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INTRODUCTION

The Antarctic is unique: geographically, politically, and scientifically. It is the most remote, hostile, and naturally
dangerous continent, while at the same time it is the most pristine and least developed. Antarctica is the only
major part of the Earth’s landmass not directly governed by one nation; rather, it exists under the control of a
carefully developed, although still evolving, treaty, which has a multitude of acceding nations. It is the only place
in the world in which claims of ownership have been set aside. International agreements that ban nuclear testing
contain damage to the environment under specific regulations and replace international competition with
scientific investigations and organizations link nations in sustained, peaceful joint efforts.

Despite its isolation and harsh environment, the Antarctic is home to, or major feeding grounds for, large
populations of wildlife. The largest living animals on the Earth, blue whales, can be found there, as can a wide
variety of other whales, seals, and many more species of marine life. Some of the world’s largest flying birds—
wandering albatrosses with wing spans of 3 m and southern giant petrels—can be found in the region, as can a
number of different species of penguins, including the emperor, which can weigh up to 35 kg. At the other end of
the size spectrum, the terrestrial Antarctic hosts population densities of tardigrades between ten and one thousand
times greater than those of temperate or tropical zones. There are also particularly abundant groups of micro-
organisms, many considered extremophilic, living under extreme conditions that they not only tolerate, but also
need in order to exist.

Another Antarctic visitor, in relatively modern times, has been humans. In the nineteenth century, the
Southern Ocean surrounding the Antarctic continent was prized as a source of wealth in the form of whale and
seal oil and blubber. Around a century ago, the mainland itself became the focus of geographical exploration and
the compilation of scientific data. In more recent decades, particularly since the International Geophysical Year of
1957-1958, the major human emphasis placed on the terrestrial, ice, marine, and atmospheric aspects of the
southern polar region has been on scientific investigation and increasing our knowledge of the Earth and beyond.
In this way, the Antarctic has been shown to be much closer to the rest of the planet than had earlier been thought,
because it is a key component of many global systems, including climate, weather, oceanographic circulation
patterns, complex interactions in ecosystems, and the influence of the stratosphere (including the ozone layer) in
the reception of solar radiation planetwide.

Intriguingly, for an area of such importance, there is not a single, universally accepted definition for what the
Antarctic is, because the region has variously defined boundaries for different purposes. Some consider it to be the
continent itself, and there is debate as to whether the floating ice shelves that are seaward extensions of the
continental ice sheet form an integral part of the “land” surface of the continent. There is also a question of
whether this definition includes the islands immediately adjacent to the continent, many of which are attached to
the continent by ice shelves. Along and above the Antarctic Peninsula, the off-lying islands are also sometimes
regarded as part of the continent.

A purely geographical definition of Antarctica is the area south of the Antarctic Circle (at 66°33'39” S), below
the latitude at which the sun does not rise on Midwinter Day and does not set on Midsummer Day. A political
boundary is the area south of 60° S latitude, the northern limit of jurisdiction for the Antarctic Treaty, which
became effective in 1961 with twelve original signatories and now has been acceded to by forty-five countries.

Perhaps the consensus of Antarctic scholars is that the best boundary is the Polar Front (formerly known as
the Antarctic Convergence), an irregular belt in the Southern Ocean some 20 miles wide occurring between 48° S
and 61° S. This is where the cold, dense waters of the Southern Ocean sink beneath the warmer surface waters of
the southern Atlantic, Pacific, and Indian oceans, marking a distinct change in the surface temperature and
chemical composition, which in turn affects the creatures living on either side of it. This is both an ecosystem
boundary for many marine species and an administrative boundary; it was chosen by the Convention for the
Conservation of Antarctic Marine Living Resources for the extent of its jurisdiction. It is also the boundary
adopted by the Scientific Committee on Antarctic Research because it is defined by natural features, including the
northern limit of the Antarctic Circumpolar Current.
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INTRODUCTION

Many, but not all, of the sub-Antarctic islands and island groups are within the Polar Front. Those islands and
island groups lying south of the Polar Front, but not forming part of the Antarctic continent, include Bouvetoya,
Heard Island, the MacDonald Islands, the Balleny Islands, Scott Island, Peter I @y, South Georgia, the South
Orkney Islands, and the South Sandwich Islands.

All these definitions and aspects of the Antarctic are only small parts of the diverse, multifaceted, and hugely
significant area of the world introduced, explained, and covered in detail in the Encyclopedia of the Antarctic. The
two volumes of this work comprise overviews and in-depth discussions of people, historical events, places,
wildlife, scientific research, our place in and use of the environment, technological developments, and geopolitics.
They also explain the host of scientific studies for which the Antarctic has become an international center,
including geophysics, glaciology, atmosphere and climate, solar-terrestrial physics, astronomy, human impacts,
oceanography, terrestrial and marine biology, geology, botany, and sea ice. These volumes are the result of the
combined efforts of more than three hundred international scholars and experts in many fields, most of whom
have dedicated their lives to the study, understanding, and preservation of the Antarctic.

All of this makes the Encyclopedia of the Antarctic a unique resource and tool for a wide readership of students,
researchers, scholars, and anyone with a general interest in the region of the Antarctic, sub-Antarctic, and
Southern Ocean. It both examines the broad, complex theoretical context and fills in the specific details of the
existing knowledge about the Antarctic—its history, life forms, and influence on the rest of the Earth, as well as its
place in our scientific understanding of the world.

The goal of this project was to produce a comprehensive, multivolume work that would cover the entire scope
of Antarctic knowledge. Of course, even in two volumes this is impossible, but the Encyclopedia of the Antarctic is
larger, more thorough, and more inclusive than any previous work of its kind. The encyclopedia took shape
through the contributions of many people, most importantly an advisory board consisting of internationally
distinguished scholars who drew up lists of topics in their fields, determined suitable lengths for the entries, and
suggested appropriate authors. This all reflected a degree of subjectivity, of course, which was tempered by the
process of the advisors, each helping to refine the subsequent overall list of topics, and by the countless
suggestions for improving the content that were received from scholars throughout the world. Several authors
who were given assignments believed that other topics were of such importance that they voluntarily wrote and
submitted extra entries, which were in turn assessed for their viability as part of the encyclopedia. Input from the
advisors, authors, and other scholars around the world continued throughout the development and writing of the
encyclopedia, and the list of entries was revised virtually until the volumes went to production, allowing it to
provide a reliable, up-to-date view of the current state of scholarship about the Antarctic.

The Encyclopedia of the Antarctic comprises 495 free-standing, alphabetically ordered entries of 500 to 6000
words in length. These range from factual, data-driven entries, such as biographies, wildlife details, and state-
ments about national Antarctic programmes, to longer overviews on major themes and analytical discussions of
issues that are of significant interest to both scientific researchers and the general public, such as climate change,
conservation, geopolitics, biogeography, and pollution.

How to Use This Book

Although each entry is self-contained, the links between the entries can be explored in a variety of ways. The
Thematic List of Entries in the front matter of each volume groups the entries within broad categories and
provides a useful summary. Cross-references (See also) given at the end of almost all entries refer the reader to
other related topics within the encyclopedia. Each entry also contains a list of References and Further Reading,
including sources used by the writer as well as additional items that may be of interest to and expand
the knowledge of the reader. Seven Appendices, including the text of the Antarctic Treaty, and sixteen Maps
further guide the reader in exploring the features of this vast region. A thorough, analytical Index provides a
detailed listing of topics that help the reader navigate through the wealth of information provided within the
entries.
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ADAPTATION AND EVOLUTION

The term evolution can be used with different inter-
pretations, dependent on the context. Two broad gen-
eralisations are useful to recognise. First, in everyday
use across many disciplines and subject areas within
and outside science, “evolution” is often used simply
to describe processes of change or development. Sec-
ond, within evolutionary biology, its use is associated
with very precise definitions. Here, it is used in the
context of the fundamental processes by which
biological change occurs, developing from concepts
originally proposed in the nineteenth century and
made famous by the mechanism of natural selection
independently proposed by Charles Darwin and
Alfred Russell Wallace. These recognise that the
characteristics of living organisms are not simply de-
termined by the environment around them, but also by
features passed on or inherited from their parent(s).
It is in the latter sense that the concept of evolution
will be examined here in the context of Antarctic
biology.

It was many years after the lives of Darwin and
Wallace before the mechanism of inheritance was dis-
covered, through Crick and Watson’s pioneering
work on the structure of the nucleic acid DNA (deox-
yribonucleic acid). Nucleic acids such as DNA are
very long polymer molecules, made up of chains of
nucleotide subunits, and these chains provide the
genetic code for all the proteins that, ultimately, con-
tribute to all of an organism’s activities, from intracel-
lular biochemical processes to their morphology and
behaviour, and the interactions that are seen. This

code is carried in the form of genes, which are specific
sequences of nucleotides coding for a particular pro-
tein. All living organisms contain their own unique
genetic “blueprint,” and it is this that is passed on to
future generations in the various processes of repro-
duction that exist. During all forms of reproduction,
these chains are copied to give rise to new individual
organisms. However, the process is not perfect, and
“copying errors’” can occur, introducing variation.
Furthermore, in sexual reproduction the DNA of the
two parents is “mixed,” giving rise to new combina-
tions of genes. This results in offspring that differ in
(often minute) detail from their parents, and thus have
different abilities to function effectively in their envi-
ronment. Therefore, some are inevitably more suc-
cessful than others and, importantly, can then
contribute relatively more offspring of their own into
the next generation. These offspring, or at least some
of them, will carry the successful characteristic in their
own DNA, providing a new starting point from which
the process of change can continue.

The process by which the influence of environmen-
tal characteristics on organisms leads to differential
success 1S known as natural selection. Over time, the
consequence that is seen (of gradual and, occasional-
ly, rapid change) is described as evolution by natural
selection. The related term adaptation is used to de-
scribe the features that have progressively developed
in response to selection, and allowed some organisms
greater success during the evolutionary process, while
the term fitness is used to describe the relative success
of an organism in passing on its genetic material to
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future generations. It is important to note that, in
terms of strict definition, this terminology can be
applied only in circumstances where the biological
features of concern are controlled in some part
through heritable variations in genetic material (geno-
typic variation), and do not apply in circumstances
where there is no heritable component and all varia-
tion encountered is only in direct response to the
environment (purely phenotypic variation).

Evolutionary processes ultimately underlie the pat-
terns of diversity that are seen now (and also at any
other time in the history of life), as progressive accre-
tion of evolutionary changes may eventually lead to
reproductive isolation and speciation. Here, the con-
trast between Antarctic terrestrial and marine envir-
onments provides a striking illustration. On land,
diversity is low in all groups of biota, while on the
marine continental shelf it is very high. Both these
features are driven by the history of Antarctic glacia-
tion over geological and evolutionary time. Even
today, terrestrial habitats comprise a small propor-
tion of continental surface area, and are generally
individually of limited extent and often very isolated,
while the marine continental shelf is extensive. At
periods of peak glaciation and ice sheet extent, both
would have been drastically impacted. On land this
has resulted in considerable extinction, whereby many
contemporary habitats were obliterated, and the se-
vere environmental stresses permitted the survival of
only a tiny proportion of the preglaciation fauna and
flora. By contrast, in the sea, while it is now known
that much larger ice shelves extended widely to the
point of continental shelf drop-off, patterns of diver-
sity present today indicate that this resulted in exten-
sive fragmentation of marine habitats, rather than
outright destruction. This fragmentation provides a
classic mechanism that drives the generation of diver-
sity through allopatric speciation—the independent
evolution over time of isolated populations of an
ancestral line. Although the overall difference be-
tween the terrestrial and marine environments is
striking, it should be noted that the remnant terrestri-
al biota, often overlooked as insignificant, does show
evidence of analogous radiation processes within the
few groups that have persisted.

