1914
Dacodraco hunteri Waite 1916
Neopagetopsis ionah Nybelin 1947
Pagetopsis macropterus (Boulenger 1907)
Pagetopsis maculatus Barsukov

and Permitin 1958

Pogonophryne barsukovi Andriashev 1967

Eastman 2001; Eakin and Eastman 1998; Eastman and
Eakin 1999).

A fish fauna of about 50 species (Table 1) inhabits the
continental shelf of the Ross Sea (i.e. the area within the
shelf break at 500-700 m depth) and is composed pre-
dominantly of the endemic suborder of Notothenioidei
(Eastman and Hubold 1999; Gon and Heemstra 1990;
Vacchi et al. 1999). On the Ross Sea shelf, the fish fauna
collected offshore with benthic trawls differs somewhat
in taxonomic composition from the inshore fauna ob-
tained by small fixed gears. This is attributable to dif-
ferent depth preferences of some species, although other
differences are probably due to sampling artefact
(Eastman and Hubold 1999). A major change occurs off
Cape Adare (71-72°S), where the endemic shelf fauna
receives a contribution from the mesopelagic oceanic
fauna (DeWitt 1970).

The family Nototheniidae is dominant both in terms
of abundance and species richness (18 species) (see Ta-
ble 1). The genus Trematomus, common in the High-
Antarctic Zone, is the most diverse taxon. Based on
morphological characters and depth distribution (East-
man 1993), most of the nototheniids of the Ross Sea are
benthic (Trematomus bernacchii, T. hansoni, T. nicolai,
T. pennellii, T. scotti, T. tokarevi and Notothenia corii-
ceps). Given the ecomorphological trend towards pela-
gization mentioned previously, both epibenthic
(T. eulepidotus, T. lepidorhinus and T. loennbergii) and
pelagic species (Aethotaxis mitopteryx, D. mawsoni,

Gvozdarus svetovidovi and P. antarcticum) are also
prominent components of the shelf fauna. Furthermore,
several species (Pagothenia borchgrevinki, Pagothenia
brachysoma, T. newnesi) are associated with the under-
surface of the ice, forming part of a cryopelagic com-
munity of organisms (Andriashev 1968, 1970).

The family Artedidraconidae, composed mostly of
small benthic species (Eakin 1990), is the second most
speciose group of the four families of notothenioids
inhabiting the Ross Sea continental shelf. They are
represented primarily by the genera Artedidraco and
Pogonophryne, accounting for 88% of the total number
of artedidraconid species recorded in the Ross Sea
(Table 1). Among other artedidraconid genera, Dolloi-
draco longedorsalis is by far the most abundant species in
deeper waters, whereas Histiodraco velifer represents a
rare and eurybathic species (Eastman and Hubold 1999).

All members of the family Bathydraconidae occur-
ring in East Antarctica are found in the Ross Sea shelf
waters (Table 1), except for B. scotiae, which is a deep-
living species inhabiting the continental slope to depths
of 2,000 m. Most bathydraconids are small benthic or
epibenthic fish and little is known about their biology
(Gon 1990). Most species have been taken offshore with
bottom trawls (Eastman and Hubold 1999; Iwami and
Abe 1981), but Cygnodraco mawsoni and Gymnodraco
acuticeps are the most common bathydraconids cap-
tured in inshore waters off Terra Nova Bay and
McMurdo Sound (Eastman and DeVries 1982; Vacchi
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et al. 1999). Acanthodraco dewitti, a relatively new spe-
cies from the South Shetland Islands (Skoéra 1995), has
been recently reported in the western Ross Sea (Vacchi
et al. 2001).

The family Channichthyidae is less abundant in terms
of species richness (nine species), but all the species re-
ported from East Antarctica are found in the Ross Sea
(Table 1). As a group, they are the largest notothenioids,
reaching up to 75 cm TL (Iwami and Kock 1990). Most
channichthyids are primarily benthic species. While
Chaenodraco wilsoni, Chionodraco myersi, Dacodraco
hunteri and Neopagetopsis ionah have a pelagic or par-
tially pelagic life-style (Chen et al. 1998; Eastman 1993,
1999), most species have a combined benthic/pelagic life-
style and show active vertical migration to feed on pe-
lagic prey (Eastman and Sidell 2002; Iwami and Kock
1990; Pakhomov 1997). In the Ross Sea, Chionodraco
hamatus is the most abundant and eurybathic chan-
nichthyid, both inshore and offshore (Eastman and
Hubold 1999; Vacchi et al. 1999). Within the genus
Cryodraco, two species, Cryodraco antarcticus and
Cryodraco atkinsoni, are now recognized and they are
sympatric on the continental shelf of the Ross Sea
(La Mesa et al. 2002).

Prey of fish

Nototheniidae

This family is the most studied notothenioid group as far
as feeding biology is concerned. Nototheniids are also
diverse in terms of habitat, size, distribution and for-
aging modes.

In the Ross Sea, dietary data are available for the
pelagic species Dissostichus mawsoni, Gvozdarus sveto-
vidovi and Pleuragramma antarcticum. The first two are
the largest species inhabiting the Southern Ocean,
attaining a size of more than 200 and 100 cm, respec-
tively (Balushkin 1994; Eastman and DeVries 2000;
Yukhov 1971). The stomach of the holotype of Gvozd-
arus svetovidovi contains remains of Pleuragramma ant-
arcticum, as well as bones of other fish (Balushkin 1994).
Dissostichus mawsoni is predominantly piscivorous as
well, feeding on Pleuragramma antarcticum, Pagothenia
borchgrevinki, T. loennbergii, Gymnodraco acuticeps and
Pagetopsis macropterus. However, it also relies on mys-
ids, cephalopods and amphipods (Eastman 1985b).

As a pelagic fish, inhabiting the water column
throughout its life-cycle, Pleuragramma antarcticum
feeds almost exclusively on zooplankton, although it
shows some dietary plasticity. Copepods (Oncaea spp.,
Oithona spp., Calanus propinquus, Calanoides acutus,
Metridia gerlachei), both larval and adult stage of
euphausiids (E. crystallorophias and E. superba), am-
phipods (Parathemisto gaudichaudii) and mysids (Ant-
arctomysis ohlini) are the most abundant prey (DeWitt
and Hopkins 1977, Eastman 1985a; Granata et al.
1999; Hopkins 1987; Takahashi and Nemoto 1984).

Several other zooplanktonic prey, such as pelagic
polychaetes (Pelagobia longicirrata), pteropods (Lima-
cina helicina), ostracods (Conchoecia spp.), larvae of
decapods and chaetognaths (Eukrohnia hamata, Sagitta
spp.) are eaten occasionally (DeWitt and Hopkins
1977; Hopkins 1987). Eastman (1985a) reported that in
McMurdo Sound, Pleuragramma antarcticum also feeds
on fish, most of which were its own larvae (cannibal-
istic behaviour).

Within the cryopelagic community of the Ross Sea,
feeding habits of both Pagothenia borchgrevinki and
T. newnesi have been investigated in several studies.
Data on Pagothenia borchgrevinki are based exclusively
on specimens captured in McMurdo Sound (Eastman
1985a; Eastman and DeVries 1985; Foster and Mont-
gomery 1993; Foster et al. 1987, Montgomery et al.
1989). This species feeds in the platelet ice and in the
water beneath the ice, mainly on pteropods (L. helicina),
small copepods (Calanus propinquus, Calanoides acutus,
Euchaeta antarctica, M. gerlachei, Stephos longipes),
gammarids (Eusirus antarcticus, Orchomene spp.) and
hyperiids (Hyperiella dilatata). Secondary food consists
of pelagic polychaetes, euphausiids (Euphausia crystall-
orophias), mysids, chaetognaths (Eukrohnia hamata) and
fish (Pleuragramma antarcticum).

Feeding data are available for T. newnesi collected
from both McMurdo Sound and Terra Nova Bay. The
plasticity of this species is noteworthy, both in terms of
body morphology and feeding habits (Eastman and
DeVries 1997; La Mesa et al. 2000). In McMurdo
Sound, specimens of T. newnesi sampled in different sites
show some difference in diet. At Hut Point, 7. newnesi
was found to rely exclusively on Euphausia crystalloro-
phias and fish (Pleuragramma antarcticum, Pagothenia
borchgrevinki and Trematomus sp.), whereas at Inac-
cessible Island it preys on several zooplanktonic organ-
isms (such as pteropods, copepods, hyperiids, Euphausia
crystallorophias), but seemingly not on fish, even though
based on few specimens (13).

Similarly, in Terra Nova Bay, the dietary composi-
tion of T. newnesi changes in relation to environmental
conditions (La Mesa et al. 2000). In December, when the
area is covered by sea ice, T. newnesi feeds on a few prey
taxa, most characteristic of the cryopelagic habitat, such
as Euphausia crystallorophias and the copepod M. ger-
lachei. In addition, it eats the pteropod L. helicina, other
copepods (Calanoides acutus, Calanus propinquus, Eup-
hausia antarctica) and amphipods (mainly H. dilatata
and Cheirimedon fougneri). In February, when the ice
cover disappears, the food spectrum of T. newnesi is
more diverse, suggesting an active feeding search in the
water column. Other than the above-mentioned prey,
the stomach contents also reveal decapods (Chorismus
antarcticus and Notocrangon antarcticus) and several
species of fishes (Chionodraco sp., Pagetopsis sp., Gym-
nodraco acuticeps, Pagothenia borchgrevinki, Pleura-
gramma antarcticum, Trematomus spp.), as well as a high
incidence of cannibalistic behaviour (La Mesa et al.
2000; Vacchi and La Mesa 1995).



Although they live close to the bottom, epibenthic
nototheniids have a streamlined appearance and lack
substrate-contact adaptations, suggesting that they are
less inclined to reside directly on the substrate than other
nototheniids (Eastman 1993). On the basis of the
stomach contents, T. loennbergii in the Ross Sea appears
more linked to the substrate than the other two epi-
benthic species (7. eulepidotus and T. lepidorhinus). It
feeds almost exclusively on benthic organisms, such as
polychaetes (mainly FEunoe anderssoni), gammarids
(Eusirus spp.), isopods, decapods (Chorismus antarcticus
and Notocrangon antarcticus) and fishes (Eastman
1985a; La Mesa et al. 1997).

Stomach contents of 7. eulepidotus indicate that they
search for food mainly in the water column, eating
juvenile Euphausia. crystallorophias and Pleuragramma
antarcticum (Eastman and Hubold 1999). However,
amphipods (Parathemisto gaudichaudii) are the only
prey of T. lepidorhinus (Takahashi and Nemoto 1984).

Generally, the benthic species of Trematomus all
show high dietary diversity. They are probably on or
near the bottom most of the time, displaying a series of
feeding strategies such as hiding, perching, burrowing,
grazing or ambushing depending on the species and
bottom type. The typical benthic species, 7. bernacchii,
T. hansoni and T. pennellii, are all feeding generalists.
They can be considered omnivorous, relying on most
edible benthic organisms, such as algae, polychaetes,
molluscs, gammarids, isopods, tanaids, mysids, deca-
pods, pycnogonids, echinoderms and fishes (Eastman
1985a; Kiest 1993; La Mesa et al. 1997, Moser and
Cowen 1991; Vacchi et al. 1994, 2000). However, they
often ascend in the water column to feed on planktonic
prey, such as pteropods, ostracods, copepods, hyperiids
and euphausiids (Foster and Montgomery 1993; Mont-
gomery et al. 1993).

Unlike the previously mentioned benthic species,
T. nicolai inhabits shallow water 30-50 m deep, some-
times close to anchor ice (Eastman and Devries 1982).
Its diet includes fewer polychates, fish and mysids than
the benthic species, and actively moving organisms in
the water column such as copepods and hyperiids
(Eastman 1985a; Montgomery et al. 1993).