Few would query the simple statement that Ant-
arctica is an extreme environment, and it is easy to
generate physical environmental statistics in support.
This leads automatically to the view that Antarctica is
stressful. However, it is prudent to avoid anthropo-
morphism—while conditions are genuinely stressful
for humans, they may not be for an organism that
has become adapted over evolutionary time to the
conditions experienced there. Indeed, such an organ-
ism may rapidly experience rising stress levels as

conditions move away from those typical of its “‘ex-
treme” environment towards a state that humans
would regard as far more comfortable. Thus Adélie
penguins ( Pygoscelis adeliae), with a circumpolar
distribution that is one of the most southerly of all
the penguins, show clear indications of heat stress
even in the maritime Antarctic at the northern edge
of their current range (between the northern Antarctic
Peninsula and the South Sandwich Islands). Recent
population decreases near the northern edge of this
species range may indeed indicate range contraction
in part linked with regional climate warming, demon-
strating the importance of selection in defining geo-
graphical distribution. Over evolutionary time,
responses to selection imposed by the Antarctic envi-
ronment (particularly the abiotic stresses of tempera-
ture, extreme seasonality in radiation levels and, on
land, low water availability and freeze-thaw cycles)
have generated striking examples of the development
of evolutionary adaptations. While biotic stresses
(largely through competition for resources, or preda-
tion) are currently thought to be insignificant and
outweighed by abiotic stresses on land (although
based on limited data), this is not the case in the
much more complex marine communities. Space
does not permit an exhaustive survey of relevant stud-
ies; rather, a series of illustrations from very different
Antarctic biota, environments, and physiological or
biochemical processes is considered here.

The challenges of life at low temperature provide
clear examples of evolutionary adaptation in the ter-
restrial realm. Across the continent and the Antarctic
Peninsula, virtually all habitats experience the twin
challenges of short, cold summers and extended per-
iods of winter freezing. Indeed, some habitats on
inland continental nunataks may experience condi-
tions suitable for biological activity for only a few
days each year, and not at all in some summers.
Studies of Antarctic terrestrial arthropods have
revealed two basic adaptive strategies, those of freeze
intolerance and freezing tolerance. The former strate-
gy is utilised by the two most common groups of
Antarctic terrestrial arthropods, the Acari (mites)
and Collembola (springtails). Although the ability is
not restricted to Antarctic members of these groups, it
is very well developed in these and there is very little
evidence of significant cost (““chilling injury”) or mor-
tality being experienced before the freezing point is
reached, as is the norm in temperate or tropical spe-
cies. Freezing-tolerant invertebrates are represented
in the Antarctic by some higher insects (Diptera,
Coleoptera), as well as microscopic invertebrates
such as nematode worms. In some freezing-tolerant
invertebrates there is also evidence for the use of
antifreeze or thermal hysteresis proteins, analogous



but with a different evolutionary origin to those
found in teleost fish, in stabilising the frozen state.

Water stress, or desiccation, is at least as important
as temperature in the biology of most Antarctic ter-
restrial biota. Desiccation tolerance is of great impor-
tance in terrestrial habitats worldwide, and has
received considerable attention. The biochemical
responses involve the same groups of chemicals as
found in freezing tolerance and avoidance, leading
to the proposal that desiccation tolerance is likely to
have been an evolutionary precursor for cold toler-
ance in these invertebrates. While cold and desicca-
tion tolerance features are not uniquely associated
with Antarctic environments and species, their pos-
session and evolutionary development has clearly
been an important factor in the success of the major
groups of biota now found in Antarctic terrestrial
habitats.

A linked consequence of short, cold, and unpredict-
able active seasons for terrestrial biota is that it is not
normally possible to complete the life cycle within a
single season, or even rely on development to a single
specific overwintering or resistant stage. Thus, life
history features such as obligate diapause and tempo-
rally synchronised development, familiar amongst
invertebrates of lower latitudes (and even of the milder
Arctic terrestrial habitats), are rare or nonexistent.
Instead, life cycles often appear to be “free running,”
and the switch between active and inactive states gov-
erned directly by local environmental conditions. This
can be seen as Antarctic organisms gaining an evolu-
tionary fitness advantage through the loss of ancestral
features. However, extended life cycles per se are not
seen as an evolutionary response to the stresses of the
Antarctic environment, rather being the result of
direct thermodynamic constraints. Indeed, within
studies of biochemistry and ecophysiology, there is
evidence of evolutionary developments to maximise
the rates of biological processes during the short envi-
ronmental windows that are available for growth and
development.

Extended life cycles and slow growth are also typi-
cal of Antarctic marine invertebrates and fish. How-
ever, endothermic marine vertebrates (birds and
mammals) appear to show no such limitation. Con-
siderable populations of birds, seals, and whales are
present throughout the Southern Ocean, from the
sub-Antarctic islands to the continental coast. While
some, notably the great whales and seabirds such as
skuas and gulls, migrate to and from the Antarctic
annually and thus rely on the region’s marine
resources only during the austral summer, others are
present year-round. The Antarctic coast and pack ice
are home to several species of seal (notably, leopard,
Ross, and crabeater seals, the latter being one of
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the most abundant mammals on Earth, in terms of
biomass), and virtually unstudied species of the smal-
ler whales. Two penguins (Adélie, emperor) breed
around the continental Antarctic coastline, with em-
peror penguin colonies being virtually restricted to sea
ice in this region. Whales, seals, and penguins display
clear morphological and physiological adaptations to
life in these frigid waters, in terms of particularly
effective insulation (blubber, fur, feathers) and con-
trol of circulation to surface areas and limbs.

Behavioural and life history adaptations are also
present to maximise the chance of breeding success in
the short window of opportunity provided during the
Antarctic summer. Thus, Adélie penguins commence
nesting earlier than any of the other Antarctic pen-
guin species, even at locations where other species
breed. Among the mammals, southern elephant and
Weddell seals produce some of the richest milk
known, and their young show some of the most
rapid rates of growth and weaning seen in seals. Per-
haps the most spectacular illustration of a life history
adaptation driven by Antarctic environmental condi-
tions is that of the life cycle of the emperor penguin.
This species, the largest of the penguins living today,
is the only vertebrate to spend the Antarctic winter on
the continent, or at least the fast ice surrounding it.
The short summer is insufficient to permit pairing,
incubation, and development and fledging of chicks
within a single season. Therefore, egg-laying takes
place late in the austral summer, with the egg being
incubated on the male bird’s feet and protected under
a special flap of skin. The female returns to sea after
egg-laying and spends the winter foraging. However,
the male must remain in the colony, relying on
resources of body fat stored during the previous sum-
mer. During the most extreme conditions of winter,
the incubating male birds obtain some protection
from the environment by huddling together in a tight-
ly packed group, with constant movement of indivi-
duals away from the windward side, in order to
maximise individual survival chances. This is possibly
the only example of the complete breakdown of
breeding and nesting territoriality known amongst
birds. Finally, when the chick hatches later in winter,
it is still several weeks before female birds can return
with a fresh food supply, and the male provides sus-
tenance in the form of a secretion from its crop. Even
then, the timing of the female’s return is crucial as, by
the end of winter, the male has used such a large
proportion of his body’s resources that he must also
return to the sea to feed. There is a narrow window
within which the female must return if the chick is not
to be abandoned.

Low temperature presents very different challenges
to life in the sea to that on land. The seas around
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Antarctica are uniformly cold and, of most biological
significance, thermally very stable. Around much
of the continent annual variation in sea temperature
is less than 2°C-3°C, and, in areas under permanent
sea ice or ice shelves, it may be only fractions of a
degree. Such stability over geological and evolution-
ary timescales has allowed biological processes to
become tightly matched to their thermal environment,
to the extent that any movement away from these
stable conditions rapidly exceeds the tolerance limits
of the biota. Thus, many Antarctic marine biota ex-
hibit strong stenothermy, with little or no ability to
tolerate thermal conditions outside a very narrow
band. Such biota are obviously vulnerable to any
large-scale process leading to rapid thermal change.

Ice formation is a highly visible seasonal feature of
the Antarctic marine environment, with the formation
of surface sea ice roughly doubling the apparent area
of the continent. However, this represents little threat
to biota, unless they become entrapped within it. The
formation of anchor ice on substrata in the shallow
subtidal environment provides a more direct threat,
and is often advanced as an explanation for the ap-
parently low diversity or biomass present in this zone.
Antarctic marine invertebrates have body fluids that
are isosmotic with seawater (that is, they have the
same chemical concentration) and, thus, are not
threatened with ice formation unless their medium
freezes. This is not, however, the case with fish.
Their body fluids are less concentrated than seawater,
and therefore in the absence of a protective mecha-
nism would freeze before the freezing point of seawa-
ter (~1.8°C) is reached. Yet fish body fluids are
forced to make intimate contact with seawater during
passage through the gills, while fish bodies are not
insulated from their surrounding medium. This threat
has led to the evolution, in Antarctic notothenioid
fish, of an antifreeze protein that reduces the freezing
point of their body fluids to that of seawater, allowing
them to survive by supercooling. Detailed genetic and
molecular biological studies have identified the pre-
cursor gene for this antifreeze protein, and followed
its subsequent modification during the radiation of
the notothenioids. Analogous antifreeze proteins are
now known from some Arctic fish, with completely
different precursors, illustrating the fundamental im-
portance of this adaptation for the existence of teleost
fish in polar marine waters.

One group of notothenioid fish, the ““icefish,” illus-
trates a further evolutionary adaptation that is unique
amongst the vertebrates. These fish have lost the
ability to synthesise the oxygen carrying pigment
haemoglobin, otherwise ubiquitous across all verte-
brates, and their blood contains no functional ery-
throcytes. That they can do so is a consequence of

their cold, stable thermal environment. Oxygen solubil-
ity in water is inversely proportional to temperature,
and is maximal near to freezing point. However,
biological maintenance costs (“standard metabolism’)
simply increase with temperature, meaning that
the cost of staying alive is minimum in seawater
near to freezing. Thus, the balance between high oxy-
gen content of Antarctic seawater and low mainte-
nance costs has allowed icefish to dispense with the
use of haemoglobin altogether, presumably also gen-
erating a significant saving in the costs of protein
synthesis.

The high oxygen content of cold seawater has also
been proposed to underlie a completely separate evo-
lutionary feature demonstrated repeatedly amongst a
range of groups of Antarctic marine invertebrates—
that of gigantism. Here, high oxygen content of
Antarctic seawater represents one extreme of a con-
tinuum of availability levels throughout the Earth’s
oceans (and freshwaters), with levels elsewhere along
the continuum generating greater constraints on
growth and development.

Finally, it is clear that, as the environmental
stresses experienced in Antarctica became more ex-
treme following isolation from the other elements of
the Gondwanan supercontinent, they exceeded the
thresholds (biochemical, physiological, ecological) be-
yond which certain parts of the biota (species, higher
groups, communities) could no longer persist. This is
most striking in the terrestrial environment, where the
vast majority of life found is limited to “lower” taxo-
nomic groupings, and most of the “higher” and fa-
miliar groups from lower latitudes are simply no
longer present. Thus, other than on the Antarctic
Peninsula where two flowering plants and two dipter-
an insects (flies) are found, there are no higher plants
(flowering and woody plants), higher insects, nonmar-
ine mammals, or birds, and important ecological
functional groups (e.g., obligate grazing animals, pre-
dators) are also absent or of little significance. In the
sea, diversity patterns also illustrate that environmen-
tal conditions have led to reduced overall diversity or
loss of some major familiar groups (e.g., reptant dec-
apods—familiar as crabs at lower latitudes—and tel-
eost fish), while others show considerably greater
radiation than seen elsewhere (e.g., pycnogonids—
sea spiders—and some molluscs). Whether the latter
is an evolutionary consequence of reduced competi-
tion or the freeing of ecological space by the loss of
the former remains debatable. However, a particu-
larly interesting evolutionary example is provided by
the remaining representatives of a group that is gen-
erally poorly represented—the teleost fish. One group
of teleosts, the notothenioids, have survived in south-
ern polar waters, and their subsequent evolution,



now confirmed through molecular phylogenetic
approaches, provides a particularly clear example of
the development of a “species cloud.” This example
also provides a good example of the importance of the
evolution of a novel physiological adaptation (anti-
freeze protein) at the base of the group’s evolutionary
radiation.