Artedidraconidae

Plunderfishes are probably the most sedentary notothe-
nioids, living motionless on the sea bottom (Hubold
1991). Until recently, only one study reported data on
feeding habits of this family in the Ross Sea (Wyanski
and Targett 1981). Additional knowledge comes from
some unpublished data (see Table 2). The barbel sug-
gests that most artedidraconids are probably sit-and-
wait predators, relying on actively moving organisms
occurring either on or very close to the bottom (Wyanski
and Targett 1981). The mental barbel, which charac-
terizes this family, may be used as a lure to attract prey,
although this has been documented only in Histiodraco
velifer (Janssen et al. 1993). However, the barbel func-
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tions as an antenna or a sensor to perceive prey in
Histiodraco velifer and Pogonophryne marmorata (Iwami
et al. 1996).

Data indicated that all species feed on the same prey
groups, but in very different proportions. Furthermore,
changes in diet with increasing fish length were observed
in Pogonophryne marmorata and Pogonophryne permi-
tini. Most of the prey, such as errant and sedentary
polychaetes, gastropods, gammarids, isopods, mysids,
decapods (mostly Crangon antarcticus) and pycnogo-
nids, are benthic or epibenthic organisms more or less
linked to the substrate. However, some fish relied also
on planktonic prey like copepods and cumaceans,
although in small amounts (Table 2). Euphausiids and
fishes were found occasionally in stomach contents of
Pogonophryne permitini (Wyanski and Targett 1981).

Bathydraconidae

Of the ten species of dragonfishes in the Ross Sea (Ta-
ble 1), feeding habits are known for only three benthic
species (Table 2). In McMurdo Sound, Gymmnodraco
acuticeps is an ambush benthopelagic predator, feeding in
order of importance on fishes (Pleuragramma antarcti-
cum, Pagothenia borchgrevinki and T. nicolai), hyperiids,
fish eggs and polychaetes (Eastman 1985a). In Terra
Nova Bay, Cygnodraco mawsoni feeds exclusively on
fishes (T. newnesi among them), but sample size is small
(M. Vacchi, unpublished work). It is likely that a larger
sample would indicate a more diversified diet, as has been
reported in the Weddell Sea (Kock et al. 1984). We have
observed Cygnodraco in aquaria and it is considerably
more active than Gymnodraco. It employs a combination
of subcarangiform and labriform locomotion that is
probably effective in pursuit of its piscine prey.

The biology of the genus Bathydraco is practically
unknown (Gon 1990), and data on feeding habits of
B. marri are presented here for the first time. This species
is both the most abundant and the most eurybathic
bathydraconid sampled offshore in the Ross Sea (East-
man and Hubold 1999). Based on the stomach contents,
B. marri can be considered a benthic species feeding
mainly on crustaceans such as gammarids and mysids
(Table 2). However, this fish may leave the bottom to
feed in the water column on copepods and euphausiids
(only one specimen of Euphausia superba).

Unfortunately, both specimens of Acanthodraco
dewitti sampled off Terra Nova Bay had empty stomachs
(Vacchi et al. 2001).

Channichthyidae

In general, icefishes are less dependent on the bottom for
food than most other notothenioids (Eastman 1993) and
there are, in fact, no obligatory benthivores among
channichthyids (Voronina and Neelov 2001). Further-
more, the osteology of the jaws of channichthyids is not
suited for feeding, either on small planktonic prey or for
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Table 2 Dietary composition of notothenioids from the Ross Sea.
Data on life-style from Eastman (1993) and Woéhrmann (1998).
Source: / Abe and Suzuki (1981); 2 Balushkin (1994); 3 DeWitt
and Hopkins (1977); 4 Eastman (1985a); 5 Eastman (1985b);
6 Eastman (1999); 7 Eastman, unpublished; 8 Eastman and DeV-
ries (1985); 9 Eastman and DeVries (1997); 10 Eastman and Hu-
bold (1999); 11 Foster and Montgomery (1993); 12 Foster et al.

(1987); 13 Granata et al. (1999); 14 Hopkins (1987); 15 Janssen
et al. (1992); 16 Kiest (1993); 17 La Mesa et al. (1997); 18 La Mesa
et al. (2000); /9 La Mesa and Eastman, unpublished; 20 Mont-
gomery et al. (1989); 21 Montgomery et al. (1993); 22 Moser and
Cowen (1991); 23 Takahashi and Nemoto (1984); 24 Vacchi and
La Mesa (1995); 25 Vacchi et al. (1994); 26 Vacchi et al. (2000); 27
Vacchi, unpublished; 28 Wyanski and Targett (1981)