PETER CONVEY
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ADELIE PENGUIN

Adélie penguin (Pygoscelis adeliae, Hombron &
Jacquinot 1841) was named after a portion of the
East Antarctic coast, Adélie Land, the first known
visit to which was made in 1840 by the French expedi-
tion led by Jules-Sébastien-César Durmont d’Urville;
the region was named after Durmont D’Urville’s wife,
Adéle. The first specimens of this species were collect-
ed there, at Point Géologie, by the two naturalists/
surgeons of the expedition, who subsequently de-
scribed the species. It is one of three species subse-
quently included in the genus Pygoscelis, meaning
“rump-legged,” in reference to the penguins’ upright,
bipedal means of walking. The “pygoscelids” are
among the few penguins that actually have prominent
tail feathers, with the Adélie having the longest, thus
earning the alternative name, no longer used, of
“long-tailed penguin.”

General Characteristics

The Adé¢lie penguin is very much a marine organism,
spending about 90% of its life at sea in the waters that
encircle the Antarctic continent, not just those lying
south of the Polar Front but also those that contain
sea ice for at least several months of the year. In the
latter, the species differs markedly from its two con-
geners, the Chinstrap (Pygoscelis antarctica) and
Gentoo (Pygoscelis papua) penguins, which tend to
avoid contact with sea ice as much as possible (they
breed farther north and nest later in the summer). The
Adélie penguin at sea occurs in small flocks, generally
five to ten individuals; flock sizes are much larger
near to colonies during the breeding season. Through-
out the larger part of the year, fall to early spring,
these groups spend most of the day resting on ice
floes; individuals forage for only a few hours per
day. Before spring migration, individuals begin to
forage much more in order to build up the fat reserves
needed for breeding. Later, in the autumn, at sea,
they will forage intensively just prior to their annual
moult.

The Adélie is about the same size as the majority of
penguin species, about 60-70 cm tall and weighing
about 3.2-3.5 kg on average, depending on sex, in
its leanest state. However, this species has the impor-
tant ability to gain body mass by accumulating sub-
cutaneous fat so that at times of the year, just before
breeding and just before the annual moult, it reaches
a mass of 7 kg among males and 6.5 kg among
females. Males are slightly larger than females, per-
haps most noticeable in the beak and with greater
certainty when the two members of a pair are
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compared directly with one another. The back and
head of the adult in fresh plumage are bluish-black,
including the backs of the flippers; its stomach, breast,
throat, and flipper undersides are white. The black
color quickly loses its sheen, turning to jet-black. By
the end of the summer, and just before the annual
moult, the plumage has faded noticeably, with tips of
feathers then appearing white to brownish. The fledg-
ling and yearling are similar in color pattern, the
fledgling of a bluish hue where the yearling is black;
both have a white chin, which is lost during the first
moult at about 14 months of age. Seemingly, the
characteristic long tail of this species is used to in-
crease maneuverability while moving through water
usually congested with ice floes and brash.

Populations

Total world population, as of the mid-1990s, is about
2,445,000 pairs, distributed among approximately 161
colonies located on continental headlands and off-
shore islands. Colony sites are characterized by ice-
free terrain, easy access from the sea (not cliffs), lack
of persistent fast ice (continuous sea ice locked in
place by an irregular shoreline or grounded icebergs),
and plenty of small pebbles, which are used as nesting
material. Colonies range in size from a few dozen to
approximately 200,000 breeding pairs; only six colo-
nies exceed 100,000 pairs. Colony populations are
actually about 30%-40% larger than what is repre-
sented by breeders, owing to numbers of nonbreeders
that spend much time at the colony, generally youn-
ger birds gaining initial experience in the breeding
process.

In recent decades, breeding colonies throughout
most of Antarctica have been increasing in size in
response to increasing divergence of sea ice and the
size of polynyas, which are areas of minimal ice result-
ing most often from strong currents or winds. The
majority of Adélie penguin colonies occur adjacent to
a polynya. More divergent sea ice, perhaps a result of
global warming, increases this species’ access to the
sea and to food. In the very northernmost part of its
range, on the northwest coast of the Antarctic Penin-
sula, sea ice is disappearing and this species is being
replaced by its less ““pagophilic” congeners. Increas-
ing temperatures may also be providing additional
nesting habitat for this species, as coastal glaciers
and ice shelves retreat in the north leaving coastal
land that was formerly ice covered. The history of
this species since the last Ice Age glacial maximum
(19,000 years ago) has been one of colonizing sites as

ice sheets retreated or as areas of fast ice became less
persistent on an annual basis. The portion of the
Antarctic Peninsula where the species is now retreat-
ing has been occupied only with the lower tempera-
tures and more northerly sea ice that came with the
Little Ice Age, which lasted from about 800 years
before present until recent years.

Genetically, there are just two forms of this species,
one residing in the Ross Sea and the other occurring
everywhere else. Although the species exhibits a high
degree of philopatry (returning to breed at the place
of hatching) under stable and unchallenging condi-
tions, a phenomenon that encourages genetic differ-
entiation, philopatry disappears when heavy sea-ice
conditions make it a challenge to return to natal
colonies. Such conditions occur sporadically but
often enough in local areas that the world population,
genetically, is relatively well mixed compared with
seabird species elsewhere.

Breeding Biology

Adélie penguins arrive at their colonies to breed be-
ginning in late September at low latitudes (60° S) and
by mid-October at high latitudes (78° S). The breed-
ing process then requires about 125 days to complete,
with the window of time allowed being slightly longer
at lower latitudes. At high latitudes, it is much more
critical for penguins to arrive as early as possible.
Older birds, particularly males, arrive first. Any bird
that arrives at the colony after about mid-November
will not breed. Age of first breeding averages about
4.5 years of age (range 3-7) in females and 5.5 years
(range 4-8) in males. The proportion of birds that
attempt to breed increases with age, reaching maxi-
mum, 80%-90%, by age 6 in females and 7 in males.
In almost all cases, an individual visits the colony at
least 1 year previously before breeding. During that
visit, much-needed experience in the breeding process
is acquired.

Nests are built of small stones, required to keep eggs
above any meltwaters. Nests are grouped into subco-
lonies that occur on hummocks or ridges, again to
avoid meltwater from snow fields or glaciers. Egg
laying begins on about 1 November in colonies at
low latitude and on 6 or 7 November farther south.
Laying is then highly synchronous, with the large ma-
jority of eggs laid during a 10-day period. Few eggs are
laid in the last week of November. Two eggs are laid in
the vast majority of nests, although one egg is common
among the very latest layers. As females age, they lay
their eggs earlier in the season. Incubation averages



about 35 days and involves trade-offs of incubation
duties between members of the pair, with males
spending slightly more days in that activity. Once
the chicks hatch, members of the pair share equally
in provisioning chicks.

The newly hatched chick is completely covered in
down and weighs on average about 85 g. Parents will
guard their chicks, with just one parent foraging at
any given time, for the first 22 or so days. The chick
then begins to demand additional food, thus driving
both parents away. Chicks left alone bunch together
in the vicinity of their subcolony in groups called
créeches. When parents return with food, giving a
loud call upon reaching the nest, chicks will recognize
the vocalization and go running to the nest. At 40-45
days, the chick reaches maximum mass, weighing 3.1-
3.3 kg, and begins to lose its down to show real
feathers. It will fledge, losing about 15% of its mass
and becoming independent of its parents, at around
50-55 days of age. Even though the vast majority
of females lay two eggs, the average breeding success
is about 0.9 chicks fledged per pair that attempt
breeding. This figure varies depending on the severity
of environmental conditions experienced by the
parents.

Following the breeding season, adults undergo a
moult of their feathers. The process takes about 2-3
weeks during which they do not enter the water. Thus,
they must gorge themselves in the few weeks before
moulting, to build up large subcutaneous fat deposits.
Most Adélie penguins moult while positioned on large
ice floes, but in the northern part of the species’ range,
where sea ice is not always available, individuals often
return to their colonies to moult.

Foraging Behavior

Adélie penguins employ several modes of travel. Over
long distances, they swim at about 7-8 km per hour,
although in bursts they can swim two to three times
faster, being able to dart about almost like fish. Where
there is extensive sea ice they walk at about 3 km per
hour; pauses in long-range walks translate to a net
speed of about 1-2 km per hour. Thus, individuals
travel much more efficiently by swimming. This they
do, using their flippers for propulsion, by passing
underwater, 3—5 m deep, for a couple hundred meters,
rising at intervals for a breath “on the fly”’; such a
behavior is similar to the movement of porpoises and
so this mode of travel is called porpoising. When
about to make landfall, the frequency of surfacing,
actually as they look for places to land, becomes
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much higher. They also “toboggan” on their bellies
over ice, pushing along using their feet; when a stiff
breeze is blowing at an angle to their direction of
travel (they are virtually “‘sailing’), they attain speeds
faster than walking. When leaving the water to reach
the land or ice floes, they accelerate rapidly and are
capable of attaining ledges of 2 m above the water
surface. Where there are beaches, they walk or scram-
ble ashore.

As a colonially breeding species, Adélie penguins
must radiate outward from the colony at sea in search
of food. This scenario is known as ‘“‘central place
foraging,” and with it the problems of prey depletion
or interference competition are important and vary
directly with colony size. Therefore, at small colonies,
foraging trips may take birds only 10-12 km away,
compared with trips on the order of 100 km for birds
residing at large colonies or those foraging where
food availability is a challenge. Food may become
depleted near large colonies.

Throughout most of its range, during the breeding
season, the species feeds principally on crystal krill
( Euphausia superba) and Antarctic silverfish ( Pleur-
agramma antarcticum). In the few areas (e.g., Antarc-
tic Peninsula) where continental shelves are narrow
and the distance from colonies to the continental
slope is near (tens of km), the summer diet is domi-
nated by Antarctic krill (E. superba). Thus, composi-
tion of the diet changes depending on the degree to
which the penguins are foraging in neritic versus pe-
lagic waters. During winter, individuals dwell away
from waters of the shelf at the outer edge of the large-
scale ice pack, north of the Antarctic Circle. Here
there is an ample period of light each day allowing
Adélie penguins to have a diverse diet composed of
Antarctic krill, deep-water lantern fish (myctophids,
especially Electrona antarctica), and squid (especially
Psychroteuthis glacialis).

In penguins, the duration and depth of diving is
directly related to body size. This species is a highly
capable diver, being able to hold its breath longer
relative to its size than its congeners and most other
penguin species, perhaps an adaptation allowing it to
forage under vast ice floes where breath holding is an
advantage in the search for prey. Foraging dives av-
erage 115-230 seconds, with the longest recorded
being 350 seconds. Adélie penguins usually feed at
30-60 m depth but have been recorded to 170 m.
When foraging during summer to feed themselves
and at the same time provisioning chicks, Adélie pen-
guins often dive continuously in bouts lasting 2-4
hours; several bouts often occur sequentially with
periods of rest in between before returning with up
to 1 kg of food for chicks.
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Predators

At sea, Adélie penguins are preyed upon heavily by
leopard seals ( Hydrurga leptonyx ), which catch them
mainly by stealth, as the penguins are generally capa-
ble of eluding the seals in the open water. The seals wait
by the edges of ice floes in areas where there are many
penguins, or along beaches or benches of beach ice at
colonies. They then grab the penguins as they swim by,
or as they fall back into the water after failing to attain
a high ledge. The seals also smash through thin ice to
capture penguins walking overhead. For these reasons,
Adélie penguins pause for long periods when they meet
an ice crack or lead while walking, or when they are
thinking about diving into the water, in order to be
confident that there are no seals lurking in the vicinity.
At colonies, skuas (Catharacta spp.) act mainly as
scavengers, taking eggs and small chicks that are
deserted or poorly defended by parents. Once penguin
chicks enter into créches, the skuas are able to kill the
smaller and weaker chicks, especially when they be-
come isolated from the créches or subcolonies. Adult
penguins will drive skuas away, not so much in an act
of altruism, but in defense of their own chicks or in
exercise of a general distaste for the close approach of

these birds.
DaAviD AINLEY
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Adventure Tourism

The term adventure tourism defines those activities
conducted by nongovernment parties operating in
Antarctica—either commercially or noncommercially
—for the purposes of physical recreation, explora-
tion, competition, private scientific research, or a
combination of any of these. The most common
examples from recent times are mountaineering and
South Pole ski traverses.