Fish species Life-style Prey Source
Dissostichus mawsoni Pelagic Cephalopods, gammarids, mysids, fishes 4,5
Gvozdarus svetovidovi Pelagic Fishes 2
Pagothenia borchgrevinki Cryopelagic Pteropods, cephalopods, copepods, 4,8, 11, 12, 15, 20
gammarids, hyperiids, mysids,
decapods, euphausiids, chaetognaths,
fishes
Pleuragramma antarcticum Pelagic Polychaetes, pteropods, ostracods, 3,4,13, 14,23
copepods, gammarids, hyperiids,
mysids, decapods, euphausiids,
chaetognaths, fishes
Trematomus bernacchii Benthic Polychaetes, molluscs, pteropods, 4,11, 16, 21, 22, 25, 26
copepods, gammarids, hyperiids,
isopods, tanaiids, mysids, euphausiids,
echinoids, fishes, fish eggs
T. eulepidotus Epibenthic Euphausiids, fishes 10
T. hansoni Benthic Algae, polychaetes, molluscs, pteropods, 4,11, 17, 21
ostracods, copepods, gammarids, hyperiids,
isopods, decapods, euphausiids, pycnogonids,
echinoids, crinoids, fishes, fish eggs
T. lepidorhinus Epibenthic Amphipods 23
T. loennbergi Epibenthic Polychaetes, gammarids, isopods, decapods, 4,17
fishes, fish eggs
T. newnesi Cryopelagic Pteropods, ostracods, copepods, gammarids, 9, 18, 24
hyperiids, decapods, euphausiids, fishes
T. nicolai Benthic Polychaetes, molluscs, copepods, gammarids, 4, 21
hyperiids, mysids, fishes
T. pennellii Benthic Polychaetes, gastropods, bivalves, pteropods, 4,11, 21, 25
gammarids, hyperiids, isopods, tanaiids,
cumaceans, decapods, euphausiids, pycnogonids,
fishes, fish eggs
Artedidraco glareobarbatus Benthic Polychaetes 7
A. loennbergi Benthic Polychaetes, gastropods, copepods, gammarids, 19, 28
isopods, cumaceans, mysids, pycnogonids
A. orianae Benthic Polychaetes, copepods, gammarids, isopods, 7, 28
cumaceans
A. shackletoni Benthic Polychaetes, amphipods 7
A. skottsbergi Benthic Polychaetes, gastropods, copepods, gammarids, 19, 28
isopods, cumaceans, mysids
Dolloidraco longedorsalis Benthic Polychaetes, copepods, gammarids, 28
cumaceans, mysids
Histiodraco velifer Benthic Polychaetes, amphipods, fishes 7
Pogonophryne marmorata Benthic Polychaetes, gammarids, isopods, mysids 28
Pogonophryne permitini Benthic Polychaetes, cephalopods, copepods, 28
gammarids, isopods, cumaceans, euphausiids,
fishes, fish eggs
Pogonophryne scotti Benthic Copepods, gammarids, mysids, decapods, 7,28
euphausiids, fishes
Bathydraco marri Benthic Copepods, gammarids, isopods, mysids, 19
euphausiids
Cygnodraco mawsoni Benthic Fishes 27
Gymnodraco acuticeps Benthic Polychaetes, hyperiids, decapods, 4
fishes, fish eggs
Chaenodraco wilsoni Pelagic Euphausiids, fishes 23
Chionodraco hamatus Epibenthic Euphausiids, fishes 23, 27
Chionodraco myersi Pelagic Euphausiids, fishes 23
Cryodraco antarcticus Epibenthic Fishes 23
Dacodraco hunteri Pelagic Fishes 6
Neopagetopsis ionah Pelagic Fishes 1,23




benthic browsing (Eastman 1993; Iwami 1985). Another
common characteristic of this family is the very low
feeding intensity; it is common for captured specimens
of Chaenocephalus aceratus, Champsocephalus gunnari
and Cryodraco antarcticus to have empty stomachs
(Barrera-Oro et al. 1997; Kock 1981, 1985; Kock and
Jones 2002). In the Ross Sea, Chaenodraco wilsoni,
Chionodraco hamatus and Chionodraco myersi feed on
euphausiids (Euphausia crystallorophias) and fish (Ple-
uragramma antarcticum and fish larvae) (Takahashi and
Nemoto 1984; M. Vacchi, unpublished work). As is the
case with Cryodraco antarcticus and Chaenocephalus
aceratus (Kock and Jones 2002), they probably rest on
the substrate waiting for fish, ascending sometimes to
near-bottom or midwater layers to feed on ice krill.

Additional dietary data for other channichthyids col-
lected in the Ross Sea are based on very few specimens
(Table 2). All Cryodraco antarcticus, Dacodraco hunteri
and Neopagetopsis ionah appear to be piscivorous, relying
only on Pleuragramma antarcticum and fish larvae (Abe
and Suzuki 1981; Eastman 1999; Takahashi and Nemoto
1984). Interestingly Dacodraco hunteri, probably the most
pelagic channnichthyid, are able to feed on large speci-
mens of Pleuragramma antarcticum, some approaching
50% of their own length (Eastman 1999).

Predators of fish

In the Ross Sea, published data on feeding habits of fish
predators are available for two species of seabirds (south
polar skua and Antarctic petrel), two species of penguins

Table 3 Fish prey of top predators in the Ross Sea. Data sources:
1 Ainley et al. (1984); 2 Ainley et al. (1998); 3 Burns et al. (1998);
4 Castellini et al. (1992); 5 Calhaem and Christoffel (1969); 6 Cherel
and Kooyman (1998); 7 Clarke et al. (1998); 8 Dearborn (1965);
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(Adélie penguin and emperor penguin), the Weddell seal
and minke and killer whales (Table 3). However, these
species are the most common birds and mammals of the
Ross Sea (Saino and Guglielmo 1999). Moreover, it
should be mentioned that, in the Southern Ocean, there
are no fish top predators, such as sharks and large
scombrids (tunas).

Among flying seabirds, the snow petrel, Pagodroma
nivea, 1s quite common in the Ross Sea (Saino and
Guglielmo 1999), but there are no data on its feeding
habits. Off Adelie Land, the snow petrel largely relies on
fish, which accounted for 95% of prey mass (Ridoux and
Offredo 1989).

The Ross seal, Ommatophoca rossi, is the least
abundant seal around Antarctica and in the Ross Sea
(Erickson et al. 1983; Saino and Guglielmo1999); as a
consequence, its importance in the food web of the Ross
Sea should be negligible, although it feeds on Pleura-
gramma antarcticum elsewhere (Skinner and Klages
1994). However, the crabeater seal, Lobodon carcinoph-
agus, is one of the most common seals in the Ross Sea
(Saino and Guglielmo1999), but it consumes almost
exclusively krill (Knox 1994).