Adventurer Numbers, Locations, and Access

Very few people undertake these activities. For exam-
ple, in the 2004-2005 season, of 30,232 tourists only
221 were transported inland for the more “adventur-
ous” streams of tourism such as mountaineering and
polar ski traverses (IAATO 2005). An even smaller
number of climbers and skiers visit the Antarctic
Peninsula aboard yachts. Other activities undertaken
in recent years include running marathons, sea kay-
aking, scuba diving, and ballooning.

The principal gateways for Antarctic adventure
tourism are Ushuaia in Argentina, Punta Arenas in
Chile, and Cape Town, South Africa. The majority of
yachts leave from Ushuaia and the majority of tourist
flights, either to the Antarctic Peninsula or inland,
leave from Punta Arenas. Most of the yachts travel
a certain distance down the peninsula, undertaking
climbing, skiing, kayaking, wildlife watching, photog-
raphy, diving, or any combination of these, their
itineraries largely defined by time available and sea-
ice conditions. Flights from Punta Arenas go to either
King George Island or a summer-only base at Patriot
Hills in the southern Ellsworth Mountains. From
Patriot Hills expeditioners are flown either to Vinson
Massif and environs for climbing, or to various start-
ing points for South Pole ski traverses.

History of Adventure Tourism

The first major modern private expedition—and still
perhaps the most serious in its technical preparations
and scientific contributions—was the Transglobe Ex-
pedition led by Sir Ranulph Fiennes from 1979 to
1982, the goal of which was to circumnavigate the



Earth in a north-south direction while passing over
both Poles. For the Antarctic section, a party of four
wintered in Dronning Maud Land, not far from
South Africa’s SANAE base, following which—from
October 1980 to January 1981—Fiennes, Charlie
Burton, and Oliver Shepard crossed the continent
using snow scooters with air support, travelling
some 2,800 miles. During this time Ginny Fiennes
ran the base camp and conducted very-low-frequency
radio research.

The longest Antarctic traverse of any kind was the
1989-1990 International Trans-Antarctic Expedition
in which six members, including Will Steger (US),
Jean-Louis Etienne (France), and Geoff Somers
(UK), journeyed by dogsled, with resupply by air,
from the northern tip of the Antarctic Peninsula to
the then-Soviet base Mirny on the coast of East
Antarctica—3,741 miles in 222 days.

The longest full ski traverse was undertaken in
2000-2001 by Norwegians Rolf Bae and Erik Sonne-
land, who traveled 2,350 miles from the Norwegian
base Troll to Ross Island via the South Pole in 107
days, before leaving the continent by ship. Other
notable efforts through the recent decades included
the “Footsteps of Scott” expedition led by Robert
Swan and Roger Mear in 1985-1987, the unsupported
journey of Fiennes and Michael Stroud in 1992-1993,
and the ski and sail traverse by Alain Hubert and
Dixie Dansercoer in 1997-1998.

Commercial ascents of Vinson Massif began in
1985-1986, and by the end of the 2004-2005 season
around 970 individuals had climbed to the summit.
The main factor for Vinson’s increasing popularity is
its status as one of the “Seven Summits”—the highest
peak on each continent. The success rate for clim-
bers has usually been around 95%, owing to the
straightforward nature of the climbing and the
generally reliable weather in the area. The first ski
descent from the summit of Vinson Massif was
made by Martyn Williams (UK) and Pat Morrow
(Canada) in 1985, the first snowboard descent by
Stephen Koch (US) in 1999, and the first para-
pente descent by Vernon Tejas (US) in 1988 (Gildea
1998).

On the Antarctic Peninsula and adjacent islands
many of the significant peaks were first ascended by
personnel from government programs. The area has,
however, proved popular with adventure tourists
since the 1980s, mainly due to its relative low cost
and accessibility for an Antarctic destination. Most of
these have traveled by yacht, many undertaking
mountaineering and skiing, particularly in areas
close to the coast, for reasons of logistics and weather.
In recent years the area and peaks around Wiencke
Island, Port Lockroy, Paradise Harbor, and the
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Lemaire Channel have been particularly heavily
visited.

Since the early 1990s some significant climbing has
been done in the various massifs of the Sor Rondane
and Muhlig-Hoffman Mountains in Dronning Maud
Land, usually accessed by flights from Cape Town to
a blue-ice runway within sight of the mountains.
Many of the expedition objectives here are extremely
steep rock peaks that have produced the hardest tech-
nical climbing yet done in Antarctica.

The other main adventure activity in Antarctica
is skiing to the South Pole from one of a number of
different starting points, usually close to a coastline,
either inside or outside an ice shelf, with the merits of
various parameters and styles a highly contentious
topic within the adventure community. Expeditioners
haul sleds containing their food, fuel, and equipment,
sometimes resupplied at one or more points during
their journey.

Solo Adventuring

Perhaps the most significant feat of solo adventuring
to date has been the Norwegian Borge Ousland’s con-
tinental crossing, when he traveled 1,760 miles in
64 days without resupply, from Berkner Island to
Ross Island, obtaining great benefit from the use of
sails, covering 140 miles in one 24-hour period. In the
1992-1993 season his fellow Norwegian Erling Kagge
became the first to ski solo to the Pole, a feat that has
since been repeated numerous times from various
starting points. The current fastest time for a non-
kiting traverse from any coast to the Pole was achieved
in the 2003-2004 season when Briton Fiona Thorne-
will traveled unsupported from Hercules Inlet to the
Pole in 42 days.

Several significant solo climbs have been achieved,
particularly in the Sentinel Range. The most noted of
these were the American Terrence “Mugs” Stump’s
climbs of the southwest face of Mount Gardner (4587
m) and the more difficult west face of Mount Tyree
(4852 m) in November 1989. The only major Antarc-
tic peak to have received a winter ascent is Mount
Erebus, climbed solo by British alpinist Roger Mear
on June 7, 1985.

Regulation

There is currently no legal framework to enforce lia-
bility for costs incurred by national Antarctic pro-
grams in emergency rescues of private adventurers, a
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potential problem that has long been a prime concern
for governments. To date there have been few such
incidents, but all have had some impact on official
programs.

All adventurers are strongly advised to take
out suitable insurance policies to cover rescues and
emergencies, but there is no legal framework in any
country to realistically enforce this other than by
withholding of permits or prosecution of those who
flout the law. In reality enforcement currently relies
on cooperation by those operators, particularly those
who are members of the International Association of
Antarctic Tour Operators, who transport the expedi-
tioners to the continent. Such tourist operators are
bound by the 2005 Liability Annex to the Antarctic
Treaty to hold suitable insurance to cover liability in
the event of causing environmental damage in the
course of their activities.

Those adventurers not operating primarily within
one of the regular programs of such operators, and
whose nations are members of the Antarctic Treaty,
are bound by the relevant domestic legislation of their
country to give advance notice of their activities,
submit an Initial Environmental Evaluation, show
significant self-rescue or appropriate third-party
search-and-rescue arrangements including insurance,
and obtain permits for waste management and import
of certain materials.

DAMIEN GILDEA
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AEROBIOLOGY

Aerobiology is the study of finely divided suspensions
of particles of biological origin, or activity, in air. The
passively airborne materials, which constitute bio-
aerosols, include microorganisms, pollen, spores,
and fragments, or products of larger organisms.
They occupy the size range circa 0.5-100 microns
(aerodynamic diameter) and are collectively termed
the air-spora. Aerobiology encompasses study of the
physical, chemical, and biological properties of the
air-spora, including the identity, source, movements,
survival, infectivity, toxicity, and allergenicity of
particles.

The Antarctic air-spora is characterized by low
particle abundance and diversity, with a virtual ab-
sence of pollen. The density of the Antarctic air-spora
(usually <1 particle m—>) is tens or hundreds of
thousands times lower than in temperate regions.
Numbers of airborne particles are lower during winter
than in summer, because of reduced biological activ-
ity at this time and the covering of sources by snow
and ice. Abundance and diversity of the air-spora is
higher in the maritime Antarctic (Antarctic Peninsula,
South Shetland Islands, and South Orkney Islands)
than in ice-free coastal regions of continental Antarc-
tica, reflecting regional differences in biodiversity.
Common particles include lichen soredia (vegetative
propagules), feather fragments, and diatoms. Abso-
lute peaks in abundance and diversity occur when air
from South America passes over the Antarctic Penin-
sula and Scotia Arc region. On these rare occasions,
the air-spora is more typical in composition to that of
temperate regions, having a high content of spores of
decomposer fungi and pollen, although abundance
remains low in comparison.

The term aerobiology was coined in the 1930s by
Fred C. Meier, whose work on long-distance spore
dispersal included trans-Atlantic and Arctic flights by
Charles Lindbergh. However, aerobiological research
predates this time, and the first Antarctic studies were
conducted by scientists on national expeditions early
in the twentieth century: Erik Ekelof on the Swedish
South Polar Expedition, 1901-1904; Hans Gazert on
the German South Polar Expedition, 1901-1903; and
J. H. Harvey Pirie on the Scottish National Antarctic
Expedition, 1902-1904. These workers simply ex-
posed petri plates to the atmosphere, most of which



produced no cultures. Similar microbiological studies
were conducted by Edward Atkinson on Robert
Falcon Scott’s last expedition (1910-1913), Archibald
McLean on Douglas Mawson’s Australasian Antarc-
tic Expedition (1911-1914), and Paul Siple on
Richard Byrd’s 1933-1935 expedition.

Since the 1960s, aerobiology has been applied to
ecological problems and used as a method for moni-
toring human impacts in Antarctica. Monitoring was
initiated in tandem with the Dry Valleys Drilling
Project and other US field activities, including
testing for biological exploration on Mars and asso-
ciated quarantine measures. Ecological questions
approached using aerobiology concern the dispersal
of organisms into and around Antarctica, with par-
ticular respect to their colonization of new habitat.
This is based on the premise that much of the diversi-
ty seen in Antarctic terrestrial and freshwater habitats
in present times has arrived in Antarctica since the
end of the last major glacial advance. Many of these
organisms have small propagules easily carried by the
strong winds found in Antarctica. Wind provides one
of the few means available for transport of organisms
to new habitat, exposed or formed as a result of
changes in climate.

WiLLiAM A. MARSHALL
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AIR-BORNE ICE

Ice forms in the atmosphere when water vapour
freezes. Air temperatures generally fall with increas-
ing altitude in the lower atmosphere. The air temper-
ature is 0°C at an altitude of about 2300 m and falls to
-56°C at an altitude of 11 km. This means that water
vapour should freeze throughout much of the lower
atmosphere, and ice crystals should be anticipated at
altitudes above approximately 2300 m. Clouds at
midaltitudes (3—7 km) contain significant quantities
of ice crystals and variable amounts of water vapour,
whereas clouds at high altitudes (7-11 km) are entire-
ly composed of ice crystals. Rising air masses expand
and cool, and produce clouds of water droplets at
higher levels. Water droplets form around the many
hundreds of small particles, or aerosols, that are
found in air. These particles have diameters that
are usually between 0.01 andl um. Water droplets in
the atmosphere do not readily freeze, and temperatures
usually need to fall at least to —5°C to —10°C, and
often below —20°C, before ice crystals form. Freezing
is brought about when the water droplets come into
contact with certain types of aerosol rock particles
and organic matter that have the right surface char-
acteristics for water to freeze onto. These types of
aerosol are only a small percentage of the total aero-
sol. Temperatures need to reach approximately —40°C
before ice crystals can form directly from water va-
pour in very clean, or aerosol-deficient, air masses.
Once the ice crystal forms, it can grow rapidly from
other supercooled water droplets or water vapour.
They stop growing when they become so big that
they start to fall out of the atmosphere. For example,
an ice crystal with a diameter of 75 um drops at a rate
of 5 cm/s, and so can continue to grow for some time
before it sinks to a lower, warmer altitude.

Ice crystals come in many shapes and sizes depend-
ing on temperature and the amount of water vapour
or supercooled droplets in the vicinity of the growing
crystal. Ice crystals are usually shaped like columns or
plates. Columnar crystals, such as needles, usually
form at temperatures between —4°C and —10°C. Plates
form between —10°C and —20°C. Plates are flat, thin
slivers of ice that fall to earth in a wide variety of
shapes. They are typically 5 mm or more in diameter,
but they are less than 0.1 mm thick. Columnar crys-
tals form again at lower temperatures, between —20°C
and —35°C. Columnar crystals fall with their long axes
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nearly vertical, whereas plate crystals fall with their
flat faces almost horizontal.

Ice crystals in the atmosphere reflect and bend, or
refract, sunlight, creating optical effects in the sky,
which include solar haloes and sun dogs. Halos are
rings of light surrounding the sun. Most halos are
bright white rings, but some are coloured because
the ice crystals act as prisms, splitting white light
into its different colours. Halos are produced by ice
crystals in cirrus clouds at altitudes between 5 and 10
km. Halos are often produced by columnar crystals,
which fall in a predominantly vertical orientation.
Light enters one side of the columnar ice crystal and
exits through another side. The light is refracted both
when it enters and again when it leaves the ice crystal.
The two refractions bend the light by 22° from its
original direction. Someone looking at the sun
through a cirrus cloud will see a ring of light from
the sun or moon. This so-called 22° halo is the most
common type of solar halo observed, and can also be
seen around the moon for the same reason. Halos also
form by crystals that form in very cold weather
(below —40°C) at ground level, called diamond dust,
and when the sun is close to the horizon.

A rarer observation is a tangent arc, which is a
patch of bright light observed along a halo. This
occurs when sunlight is refracted by columnar ice
crystals whose long axes are oriented horizontally.

Sun dogs are also seen frequently in Antarctica,
particularly on cold sunny mornings or evenings.

Then, the sun is near the horizon, on the same hori-
zontal plane as the observer, and the air is loaded with
ice crystals. Sun dogs, also known as mock suns or
parhelia, are brightly coloured spots on each side of
the sun. They are seen when platelike ice crystals fall
with their flat faces horizontal. Haloes are observed if
the plate crystals are randomly oriented, and sun
columns are observed if the horizontal crystals gently
rock during their fall.

MARTYN TRANTER

See also Antarctic Ice Sheet: Definitions and Descrip-
tion; Clouds; Ice—Atmosphere Interaction and Near
Surface Processes; Meteorological Observing; Precipi-
tation; Temperature
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AIR HYDRATES IN ICE

An air hydrate is a transparent crystal in which
air constituent gas molecules are trapped in polyhedral
cages formed by hydrogen-bonded water molecules.

Air hydrates in ice.
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This cage structure is called a clathrate and
air hydrates are sometimes called clathrate hydrates.
However, such terminology and explanations are
misleading because the gas composition of atmo-
spheric air is not preserved in air hydrates found in
ice cores recovered from the Antarctic or Greenland
ice sheets. Air hydrates found in ice cores contain a
large variety of gas composition. An air hydrate
might be defined more rigorously as a gas hydrate
produced by the reaction of atmospheric air with ice
(or water).

The history of natural air clathrate hydrates occur-
ring in polar ice sheets started in the first deep core
drilled through the ice sheet to bedrock at Byrd Sta-
tion, Antarctica (Gow and others 1968). It was
revealed that air bubbles completely disappeared
below 1200 m depth, raising a puzzle on the existence
of air constituent gasses in deep ice sheets. Miller
(1969) explained this fact theoretically as a transfor-
mation of the air bubbles into air hydrates under high
pressures that exceeded the air hydrate dissociation
pressure at the in situ temperatures. Air hydrate inclu-
sions were first observed by Shoji and Langway
(1982) in deep ice samples recovered at Dye-3, Green-
land. Further optical microscope examinations of
available deep ice cores from Antarctica and Green-
land supported Miller’s predictions, but revealed
an anomalously long transition zone, in which air
bubbles and air hydrates coexisted much deeper
than Miller’s theory suggested. The transition zone
in Antarctica is roughly from 500 m to 1200 m. The
transition time in Antarctica is several tens of
thousands of years. This very long transition is attrib-
uted to a very low nucleation rate of air hydrate in
ice sheets.

In the transition zone, extremely high levels of gas
fractionation were found (Ikeda et al. 1999). Air
hydrates in the transition zone have gas compositions
enriched by O, while N is enriched in air bubbles in
the zone. This phenomenon is explained by a faster
diffusion (through the ice crystal lattice) of O, than
N, in diffusive mass fluxes from air bubbles to air
hydrates in the zone. Careful attention is therefore
required in the interpretation of gas composition
data obtained from high resolution gas analyses of
ice cores.

After recovery of ice cores from deep ice sheets,
air hydrates gradually dissociate to air bubbles
during cold room storage of ice cores. The dis-
sociation rate strongly depends on storage tem-
perature (50% dissociation after about 4 years at
—20°C, yet only 1% dissociation after about 6 years
at —50°C).

Takeo HonDOH

AIRCRAFT RUNWAYS

See also Antarctic Ice Sheet: Definitions and Descrip-
tion; Atmospheric Gas Concentrations from Air Bub-
bles; Ice Chemistry; Ice Core Analysis and Dating
Techniques; Isotopes in Ice
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AIRCRAFT RUNWAYS

There are no conventional runways on the mainland
of Antarctica, and only three on offshore islands. The
reason is that less than 0.4% of the total area of
Antarctica consists of bare ground (Fox and Cooper
1994). The rest is ice and snow. However, vast areas
of the ice sheet are usable by ski-equipped aircraft,
and about 1% consists of bare ice that may in places
be good for landing unmodified wheeled aircraft. In a
few places, secasonal fast ice (sea ice attached to the
coast) can be used by even large wheeled aircraft, if
the ice is thick enough and snow is cleared from the
runway.

Active Runways on Bare Ground

These are made of compacted gravel or crushed rock.
Even the longest is too short for large jet aircraft.
There are three:

1. Teniente Rodolfo Marsh Martin on King
George Island (62°11" S, 58°59" W). Length
1292 m. Operated by Chile.

2. Vicecomodoro Marambio on Seymour Island
(64°14' S, 56°37" W). Length 1250 m. Operated
by Argentina.

3. Rothera on Adelaide Island (67°34’ S, 68°08' W).
Length 900 m. Operated by the United
Kingdom.
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AIRCRAFT RUNWAYS
Possible Runways on Bare Ground

There are places on the continent where hard runways
suitable for intercontinental aircraft could be built,
but high projected costs and environmental consid-
erations have deterred serious interest. Examples are:

1. Marble Point in McMurdo Sound (77°25" S,
163°42" E). A 520 m gravel runway was built
in 1957 but is no longer usable. A 3000 m run-
way could be constructed (Mellor 1988).

2. Davis on Vestfold Hills (68°33’ S, 78°01’ E). A
2000 m runway could be constructed (Shevlin
and Johnson 1999).

3. Maitri on Vassfjellet (70°46" S, 11°44’ E).
A 3000 m runway could be constructed.

4. Deception Island (62°59" S, 60°35 W) was the
site of the first powered flight in Antarctica (No-
vember 16, 1928). The runway was bisected by a
volcanic eruption in 1969. A 1000 m runway
could be constructed.

5. James Ross Island (63°52' S, 57°55" W). A 3000
m runway could be constructed.

6. Dundee Island (63°29’ S, 56°14° W). Light air-
craft have landed on raised beach gravel.
A 1500 m runway could be constructed.

Runways on Sea Ice

Few are in use because the ice commonly breaks up
and drifts out to sea in late spring. Snow is removed
by a snow plough or snowblower.

1. McMurdo (77°52' S, 166°29" E) has two sea-ice
runways intersecting at an angle of 80°. Length
3000 m. Operated by the United States. Aircraft
weighing up to 300 tonnes have landed on these
runways with ice thicknesses of 2.5 m. Pro-
longed parking of heavy aircraft in one place
can lead to ice failure.

2. Terra Nova Bay (74°41’ S, 164°10’ E). Length
2740 m. Operated by Italy and used for C-130
aircraft on wheels weighing up to 80 tonnes.

Runways on the Ice Sheet

There are three kinds of runways on the ice sheet:
blue-ice runways, white-ice runways, and skiways.
Blue-ice runways are naturally occurring, snow-
free areas that offer the best hope for landing un-
modified wheeled aircraft in Antarctica (Mellor and
Swithinbank 1989). Blue-ice runways are in use by
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heavy jet transport aircraft, and in many places
there is no practical weight limit. Using satellite
images and aerial photographs, Swithinbank (1991)
identified many possible sites. Some would prove suit-
able for wheeled operations by aircraft up to and
including Boeing 747. Which sites these are can be
determined only by ground surveys that have not yet
been done. Large areas of the continent have not even
been reconnoitered. The attraction of a well-chosen
blue-ice runway is that construction and maintenance
costs are almost nil. There are ice fields with clear
approaches and potentially long runways facing into
the prevailing wind, while others are dogged by tur-
bulent crosswinds from nearby mountains. In practice
the choice of an airfield site involves a compromise
between the aviator’s ideal and its distance from his
intended destination. At one extreme, a near-perfect
site may prove attractive for intercontinental opera-
tions even if it is 1000 km from the ultimate destina-
tion in Antarctica. At the other extreme, a relatively
poor site may be attractive because of its proximity to
the intended destination.

Unprepared blue-ice runways suitable for heavy
wheeled aircraft include:

1. Patriot Hills (80°18’ S, 81°21’ W). Length 3000 m.
This is in regular use by an Ilyushin-76TD jet
transport weighing up to 170 tonnes.

2. Henriksen Nunataks Blue One (71°31" S,
08°47" E). Length 2750 m. This is in occasional
use by an Ilyushin-76TD jet transport weighing
up to 170 tonnes.

3. Austhamaren Peak (71°41’ S, 26°50" E). Length
2400 m. Two runways intersect at 60°. Un-
proven.

4. Queen Fabiola Mountains (71°21’ S, 35°20' E).
Length 2500 m. Unproven.

5. Mill Glacier (85°06" S, 149°50' W). Length
3000 m. This is occasionally used by C-130
aircraft on wheels.

6. Odell Glacier (76°39" S, 159°58 E). Length
2000 m. This has been used by C-130 aircraft
on wheels.

Whereas blue-ice runways are unprepared, white-
ice runways suitable for wheeled aircraft range from
graded bare ice to compacted snow. These include:

1. Pegasus (77°58' S, 166°32" E). Length 3000 m.
Operated by the United States. This is in regular
use by wheeled aircraft weighing up to 300
tonnes (Lockheed C5B).

2. Novolazarevskaya (70°51" S, 11°36’ E). Length
2760 m. Operated by Russia. This is in occa-
sional use by an Ilyushin-76TD jet transport
weighing up to 170 tonnes.
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3. Molodezhnaya (67°41’ S, 46°08' E). Length
2500 m. Operated by Russia. This compacted
snow runway has been used by Ilyushin-76TD
aircraft weighing up to 170 tonnes.

Ski-equipped aircraft can land almost anywhere on
the ice sheet where the surface is level and where
sastrugi (wind-formed irregularities on the snow sur-
face) are no more than about 0.2 m high. Skiways in
regular use are groomed by grading (planing) or any
other means available; methods range from dragging
telegraph poles or anchor chains to running heavy
tracked vehicles over the surface. Even manual labor
with shovels has been used to prepare skiways for
light aircraft. The most-used skiways are:

1. Williams Field (77°52' S, 167°05 E). Two 3000 m.
skiways intersect at an angle of 80°. Operated
by the United States. Used for LC-130 aircraft
weighing up to 80 tonnes.

2. Amundsen-Scott South Pole Station (90°00’ S).
Length 3000 m. Operated by the United States.
Used for LC-130R aircraft weighing up to 80
tonnes.

3. Mirniy (66°33" S, 93°00' E). Length 3000 m.
Operated by Russia. Used by Ilyushin-14 air-
craft weighing up to 20 tonnes.

4. Vostok (78°28" S, 106°48" E). Length 3900 m.
Operated by Russia. Used by Ilyushin-14
weighing up to 20 tonnes and LC-130 aircraft
weighing up to 80 tonnes.