Flying seabirds

Among flying seabirds, feeding habits of the south polar
skua, Catharacta maccormicki, have been reported from
Ross Island (Mund and Miller 1995; Young 1963). Apart
from penguin eggs and chicks, the south polar skua lar-
gely relies on fishes, mainly pelagic and cryopelagic spe-
cies such as Pleuragramma antarcticum and Pagothenia

9 Emison (1968); 10 Green and Burton (1987); 1 Ichii et al. (1998);
12 Kooymanetal. (1989); 13 Mund and Miller (1995); /4 Polito et al.
(2002); 15 Reinhardt et al. (2000); 16 Testa et al. (1985); 17 Thomas
et al. (1981); 18 Van Heezik (1988); 19 Young (1963)

South
polar
skua

Antarctic
petrel

Prey/predator

Adélie
penguin

Weddell
seal

Minke
whale

Killer
whale

Emperor
penguin

Aethotaxis mitopteryx *
Dissostichus mawsoni

Notothenia coriiceps

Notothenia sp.

Pagothenia borchgrevinki *

Pagothenia sp. *

Pleuragramma antarcticum * *
Trematomus bernacchii

T. eulepidotus

T. newnesi

T. lepidorhinus

T. pennellii

Trematomus sp.

Gerlachea australis

Chaenodraco wilsoni

Chionodraco hamatus

Chionodraco sp. *
Dacodraco hunteri

Neopagetopsis ionah

Pagetopsis maculatus *
Pagetopsis sp. *
Source

* %

* ¥ ¥ * *

13, 15, 19 1

2,7,9, 14, 18

6, 12 3,4,5,8,10, 16 11 17
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borchgrevinki. Interestingly, it is more piscivorous in the
Antarctic Peninsula region, where it is sympatric with the
brown skua (Catharacta antarctica lonnbergi), which is
thought to monopolize the penguin food resource (Pietz
1987). In the Ross Sea, the sea-ice cover could negatively
affect the availability of fish, as well as increase travel
costs for feeding at sea, leading to the use of penguins as
an additional food (Reinhardt et al. 2000).

The Antarctic petrel (Thalassoica antarctica) is one of
the most abundant species within the bird community,
associated with the pack ice and adjacent open waters of
the Ross Sea (Ainley et al. 1984). In addition to eup-
hausiids (Euphausia superba), the Antarctic petrel fre-
quently consumes fish, mostly adult Pleuragramma
antarcticum as large as 160 mm SL.

Penguins

Food habits and foraging strategies of Adélie penguin
(Pygoscelis adeliae) have been studied at three colonies on
Ross Island (Cape Royds, Cape Bird and Cape Crozier)
(Ainley 2002; Ainley et al. 1998; Emison 1968; Polito et al.
2002; Van Heezik 1988). In most studies at these high-
latitude sites, fish (mainly Pleuragramma antarcticum)
represent a key prey item of the Adélie penguin, with
euphausiids (mainly Euphausia crystallorophias) of sec-
ondary importance. However, the relative importance of
fish and ice krill in their diet changes considerably in
relation to environmental conditions, such as pack-ice
cover and year of sampling. In some earlier studies, eup-
hausiids appear to be the most important food of Adélie
penguin on the Ross Sea shelf (Emison 1968; Van Heezik
1988). In later studies, Pleuragramma antarcticum proved
to be the most important prey of Adélie penguin when
little pack ice is present; conversely, juvenile Euphausia
crystallorophias are predominantly eaten in years of heavy
pack-ice cover (Ainley et al. 1998). On the basis of prey
remains recovered from ornithogenic sediments in Ross
Island, Polito et al. (2002) suggested that the importance
of Pleuragramma antarcticum as food for Adélie penguins
has decreased over the past 600 years. In this study, sev-
eral other species of nototheniids of the genera Noto-
thenia, Pagothenia and Trematomus were present as
occasional prey (Polito et al. 2002). Sex differences in
Adélie-penguin foraging strategies and diet have also been
studied off Terra Nova Bay, where this species feeds both
under the ice and in open water. During the nest-guard
period, females make significantly longer foraging trips
than males and consume larger quantities of ice krill
(Euphausia crystallorophias), whereas males forage closer
to the nesting areas and eat more fish (Pleuragramma
antarcticum and Trematomus newnesi) (Clarke et al. 1998).

Ainley (2002) provides a comprehensive compilation
of the diet of the Adélie penguin at locations around the
continent. In agreement with the information above, his
summary indicates that Pleuragramma antarcticum is an
important component of the diet at all studied sites in
East Antarctica, especially the high-latitude sites on

Ross Island. He notes that the Adélie penguin is a die-
tary generalist; when feeding over the shelf, its diet is a
mix of Pleuragramma antarcticum and Euphausia crys-
tallorophias. However, in deep water over or north of the
slope, the diet is more likely to consist of Euphausia
superba and myctophid fish. Dietary plasticity is prob-
ably advantageous given the extent of the annual
migration of Adélie penguins from some colonies in the
Ross Sea. Studies of migratory movements using sa-
tellite telemetry indicate that some Adélie penguins
breeding in the southern Ross Sea travel to over-winter
in feeding grounds in dense pack ice west and north of
the Balleny Islands (Davis et al. 2001). Here, the fish
fauna is not well known and the Adélie diet has not been
studied, but the fish fauna is probably unlike that of the
southern Ross Sea given the different oceanographic and
climatic regimes around the Ballenys.

Feeding habits of the emperor penguin (Aptenodytes
forsteri) in the western Ross Sea have been investigated
by analysis of stomach contents at Cape Washington,
Coulman Island and Cape Roget (Burns and Kooyman
2001; Cherel and Kooyman 1998). At all sites, fishes are
the most important food, accounting for 88-95% of diet
by mass. Pleuragramma antarcticum is the most common
fish prey, occurring in 95-100% of samples (Cherel and
Kooyman 1998). Other fish prey includes the notothe-
niids (Pagothenia borchgrevinki, Trematomus lepidorhi-
nus and Trematomus newnesi), the channichthyids
(mostly Chaenodraco wilsoni and Pagetopsis sp.) and a
bathydraconid (Gerlachea australis). At Coulman Island,
one large specimen of the rare channichthyid Dacodraco
hunteri was recorded in a regurgitation. Crustaceans are
the second important taxa in the diet of emperor pen-
guins at Cape Washington. Euphausia crystallorophias
accounts for 24% of the total number of crustaceans,
whereas FEuphausia superba is preyed upon in lesser
amounts (1%) (Cherel and Kooyman 1998).