CHARLES SWITHINBANK

See also Aviation, History of; Deception Island;
McMurdo Station; Russia: Antarctic Program; South
Pole; United States: Antarctic Program; Vostok Sta-
tion; Wilkins, Hubert
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ALBATROSS AND PETRELS,
AGREEMENT FOR THE
CONSERVATION OF

The Agreement on the Conservation of Albatrosses
and Petrels (ACAP) is an implementing agreement of
the 1979 Convention on the Conservation of Migra-
tory Species of Wild Animals (CMS). CMS is an
international agreement that aims to conserve terres-
trial, marine, and avian migratory species throughout
their ranges. CMS entered into force on 1 November
1983, and as of August 2005 had ninety-one Contract-
ing Parties. Under CMS, parties have an obligation to
cooperate and develop agreements for species with an
unfavourable conservation status as listed in Appen-
dix II (Article IV).

ACAP aims “to achieve and maintain a favourable
conservation status for albatrosses and petrels’ (Arti-
cle I1.1). Parties agree to take measures to achieve this
objective (Article I1.2) and apply the precautionary
approach (Article 11.3). ACAP also aims to improve
the understanding of the conservation status of alba-
trosses and petrels—including their susceptibility to
threats at sea and on land and effective mitigation of
those threats.

Conservation of albatrosses and petrels is critical
since they are long-lived, mate for life, may fledge a
chick only once every 2 years, and have low recruit-
ment rates. They are particularly susceptible to long-
lining, and by-catch of birds has been a major issue.
The Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR) has been
addressing the issue of long-lining and is now
involved with ACAP to address these threats.

ACAP applies to the twenty-one recognised alba-
tross species and seven petrel species occurring in the
Southern Hemisphere. ACAP is open for signature to
all twenty-five Range States (including non-CMS sig-
natories) and regional economic integration organisa-
tions (Article XV). ACAP was finalised in Cape Town
between 29 January and 02 February 2001 and en-
tered into force on 01 February 2004. Eight of the
eleven signatories have ratified ACAP, and all signa-
tories are also Antarctic Treaty Consultative Parties
(except the Republic of South Africa) as of August
2005.

The Action Plan forms an integral part of ACAP,
and outlines measures necessary for meeting the
objectives of the Agreement (Annex 2). These
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ACAP-Listed Albatross and Petrel Species

Listed species (old taxonomy)*

New taxonomy*

Common name

Albatrosses
Diomedea exulans

Diomedea amsterdamensis
Diomedea epomophora

Diomedea irrorata
Diomedea cauta

Diomedea bulleri

Diomedea chrysostoma
Diomedea melanophris

Diomedea chlororhynchos

Diomedea exulans
Diomedea dabbenena
Diomedea antipodensis
Diomedea gibsoni*
Diomedea amsterdamensis
Diomedea epomophora
Diomedea sanfordi
Phoebastria irrorata
Thalassarche cauta
Thalassarche steadi*
Thalassarche salvini
Thalassarche eremita
Thalassarche bulleri
Thalassarche nov. sp. (platei)*
Thalassarche chrysostoma
Thalassarche melanophris
Thalassarche impavida
Thalassarche carteri
Thalassarche chlororhynchos

Phoebetria fusca Phoebetria fusca
Phoebetria palpebrata Phoebetria palpebrata
Petrels

Macronectes giganteus
Macronectes halli
Procellaria aequinoctialis

Procellaria aequinoctialis conspicillata

Procellaria parkinsoni
Procellaria westlandica
Procellaria cinerea

Macronectes giganteus
Macronectes halli
Procellaria aequinoctialis
Procellaria conspicillata
Procellaria parkinsoni
Procellaria westlandica
Procellaria cinerea

Wandering Albatross
Tristran Albatross
Antipodean Albatross
Gibson’s Albatross
Amsterdam Albatross
Southern Royal Albatross
Northern Royal Albatross
Waved Albatross

Shy Albatross
White-capped Albatross
Salvin’s Albatross
Chatham Albatross
Buller’s Albatross

Pacific Albatross
Grey-headed Albatross
Black-browed Albatross
Campbell Albatross
Indian Yellow-nosed Albatross
Atlantic Yellow-nosed Albatross
Sooty Albatross
Light-mantled Albatross

Southern Giant Petrel
Northern Giant Petrel
White-chinned Petrel
Spectacled Petrel
Black Petrel

Westland Petrel

Grey Petrel

*All species are listed in Appendix II of CMS, with the exception of Diomedea amsterdamensis ( Amsterdam Albatross), which is an Appendix I

species.

"New taxonomy will supersede the old taxonomy upon adoption by the Conference of Parties of the Convention.
*Species not recognised by some authorities.
Source: ACAP Home Page, see http://www.acap.aq/acap/acap_species, cited August 2005

ACAP Signatories

Participant Signature Ratification
Argentina 19-Jan-04

Australia 19-Jun-01 4-Oct-01
Brazil 19-Jun-01

Chile 19-Jun-01

Ecuador 18-Feb-03 18-Feb-03
France 19-Jun-01 28-Jun-05
New Zealand 19-Jun-01 1-Nov-01
Peru 19-Jun-01 17-May-05
Republic of South Africa 6-Nov-03 6-Nov-03
Spain 30-Apr-02 12-Aug-03
United Kingdom 19-Jun-01 2-Apr-04

Source: ACAP Home Page, see http://www.acap.aq/acap/parties,
cited August 2005
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measures address (a) species conservation; (b) habitat
conservation and restoration; (c¢) management of
human activities; (d) research and monitoring; (e)
collation of information; (f) education and public
awareness; and (g) implementation (see Article VI;
Annex 2).

ACAP is in the early states of its development,
hence its conservation outcomes are yet to be fully
realised. Australia, the Secretariat, has been a key
player in the prompt adoption of ACAP, and hosted
the first Conference of Parties (COP 1) in 2004 which
was attended by five parties, three signatories, and
three Range States. Several observers were present
at COP 1 including CCAMLR, the Antarctic Treaty
Secretariat, Antarctic and Southern Ocean Coalition
(ASOCQ), and the Scientific Committee on Antarctic



Research (SCAR). At COP 1, ACAP Parties adopted
Resolution 1.4, Criteria to define emergency situations
and assign responsibility for action for the Agreement
on the Conservation of Albatrosses and Petrels.
Antarctic Treaty Consultative Parties that are
Range States have been encouraged to become signa-
tories to ACAP (ATCM XXVII / IP088 2004). Effec-
tive implementation of ACAP still requires the
signature of more Range States and their cooperation
in the implementation of conservation measures out-
lined in ACAP and developed at the regular COP.
JANE HARRIS

See also Albatrosses: Overview; Antarctic Treaty
System; Birds: Specially Protected Species; Black-
Browed Albatross; Conservation; Convention on the
Conservation of Antarctic Marine Living Resources
(CCAMLR); Grey-Headed Albatross; Light-Mantled
Sooty Albatross; Northern Giant Petrel; Petrels: Pter-
odroma and Procellaria; Royal Albatross; Seabird
Conservation; Seabird Populations and Trends; Sea-
birds at Sea; Sooty Albatross; Wandering Albatross;
Yellow-Nosed Albatross
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ALBATROSSES: OVERVIEW

Albatrosses belong to the avian order Procellarii-
formes and the family Diomedeidae. They are a dis-
tinctive group of oceanic birds, characterised by their
large size, long wings, and strong, powerful bills.
Indeed albatrosses are among the largest flying
birds, with wingspans exceeding 3 metres in some
species. Large body mass and long, stiff wings com-
bine to make these birds unsuitable for powered and
flapping flight. Instead, albatrosses glide and soar
upon the winds of the world’s oceans.

Generally, albatrosses occur in the cooler oceanic
regions of both hemispheres, principally between the
latitudes of 30° and 55°. These areas are notable
for their high winds, and it is wind, and the effect
of winds upon the ocean, that most influences the
distribution of albatrosses. Albatrosses originated
in the Southern Hemisphere some 50 Ma, before

ALBATROSSES: OVERVIEW

spreading to the North Pacific Ocean. Despite a
strong fossil record in the Northern Hemisphere, the
Southern Ocean is today the stronghold of these
birds, with most species confined to southern lati-
tudes.

The name ‘““albatross” is thought to have derived
from the Arabic word al-gadus, after the Greek word
kados (meaning scoop or bucket) that was originally
applied to pelicans and later extended to other birds.
Spanish and Portuguese seafarers later applied the
name alcatraz to albatrosses and other large seabirds.
Albatrosses have held a long fascination for mariners,
typified in Samuel Taylor Coleridge’s The Rime of the
Ancient Mariner, perhaps the most familiar depiction
of the albatross in Western literature. The albatross
slain by the Ancient Mariner is thought to be one of
the dark-plumaged and relatively small sooty alba-
trosses, one of the most diminutive members of the
albatross family.

The exact number of extant albatross species is
widely debated, as the taxonomic history of alba-
trosses is both complex and controversial. A revision
of albatross systematics in the 1990s based on molec-
ular studies elevated the number of species of alba-
trosses from fourteen to twenty-four. The acceptance
of this revision has been equivocal with some autho-
rities adopting the full twenty-four species, and others
advocating a more conservative twenty-one species.
The scientific nomenclature used here follows that
endorsed BirdLife International, a group that recog-
nises the suite of twenty-one species separated into
four genera in the albatross family.

The status and trends of albatross populations are
well documented. These assessments have highlighted
the globally threatened status of this group of iconic
birds, with nineteen of the twenty-one species listed
as globally Threatened and the remainder Near
Threatened. The precarious survival prospects for
albatrosses places them as the avian family most
threatened with extinction.

Species Characteristics and Status

The great albatrosses have among the largest wing-
spans of any flying bird and form the genus Diome-
dea, comprising six species of these massive and
spectacular birds. The wandering albatrosses (D.
exulans) have a wing span of over 3 metres, with
body masses exceeding 10 kg. These spectacular
birds have a circumpolar foraging distribution and
breed at six main island groups in the Southern
Ocean. Typically these majestic birds have plumage
of variable colour that whitens with age.
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The plumage of the Endangered Tristan albatross
(D. dabbenena) is similar to that of wandering alba-
trosses, but Tristan albatrosses are much more re-
stricted in their range, with the breeding population
essentially restricted to Gough Island (Tristan da
Cunha) and birds foraging mainly in South Atlantic
waters. The Antipodean albatross (D. antipodensis),
1s endemic to New Zealand, and is listed as Vulnera-
ble as it is restricted to three small islands for breed-
ing. At sea, these birds disperse across the Tasman
Sea and South Pacific Ocean, including areas of the
Southern Ocean. Whilst smaller than wandering
albatrosses, both species have a similar juvenile plum-
age, with Antipodean albatrosses retaining a darker
adult plumage. This character is more similar to the
Amsterdam albatross (D. amsterdamensis), which
also retains a darker adult plumage. Amsterdam alba-
trosses are classified as Critically Endangered as the
species comprises only an extremely small population
(estimated at eighty mature individuals) confined to a
single breeding island. Little is known about the for-
aging distribution of these imperilled birds, although
breeding birds are known to forage over 2000 km
from their breeding site of Amsterdam Island in the
Indian Ocean.

The remaining two species of Diomedea albatrosses
are the Southern Royal (D. epomophora) and North-
ern Royal (D. sanfordi) albatrosses. These species
have broadly similar plumage patterns, although
they differ with respect to underwing patterns and
extent of white on their backs. Both species are listed
as Threatened as a result of their restricted breeding
ranges, the Northern Royal albatrosses being more
acutely threatened (listed as Endangered) as a result
of poor breeding success that is likely to sustain sig-
nificant population decreases in the future.

The most numerous and frequently observed alba-
trosses in the Southern Oceans are members of the
nine species that comprise the genus Thalassarche.
Collectively these smaller albatrosses were known as
mollymawks, from the Dutch word mallemok, which
literally means “foolish gull.” These birds are smaller
than the great albatrosses, with wingspans of about
2 metres and average body masses of 2-4 kg. The
plumage patterns of this group of albatrosses are
broadly similar with light underparts, dark upper-
wings and grey or white heads.

The black-browed albatross ( Thalassarche melano-
phris) is the most numerous of all albatross species
and breeds at twelve sites around the Southern Hemi-
sphere. Despite a current population of 680,000 pairs,
as a result of documented population decreases this
species is listed as Endangered, as it is inferred that
the population decreases will continue to diminish the
population. The morphologically similar Campbell
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albatross (7. impavida), distinguished from black-
browed albatrosses by its pale iris, is globally listed
as Vulnerable as the species is effectively restricted to
a single New Zealand sub-Antarctic island.

The grey-headed (7. chrysostoma) and Buller’s
(T. bulleri) albatrosses are generally similar in their
plumage with grey on their heads and necks; their bills
are black with striking yellow to red stripes. Both
species are listed as Vulnerable, Buller’s albatrosses
because of their restricted New Zealand breeding dis-
tribution and grey-headed albatrosses because of pop-
ulation decreases that, if they persist, will result in the
Threatened status being upgraded to Endangered.

The Indian yellow-nosed albatross ( T. carteri) and
Atlantic yellow-nosed albatross (7. chlororhynchos)
also have the striking beak colouration, but have
paler heads than the grey-headed and Buller’s alba-
trosses. Both species are listed as Endangered as a
result of observed population decreases, although
the Atlantic yellow-nosed albatross may require re-
classification to Critically Endangered if threats do
not abate.

The largest of the Thalassarche albatrosses are
the shy (T. cauta), Salvin’s (T. salvini), and Chatham
(T. eremita) albatrosses, characterised by their dee-
per, yellow to grey bills, their predominantly pale
underwings, and their relatively larger size. A white
forechead and crown bordered by a dark eyebrow
common to this group of birds presents them as look-
ing rather stern! The Threatened status of these birds,
which all breed exclusively in Australia and/or New
Zealand, varies, the shy albatross listed as Near
Threatened, Salvin’s albatross as Vulnerable, and
the Chatham albatross as Critically Endangered. Re-
cent molecular and morphological information sug-
gests that the Australian and New Zealand
populations of shy albatrosses are distinct, and
could represent separate species.

The remaining two species of albatross that tra-
verse the Southern Ocean are the small and dark
Phoebetria species, the sooty (Phoebetria fusca) and
the light-mantled sooty albatross ( Phoebetria palpeb-
rata). The distribution of these two species differs,
with sooty albatrosses being more restricted and also
less numerous than the light-mantled sooty albatross,
which has a circumpolar breeding distribution. As a
result of available information on population trends,
the light-mantled sooty albatross is listed as Near
Threatened, while the sooty albatross is listed as
Endangered. However, less is known about these spe-
cies, compared with other albatrosses, and more con-
temporary population data may result in revision of
their conservation status.

The remaining four species of albatross in the fam-
ily Diomedeidae belong to the genus Phoebastria. The



waved (P. irrorata), short-tailed (P. albatrus), Lay-
san (P. immutabilis), and black-footed albatross (P.
nigripes) differ markedly in many elements of their
appearance, biology, and behaviour. The waved alba-
tross breeds only in the Galapagos Islands, whilst the
Laysan and black-footed albatrosses are typically
birds of the North Pacific Ocean, breeding on islands
of the Hawaiian Leeward Archipelago and Japan.
The short-tailed albatross is the biggest of the North
Pacific species and is restricted to breeding on small
isolated islands in Japan, principally the volcanic is-
land of Torishima.

Distribution and Habitat Use

Albatrosses are among the most oceanic of all sea-
birds and, except whilst breeding, rarely approach
land. Knowledge of the oceanic distribution of these
birds has been derived in the past from at-sea surveys
and returns of banding records. In more recent years,
the ability to track albatrosses by satellite and archi-
val geolocation tags has revolutionised our under-
standing of the incredible journeys that these birds
undertake. Many species travel thousands of kilo-
metres on trips between incubation shifts, or between
feeding chicks. During the nonbreeding season, some
species undertake complete circumnavigations of the
Southern Ocean, one grey-headed albatross recently
achieving this feat in just 46 days. While the high seas
are the realm of many of these birds, they are consis-
tently attracted to areas of the ocean that combine
bathymetric and hydrographic features that provide
important feeding areas. Some species show a propen-
sity for aggregating in areas coinciding with frontal
systems and mesoscale oceanographic features,
whereas others, such as the shy albatross, forage pref-
erentially in continental shelf and slope waters.

The diversity in foraging distributions of alba-
trosses is only recently becoming apparent as studies
are able to compare not only different species during
different phases of the breeding cycle, but also differ-
ent sex and age classes and birds from different colo-
nies. Understanding the oceanic distribution of these
birds remains of considerable importance not only for
identifying areas of overlap with environmental fea-
tures but also with respect to elucidating overlap and
interactions with fishing operations, and the recogni-
tion of areas can be incorporated in the identification
of marine protected areas.

In the Southern Hemisphere, albatross breeding
colonies are almost exclusively located on remote
and windswept offshore islands between 37° and 57° S.
The nesting habitats of these birds vary, with the
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larger great albatrosses nesting in dispersed groups
on flat or gently sloping ground. The smaller Thalas-
sarche albatrosses have a more varied nesting habitat
that includes bare exposed rock flats and slopes, tus-
sock slopes, or ledges on cliffs or steep slopes. Reflect-
ing the variety of terrestrial habitats that these birds
occupy, some species such as Buller’s albatross nest in
areas as diverse as meadows, tussock-covered slopes
and cliffs, and under the canopy of forests. The two
Phoebetria species nest on precarious ledges of steep
cliffs, this habit perhaps explaining our relatively
poor understanding of the life history of these species.

Life History

Albatrosses are characterised as having long life
spans, low rates of natural mortality, high recruit-
ment rates, and low productivity. Indeed it is their
extreme life history traits that make them so vulnera-
ble to influences that increase their natural levels of
mortality. The breeding cycle of some of the great
albatrosses is extremely long, extending over 12
months from nesting to chick fledgling, resulting in a
biennial breeding pattern where breeding, if success-
ful, can be attempted only every 2 years. Other smal-
ler albatross species, such as shy and black-browed
albatrosses, are able to breed in successive years,
allowing an annual cycle. However, the Phoebetria
species and some Thalassarche albatrosses are able
to breed within a 12-month period yet breed only
every 2 years.

All albatrosses lay a single egg, with southerly
species constructing a large bowl-shaped nest and
more tropical species laying in a simple scrape. The
egg is incubated by both parents in alternating shifts
for 6-12 weeks, after which the chick takes 3-9
months to fledge, depending on the species. Following
fledging, albatrosses remain at sea for 3-5 years be-
fore returning to their natal island to breed. Alba-
trosses begin to breed at about 6-12 years of age,
and generally retain the same partner between breed-
ing attempts. Albatrosses are long lived, and have
been known to breed when approaching 60 years of
age. Life history models suggest that a few birds may
live in excess of 80 years.

Diet and Trophic Interactions

Albatrosses are included among the oceans’ top pre-
dators and scavengers. As with other Procellarii-
formes, albatrosses are characterised by having
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external tubular nostrils on the upper bill, these gen-
erally being associated with well-developed olfactory
systems. An acute sense of smell is used by albatrosses
to detect food, in addition to visual cues to detect prey
and other predators. Most albatrosses are predomi-
nantly diurnal feeders, although some smaller species
are also active at night, especially during periods of
full moon. The larger albatross species are typically
surface feeders, but the smaller species are able to dive
several metres and actively propel themselves under-
water. Albatrosses are generally described as being
opportunistic feeders, their prey including squid,
fish, and crustaceans. They are both active foragers,
catching live prey, and also scavengers, taking advan-
tage of dead prey and fishery offal, discards, and
baits. Though albatrosses are generally solitary
while searching for prey, when a rich food source is
detected, multispecies flocks of hundreds of birds will
congregate in efforts to obtain food.

It is this propensity to scavenge and congregate
behind fishing vessels that threatens the survival of
many albatross species today. The catastrophic pop-
ulation decreases recorded for albatross populations
recently are mainly a consequence of incidental mor-
tality in longline and trawl fisheries. More than
300,000 seabirds, including an estimated 100,000
albatrosses, are believed to be killed on longlines
each year. Of the twenty-six species of seabird in
danger of extinction because of the deaths caused by
long-lining, seventeen species are albatrosses. Con-
certed and coordinated actions at both local and in-
ternational levels are required to reverse the decrease
and potential demise of these magnificent seabirds.

RoseEMARY GALES
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ALFRED WEGENER INSTITUTE FOR
POLAR AND MARINE RESEARCH,

GERMANY

The Alfred Wegener Institute for Polar and Marine
Research (AWI) was established as a public founda-
tion in 1980. It is a member of the Helmholtz Associ-
ation of German Research Centers (HGF).

AWTI is the national coordinator of German polar
research activities. As an interdisciplinary scientific
institution, AWI performs top-rate polar and marine
research in strategic programmers of great complexity
with large-scale facilities and infrastructure including
the operation of mobile and stationary research plat-
forms in the Arctic and Antarctic. It provides advice
to the German government in Antarctic-related
affairs.

Within the international organizations on polar
and marine research, AWI represents the interests of
German research institutions and the Federal Repub-
lic of Germany. It provides members for the interna-
tional committees and organizations of the Antarctic
Treaty System such as the Scientific Committee on
Antarctic Research (SCAR), the Council of Man-
agers of National Antarctic Programs (COMNAP),
and others. Jorn Thiede, director of AWI, was elected
as the president of SCAR for 2002-2006. AWI also
holds membership in the European Polar Board
(EPB), an associate committee of the European Sci-
ence Foundation (ESF), the International Arctic
Science Committee (IASC), the UN Intergovernmen-
tal Panel on Climate Change (IPCC), and other rele-
vant organizations on Arctic research (AWI 2002;
AWI 2004).

Several AWI scientists have had leading roles in
past and present activities of international coopera-
tive programs, including European Project on Ice
Coring in Antarctica (EPICA), Climate Variability
and Predictability (CLIVAR), Global Ocean Ecosys-
tem Dynamics (GLOBEC), Joint Global Ocean Flux
Studies (JGOFS), and others.

Since 1980, the main headquarters of AWI has
been located in Bremerhaven. After the unification
of Germany a newly established research facility in
Potsdam became part of the institute in 1992. The
Potsdam facility is primarily concerned with geoscien-
tific studies in periglacial regions and with the investi-
gation of atmospheric processes and climate in the
polar regions. In 1998, AWI was enhanced by the
integration of the Biologische Anstalt Helgoland



ALFRED WEGENER INSTITUTE FOR POLAR AND MARINE RESEARCH, GERMANY

FOLARBTERN

The major tool for AWTI’s marine research, the high-class ice-breaking research and supply vessel “RV Polarstern,”
commissioned in 1982. It calls the Atka Bay regularly to supply the German Antarctic research station “Neumayer.”

(Reference: AWI archive 2004)

(BAH), which included merging of the island facilities
on Helgoland and on Sylt (Wadden Sea Station).
Hence, research on the development and succession
of living communities of coastal regions and the in-
vestigation of natural secondary products of marine
organisms and of inputs of chemicals into the system
form an additional focus at AWI.

As of 2005, AWI has 788 employees in Bremerhaven,
Potsdam, and on the islands of Helgoland and Sylt. It
operates on a budget of approximately 100 million
euros and is funded jointly by the German Federal
Ministry of Education and Research (90%), by the
state of Bremen (8%), and by the states of Brandenburg
and Schleswig-Holstein (1% each). External funds
are applied for from the Deutsche Forschungsge-
meinschaft (DFG), the framework programs of the
European Union (EU), and other agencies.

AWTI is an interdisciplinary scientific research insti-
tution with four departments: geosciences, biosciences,
climate sciences, and new technologies. The research
covers important components of the Earth system to
investigate the oceans’ role in global climate and to
assess the role of polar regions within the Earth sys-
tem. Observation and modeling focus on understand-
ing naturally and anthropogenically driven processes
of interaction between different compartments of the
Earth system and their relevance in global processes
with the aim to reduce present uncertainties in asses-
sing future developments of global environmental

changes induced by natural causes and human
interference.

In this context, the fundamental database is com-
posed of results from scientific investigations on
recent variability of oceanographic and climatic pro-
cesses, assessment of their changeableness in recent
geological history, and the reconstruction of the long-
term climatic history, which led to the formation of
inland ice masses in previously comparatively warm
polar regions of the Antarctic and Greenland. The
wide spectrum of methods applied to pursue these
research goals include modern satellite-based remote
sensing as well as deep sea drilling and ice coring.
AWTI places particular emphasis on investigations of
polar seas and their living biota. It undertakes terres-
trial polar research and contributes significantly to
atmospheric science, and to the paleoclimatic history
of subpolar regions with permafrost.