Since emperor penguins dive to depths of 400-500 m
(Kooyman and Kooyman 1995), they are able to forage in
most of the water column over the Antarctic shelf, as
indicated by the composition of their diet. However, the
predominance of pelagic prey, such as euphausiids and
juvenile Pleuragramma antarcticum, indicates that em-
peror penguins feed mostly in mid-water, with the
majority of dives at <200 m depths (Kooyman and Ko-
oyman 1995). During deep dives, it feeds on other noto-
theniids and large channichthyids, as well as on adult and
subadult Pleuragramma antarcticum found at >200 m
depths (Eastman 1993; Gon and Heemstra 1990). At
McMurdo Sound, emperor penguins probably dive under
the sea ice, feeding on cryopelagic fish such as Pagothenia
borchgrevinki and Trematomus newnesi (Cherel and
Kooyman 1998; Kooyman et al. 1989).

Weddell seals

Several studies consider the diet and foraging behavior
of the Weddell seal (Leptonychotes weddellii) in the Ross



Sea, mostly in the area of McMurdo Sound (Burns and
Kooyman 2001; Burns et al. 1998; Calhaem and Chris-
toffel 1969; Castellini et al. 1992; Davis et al. 1999;
Dearborn 1965; Green and Burton 1987; Testa et al.
1985). All of these studies, based on faecal or stomach
samples, indicate Weddell seals are almost exclusively
piscivorous. Adult Pleuragramma antarcticum are by far
the most important prey of Weddell seals, being re-
corded from between 70 and 100% of stomach/faecal
samples. Occasionally, the Weddell seals consume some
benthic species, such as Trematomus bernacchii and
Trematomus pennellii (Burns et al. 1998; Castellini et al.
1992; Green and Burton 1987; Testa et al. 1985). In the
Weddell Sea, Weddell seals foraged mainly on Pleura-
gramma antarcticum in summer (Pl6tz 1986), whereas in
spring they fed on other species of notothenioids, such as
Chionodraco myersi, Trematomus eulepidotus, Pagetopsis
maculatus, Racovitzia glacialis and Cryodraco antarcti-
cus, probably as a consequence of temporal changes in
the local abundance of Pleuragramma antarcticum (Pl6tz
et al. 1991, 2001).

Based on data from scat collections and stable-isotope
analysis, Burns et al. (1998) reported two different feed-
ing strategies in Weddell seals. Adults and most yearlings
feed primarily in the water column on Pleuragramma
antarcticum, while the shallow-diving yearlings forage
mainly on the benthic Trematomus species. In McMurdo
Sound, Weddell seals flush Pagothenia borchgrevinki,
which represents an occasional prey item (Castellini et al.
1992), by blowing air into subice crevices or by pursuing
them into the platelet ice (Davis et al. 1999). A video
camera attached to Weddell seals as they forage under
the ice of McMurdo Sound also provides some insight
into previously unknown aspects of the behaviour and
ecology of Pleuragramma antarcticum (Fuiman et al.
2002). Pleuragramma aggregate in loose shoals, with
densities estimated as 1 fish per 7-43 m>. They also un-
dergo diel vertical migration; they occur at mean depths
of 252 m at night versus 346 m during the day. When
pursued by a seal, Pleuragramma employed subcarangi-
form locomotion to reach an estimated speed of
4.9 body-lengths s~ which was similar to that of other
nototheniids, but slower than in temperate species. Other
accounts (Calhaem and Christoffel 1969; Dearborn 1965;
Wohlschlag 1968) report that Weddell seals eat large
specimens of Antarctic cod (Dissostichus mawsoni), and a
strict prey-predator relationship between the two species
has been hypothesized (Testa et al. 1985). Using a video
camera attached to Weddell seals, Fuiman et al. (2002)
documented encounters and pursuit of Dissostichus
mawsoni, but not captures. This interaction took place at
depths of 12-180 m.

Whales

Excluding crabeater seals (Lobodon carcinophagus), the
marine-mammal community of the Ross Sea is domi-
nated in biomass by minke whales (Balaenoptera acut-
orostrata) (Ainley 1985). All over the Southern Ocean,
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they are important consumers of Antarctic krill, with
estimates that, after the depletion of the large whales,
they are responsible for 95% of the total biomass of krill
consumed by all baleen whales in the Antarctic (Arm-
strong and Siegfried 1991). In the northern Ross Sea,
large aggregations of minke whales are observed close to
the continental shelf breaks and bank tops in proximity
to high concentrations of Antarctic krill (Euphausia
superba) (Ichii 1990; Kasamatsu et al. 1998). Neverthe-
less, in the southern part of the Ross Sea, the neritic
euphausiid Euphausia crystallorophias is exclusively the
dominant food species of minke whales on the shelf, as
well as in the vicinity of the Bay of Whales (Ichii et al.
1998). In summer 1990-1991, Pleuragramma antarcti-
cum was found to be an important food resource of
minke whales on the southeast shelf of the Ross Sea, in
addition to Euphausia crystallorophias (Ichii et al. 1998).

Finally, killer whales (Orcinus orca) are abundant off
Ross Island and have been observed feeding on Ant-
arctic cod (Dissostichus mawsoni) (Thomas et al. 1981).

Key prey species in the food web

As most of studies on feeding habits are based on the
frequency of occurrence of prey, we have summarized
these quantitative data for the two most likely key spe-
cies, Pleuragramma antarcticum and Euphausia crystall-
orophias, with the aim of estimating their importance in
the food web of the Ross Sea (Table 4).

With regard to the nototheniid Pleuragramma ant-
arcticum as food for other fish, several species of
channichthyids (Chionodraco hamatus, Chionodraco
myersi, Dacodraco hunteri, N. ionah) rely almost exclu-
sively on this species, although most data are based on
few specimens. Similarly, the large mesopelagic preda-
tors Dissostichus mawsoni and Gvozdarus svetovidovi
both feed heavily on Pleurogramma antarcticum. It is
also consumed in small amounts (5-20%) by the cryo-
pelagic species Pagothenia borchgrevinki and Tremato-
mus newnesi, possibly when it swims close to the sea-ice
cover. Top predators such as south polar skua, Adélie
and emperor penguins and Weddell seal all feed on
Pleuragramma antarcticum, with frequency of occur-
rences ranging from 26 to 100% (see Table 4). Unfor-
tunately, no quantitative data for the diet of minke
whales are available, but they probably rely on Pleura-
gramma antarcticum as food in periods of particular
abundance and/or in areas where Euphausia superba are
absent (Ichii et al. 1998).

In comparison to Pleuragramma antarcticum, the ice
krill (Euphausia crystallorophias) is preyed upon by few
fish species. It is found in very different amounts in the
stomach contents of the channichthyids Chaenodraco
wilsoni and Chaenodraco myersi (Table 4), which both
frequently inhabit and feed in the water column (East-
man 1993). In addition, the ice krill has a 42-63% fre-
quency of occurrence in the diets of cryopelagic species,
such as Pagothenia borchgrevinki and Trematomus
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Table 4 Frequency of occurrence (%) of Pleuragramma antarcti-
cum and Euphausia crystallorophias in diet of some predators on
the Ross Sea continental shelf. The range is reported when data are
available. Data sources: Ainley et al. (1998); Balushkin (1994);
Burns et al. (1998); Castellini et al. (1992); Cherel and Kooyman
(1998); Eastman (1985a, 1999); Eastman and DeVries (1985, 1997);
Foster et al. (1987); Green and Burton (1987); Hopkins (1987);
Ichii et al. (1998); La Mesa et al. (2000); Mund and Miller (1995);
Takahashi and Nemoto (1984); Testa et al. (1985); Vacchi and La
Mesa (1995) (*percentage by mass)

Prey/predator Pleuragramma Euphausia
antarcticum crystallorophias

Fishes

Dissostichus mawsoni 71

Gvozdarus svetovidovi 100

Pagothenia borchgrevinki 6-20 42

Pleuragramma antarcticum 13 20

Trematomus newnesi 4.6-14.3 50-62.8

Gymnodraco acuticeps 29

Chaenodraco wilsoni 12.5 100

Chionodraco hamatus 100

Chionodraco myersi 95.5 13.6

Cryodraco antarcticus 50

Dacodraco hunteri 100

Neopagetopsis ionah 100

Birds

Catharacta maccormicki 26-39

Pygoscelis adeliae 10-80* 10-100*

Aptenodytes forsteri 95.1 75.6

Seals

Leptonychotes weddellii 70-100

Whales

Balaenoptera acutorostrata ? ?

newnesi, and 20% in the zooplanktivorous Pleuragram-
ma antarcticum.

Both Adélie and emperor penguins feed heavily on
Euphausia crystallorophias (Table 4); however, the rela-
tive importance of the ice krill changes considerably in
the diet of Adélie penguins both seasonally and yearly
(Ainley 2002; Ainley et al. 1998). Finally, as previously
mentioned, FEuphausia crystallorophias represents the
dominant food of minke whales on the continental shelf
of the Ross Sea, although quantitative data are not
available (Ichii et al. 1998).

Discussion

Compared to other Antarctic areas, the Ross Sea has
several unusual environmental and biological features.
The Ross Sea continental shelf is covered by sea ice for
most of the year, with decay and growth starting near
the ice-shelf front in late October and late February,
respectively (Jacobs and Giulivi 1999). In addition,
strong katabatic winds maintain two main ice-free areas,
the large Ross Sea polynya close to the ice-shelf front
(Zwally et al. 1985) and a small and persistent coastal
polynya in the waters off Terra Nova Bay (Kurtz and
Bromwich 1985). Jacobs and Comiso (1989) also de-
scribe an annually persistent polynya along the conti-
nental slope of the Ross Sea during winter.

The marginal ice zone and polynyas, as well as the
continental shelf-break front, all represent key areas in
terms of pelagic biological production and carbon flux
to the upper trophic levels (Ainley and DeMaster 1990).
In the Ross Sea, most of the top predators, such as flying
seabirds, penguins, seals and minke whales, are more or
less linked to the pack-ice edge, to polynyas or to the
shelf-break front, where they concentrate for foraging or
moulting (Ainley 1985; Ainley et al. 1984, 1990; Kas-
amatsu et al. 1998; Laws 1977; Saino and Guglielmo
1999; Veit and Braun 1984).

One of the most significant biological features of the
Ross Sea is the absence of the Antarctic krill Euphausia
superba, at least within the continental-shelf waters
(Marr 1962). This is the key species in the East Wind
Drift waters elsewhere in the Southern Ocean (El-Sayed
1985; Everson 1977). Instead, Euphausia crystallorophias
is the dominant species over the entire Ross Sea shelf
area, but it is absent north of the shelf-slope front, where
it is replaced by Euphausia superba (Biggs 1982; Smith
and Schnack-Schiel 1990). The distribution of the two
species rarely overlaps: FEuphausia crystallorophias is
widespread over the continental shelf, close to the Ross
Ice shelf and in neritic waters, whereas Euphausia sup-
erba is dominant offshore, from the continental slope
northward (Azzali and Kalinowski 1999; Sala et al.
2002). Furthermore, data on size and sexual maturity
indicate the absence of juveniles of Euphausia superba in
the Ross Sea, suggesting that it is unlikely this area is
used as nursery grounds by Antarctic krill (Ichii et al.
1998; Sala et al. 2002).

Other than Euphausia crystallorophias, the midwater
ecosystem over the Ross Sea continental shelf is largely
dominated by the nototheniid fish Pleuragramma ant-
arcticum, representing more than 90% of both the
abundance and biomass of midwater fish fauna (DeWitt
1970). In addition, as a consequence of the sharp de-
crease in temperature of deep water (from +0.5 to
—1.8°C) in the northern area of the Ross Sea, almost all
mesopelagic myctophids, gonostomatids, bathylagids
and paralepidids are excluded from the continental shelf
(DeWitt 1970).

With these considerations in mind, the traditional
concept of the Antarctic food web as a simple chain
consisting of phytoplankton, krill and consumers of krill
(Tranter 1982) is not valid in the high-latitude shelf
waters. In particular, on the basis of the present analysis
and previous studies, the food web is non-linear with
complex prey-predator interactions in the shelf waters of
the Ross Sea (Fig. 2).

In an area where Antarctic krill is scarce or absent,
such as the Ross Sea shelf, the key role of midwater fish
(particularly Pleuragramma antarcticum) and the neritic
euphausiid Euphausia crystallorophias is documented or
hypothesized in many studies on the feeding habits of
fish and top predators such as sea birds, penguins, seals
and whales (Ainley et al. 1998; Burns et al. 1998; Cherel
and Kooyman 1998; Eastman 1985a, 1985b; Hempel
1985; Hopkins 1987; Ichii et al. 1998; Takahashi and
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Fig. 2 Diagram showing the position of notothenioid fish in the
food web of the Ross Sea continental shelf

Nemoto 1984; Testa et al. 1985). Considering all data
published to date, we now have a reasonably detailed
view of the structure of the marine food web of the Ross
Sea continental shelf, especially the role of certain not-
othenioid fish.

Information on feeding habits and life-style indicates
that Antarctic notothenioids are primarily benthic (see
Table 2), and this is likely the ancestral condition as
well. However, an evolutionary departure from the
benthic habitat occurred in several species, which be-
came pelagic, cryopelagic or epibenthic (Eastman 1993).
In the Southern Ocean, the notothenioids, and particu-
larly the nototheniids, fill a wide variety of niches, so
that they can be considered the equivalent of the taxo-
nomically and ecologically diverse fish faunas from
other shelf areas of the world. The phenomenon of
pelagization (Klingenberg and Ekau 1996) allowed sev-
eral nototheniid species to depart from the bottom and
to live and feed in the water column. The same is also
true for some channichthyids. The absence of competi-
tion from mesopelagic species on the high-latitude con-
tinental shelves of Antarctica probably facilitated this
trend. The notothenioids permanently inhabiting the
water column, such as pelagic or cryopelagic species,
became the most important food for several top preda-
tors, as discussed below.

The position of notothenioid fish within the marine
food web of the Ross Sea shelf waters is summarized in
Fig. 2. Of the 31 fish species considered, 19 are not preyed
upon by any of the top predators. Most of these are small
benthic or epibenthic fish (see Table 2), which may not be
easily available to predators foraging in deep waters near
the bottom, such as Weddell seals and emperor penguins
(Kooyman and Kooyman 1995; P16tz et al. 2001). Based
on the analysis of stomach contents, it is also noteworthy
that almost all benthic notothenioid species feed on zoo-
planktonic organisms (Fig. 2, Table 2). As an example,
planktivory in benthic nototheniid fish has been reported
in McMurdo Sound (Foster and Montgomery 1993),
where Trematomus bernacchi, Trematomus hansoni and
Trematomus pennellii rely in varying degrees on copepods
(M. gerlachei), pteropod molluscs (Limacina helicina) and
hyperiids (Hyperiella dilatata), which are the most abun-
dant species in the midwater food web of this area
(Hopkins 1987). Most benthic nototheniids can, there-
fore, be considered as opportunistic feeders, undertaking
occasional vertical migrations to forage on locally and
seasonally abundant planktonic prey.

At the top of the food web, predators feed on rela-
tively few species of notothenioids, most of which are
pelagic, cryopelagic or epibenthic (Fig. 2). In particular,
the cryopelagic Pagothenia borchgrevinki and Tremato-
mus newnesi both represent significant prey for Weddell
seals and emperor penguins (Castellini et al. 1992;
Cherel and Kooyman 1998): their role as a link between
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zooplankton and top predators may be more important
than previously thought. A similar case can be made for
Dissostichus mawsoni, whose importance in the diet of
Weddell seals and killer whales has probably been
underestimated.

Pleuragramma antarcticum, however, dominates the
diet of all top predators, from the Antarctic petrel to the
Weddell seal (Fig. 2, Table 4). In the southeast shelf of
the Ross Sea, Pleuragramma antarcticum is preyed upon
heavily by minke whales as well (Ichii et al. 1998).
Moreover, at McMurdo Sound, they represent the
principal food item of several fishes, including pelagic
and cryopelagic nototheniids and some channichthyids
(Table 4; Eastman 1985a).

Interestingly, compared to Pleuragramma antarcti-
cum, a smaller number of predators rely on Euphausia
crystallorophias (Table 4), which is less important as
prey than the Antarctic krill in other Antarctic areas. In
the Ross Sea, ice krill is consumed in large amounts only
by few nototheniids (Pagothenia borchgrevinki and Tre-
matomus newnesi), one icefish (Chaenodraco wilsoni) and
Adélie and emperor penguins. Finally, Euphausia crys-
tallorophias is the dominant species in the diet of minke
whales, although only when foraging on the continental
shelf (Ichii et al. 1998).

In conclusion, notothenioid fish play a key role in the
high-Antarctic food web of the Ross Sea: as predators,
they occupy most of the trophic niches available in the
marine ecosystem, relying on benthic, zooplanktonic
and nektonic organisms; as prey, they are important
food resources for each other and most of the top pre-
dators living and foraging on the shelf. They also con-
stitute the major link between lower (invertebrates) and
higher (birds and mammals) levels of the food web. This
is especially true for Pleuragramma antarcticum. Along
with Euphausia crystallorophias, its ecological role in the
Ross Sea is equivalent to that of myctophids and Eup-
hausia superba elsewhere in the Southern Ocean.
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