Substantial services and infrastructures have been
established such as logistic management of mobile
and stationary research platforms, expedition store,
laboratories, ice-core storage, aquarium, compute
centre and databases networks, and library and elec-
tronic Publication Information Centre, as well as
public relations department.

The high-class icebreaking research and supply
vessel RV Polarstern is AWT’s most powerful tool in
all fields of marine research. Since 1982, it has been
one of the most valuable polar research ships in the
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world. It traveled more than one million nautical
miles and completed twenty-three Antarctic and
twenty-one Arctic expeditions prior to 2006. Two
aircraft Dornier 228-101 are used for scientific and
logistic missions in the Arctic and Antarctic. Mea-
surement techniques have been developed for glacio-
logical, geophysical, and meteorological air-borne
surveys. The permanently occupied stations in the
Antarctic (Neumayer Station) and in the Arctic on
Svalbard (Koldewey Station) are designed for long-
term running of observatories. Summer-only stations
are the Kohnen Station on the inland ice plateau of
Dronning Maud Land and the Dallmann Laboratory
on King George Island in the Antarctic and the
Samoylov hut located in the Lena river delta in
Siberia. The fleet of research vessels is completed
by RV Heincke, facilitating marine investigations in
regions from subpolar to tropical latitudes and by
four small ships assigned to the island stations on
Helgoland and Sylt.

The computer centre provides compute capacity
for numerical models, integrated information systems
including data storage, and retrieval systems for long-
term archives of scientific data from expeditions and
laboratories. As of 2006, 20 years of meteorological
data from weather observations, radiosonde launches,
and solar radiation measurements of the research
ships and polar stations were available. Likewise,
oceanographic data from flow meters and profile
probes can be accessed. Aside from the data holdings
of participating institutions there are additional data
from over twenty-five national, European, and inter-
national projects available on a long-term basis. The
Publishing Network for Geoscientific & Environmen-
tal Data (PANGAEA) is the platform for one
of the few ICSU-approved World Data Centers
(PANGAEA 2005). The Polarstern Data Acquisition
System (PODAS) archives data collected during the
RV Polarstern expeditions (PODAS 2005). To date
the electronic Publication Information Centre (ePIC)
of AWI has 10,700 records with some 7,100 AWI
publications and 3,600 others such as posters, patents,
and non-AWTI publications (ePIC 2005). Any publica-
tion search at www.awi-bremerhaven.de will be pro-
cessed by ePIC even providing the primary data and
expeditions, which have been the basis to get the
scientific results. State-of-the-art geographical infor-
mation systems allow the production of charts and
maps and the interpretation of geo-referenced data.

Currently, AWI has contractual agreements for
scientific cooperation with scientific institution in
twenty-three countries. Formal bilateral collabora-
tion agreements for polar and marine research exist
with sixty individual foreign research institutions.
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On July 15, 1980, AWI was inaugurated and
named after Alfred Wegener, an early prominent Ger-
man polar researcher. He was an experienced explorer
and died during his fourth Greenland expedition in
1930. Wegener was a geophysicist, meteorologist, and
glaciologist and, in those capacities, not only a great
research traveller and observer but also a distinguished
theoretician. He developed the first in-depth ideas
about the drifting of continents. Because his hypoth-
eses appeared far-fetched at that time, his colleagues
met him with hostility. It was not until the 1970s that
Wegener’s hypotheses were proven correct. In his ca-
pacity as expedition leader, Wegener was very highly
respected as a person. He was the most appropriate
candidate after whom to name Germany’s largest
polar research institution.

HARTWIG GERNANDT

See also Antarctic: Definitions and Boundaries; Antarc-
tic Treaty System; Climate; Climate Change; Council
of Managers of National Antarctic Programs (COM-
NAP); Earth System, Antarctica as Part of; Germany:
Antarctic Program; Global Ocean Monitoring Pro-
grams in the Southern Ocean; Plate Tectonics; Scien-
tific Committee on Antarctic Research (SCAR);
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ALGAE

Algae are the most widespread and diverse photo-
synthetic organisms in the Antarctic terrestrial
ecosystem. Currently, the term algae is often applied



only to eukaryotic forms, that is, those with
membrane-enclosed nuclei, chloroplasts, and mito-
chondria, to distinguish these from prokaryotic cya-
nobacteria (commonly known as “blue-green algae”
or “blue-greens”), which have a much simpler cell
structure. In this account both are regarded as algae
as they share possession of chlorophyll and produc-
tion of oxygen as a by-product of photosynthesis.
Moreover, both have a major ecological role as pri-
mary producers. There are few habitats receiving light
and having a sufficient supply of water and nutrient
mineral salts in which the two forms do not co-occur.
Algae are remarkably diverse and are the product of
about nine distinct major evolutionary lineages.
Fungi, plants, and animals have, by contrast, each
emerged from a single lineage.

Algae grow in aquatic and nonaquatic habitats.
The former includes lakes, ponds, and streams while
the latter includes soils and rocks. In nonaquatic
habitats, algae become more prominent in the veg-
etation as the environment becomes more challenging
(e.g., with progression south from sub-Antarctic
islands to continental Antarctica). However, in aquat-
ic habitats, it is algae that usually dominate the bio-
mass at all latitudes. While this account is about free-
living forms, algae are also photosynthetic partners of
fungi in the mutually beneficial symbiosis known as
lichen in which they extend their range to habitats
where otherwise they would be unsuccessful. For in-
stance, only lichens grow on many exposed rock sur-
faces from sub- to continental Antarctica.

It is impossible to accurately estimate total species
numbers of algae in Antarctica because there are few
detailed studies of all habitats at localities covering
the full latitudinal range. Many identifications are
dubious and most have been made using floras pro-
duced for temperate regions. Algal taxonomy is
undergoing considerable revision from the level of
species to class, with increasing application of molec-
ular genetics. An estimate of 7001000 species in mar-
itime and continental Antarctica might be reasonable
while undoubtedly many more occur in sub-Antarc-
tica. The following account focuses on the former
regions.

In terms of biomass, blue-greens are dominant,
especially at higher latitudes and in more extreme
environments. Chlorophyta (green algae) can also be
prominent. Among the Heterokontophyta, Bacillar-
iophyceae (diatoms) are important especially in
aquatic habitats while Xanthophyceae (yellow-green
algae) are frequent in nonaquatic communities. Dino-
phyta (dinoflagellates), Cryptophyta (cryptophy-
tes), Euglenophyta (euglenoids), and Chrysophyceae
(golden algae) are of lower diversity, mostly as
phytoplankton.

ALGAE
Algae in Aquatic Habitats

Communities vary greatly in species structure depend-
ing on prevailing physicochemical conditions. Lakes
are waterbodies in which water is present all year,
while ponds either freeze completely in winter or
evaporate dry in summer. Streams flow for up to a
few months over summer, then melt ceases and algae
in stream beds become freeze-dried. The extreme
high-amplitude fluctuations in pond and stream
environments constrain species diversity compared
with that in lakes. Chemical factors of importance in
all habitats are availability of nutrients and concen-
trations of nonnutrient salts. In lakes, light is a signif-
icant influence. Light of different intensity and quality
penetrates the water column depending on persistence
and thickness of surface ice.

Aquatic communities are either periphyton or phy-
toplankton. The former attach to sediments, rocks,
and aquatic vegetation while the latter are suspended
in the water of lakes and ponds.

Mats of filamentous blue-greens are almost ubiq-
uitous as periphyton in all aquatic habitats. Simple
unbranched filaments of Phormidium spp. and Lepto-
lyngbya spp. (order Oscillatoriales) are usually domi-
nant while colonial unicells of Aphanocapsa sp. and
filamentous Nostoc sp. can also be abundant. The
latter is one of several Antarctic genera of blue-greens
able to use elemental nitrogen as a nutrient by nitro-
gen-fixation in specialised cells termed heterocysts.
Mats have varying abundance and diversity of asso-
ciated diatoms, and unicellular and filamentous green
and yellow-green algae.

Diatoms can be particularly diverse. For instance,
234 species have been recorded from freshwater lakes
of the South Orkney and South Shetland Islands.
However, in the closest known ponds to the South
Pole, at La Gorce Mountains (86°30" S), just one
species, Luticola muticopsis, was found associated
with thin mats dominated by one species of blue-
green. Diatoms recovered from lake sediment cores
are being used in palacoecological studies (e.g.,
Roberts & McMinn 1997).

In streams, coherent mats usually cover much of the
bed. However, where stones protrude through the
mat, they are coated by black crusts of other blue-
greens (e.g., unicellular, colonial Gloeocapsa spp.
and filamentous Schizothrix sp. and Calothrix sp.).
Unbranched filaments of green algae (e.g., Binuclearia
tectorum), and yellow-green Tribonema sp. can be
found trailing downstream from stones to which they
are attached. Particularly in maritime Antarctica,
stream beds can become covered by green filaments
such as Zygnema sp. and Mougeotia sp. By contrast, in

23



ALGAE

the dry valleys of southern Victoria Land, short
narrow ribbons of the dominant green algae, Prasiola
calophylla, verdantly encrust undersurfaces of stones
where they are shaded from intense insolation. At the
source of these streams, on meltwater irrigated termi-
nal walls of glaciers, P. calophylla can be found caught
around irregular protrusions of ice.

Phytoplankton communities are dominated by the
smallest unicellular, colonial, and filamentous algae.
Small size, ability to move using whiplike flagella, and
nonspherical shapes all aid in keeping the organisms
in suspension, especially in calm environments such as
permanently ice-covered lakes (e.g., Lakes Fryxell and
Vanda in southern Victoria Land). Species range from
unicellular blue-green Synechocystis (1 pm diameter),
through diverse unicellular phytoflagellates (e.g., the
cryptophyte Chroomonas lacustris, the green Pyrami-
monas sp., and the chrysophycean Ochromonas sp.) and
nonflagellate unicells (e.g., the green Monoraphidium
and Ankyra sp.), to small colonial forms (e.g., the
greens Ankistrodesmus sp. and Scenedesmus sp., which
are a few tens of micrometres in diameter).

Certain lakes have particularly notable phyto-
plankton communities. Deep Lake at the Vestfold
Hills never freezes due to its hypersaline waters. The
sole phytoplankton is the green flagellate unicell Duna-
liella sp. This swims even at a frigid winter tempera-
ture of —14°C. By contrast, different phytoplankton
occupy different positions in the strongly vertically
stratified waters of the permanently ice-covered lakes
of southern Victoria Land. In Lake Fryxell, Ochromo-
nas sp. inhabits cold, fresh, nutrient-poor but well-
illuminated water just below the ice while Chroomonas
lacustris and Pyramimonas sp. occur in deep, warmer,
saline, nutrient-enriched but poorly illuminated condi-
tions just above anoxic bottom waters. One study
records twenty-eight species in the phytoplankton
community (McKnight et al. 2000).

Various phytoflagellates (e.g., Pyramimonas gelidi-
cola, Ochromonas sp., and Cryptomonas sp.) are able
to supplement their nutrient and energy supplies by
ingestion of particles of organic detritus, bacteria, and
the smallest phytoplankton. This ability, in combina-
tion with photosynthesis, is termed mixotrophy. In
Antarctica, this is beneficial in lakes where mineral
nutrients are in low supply and when light is very dim
or absent (e.g., in winter, when an alternative supply
of organic carbon is needed to replace photosynthe-
sis) (Laybourn-Parry et al. 2000).

Ponds are widespread, numerous, and highly di-
verse and almost all contain algae. Cryoconite ponds
on melting surfaces of glaciers contain windblown
mineral particles at the base of cylindrical melt-filled
holes in the ice. They can be dominated by colonies of
Nostoc sp. or contain a diversity of blue-greens and
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unicellular greens resembling communities in nearby
soils. Ponds can cover extensive areas of ice shelves,
for instance they extend over 1200 km® of the
McMurdo Ice Shelf. Mat communities in these are
dominated by nine species of blue-greens, six species
of diatoms, and unidentified green unicells (Howard-
Williams et al., 1990). Ponds in depressions in rocks
and mineral soils usually contain mats similar to those
on wet soils and close to lake shorelines. In and around
penguin colonies, the highly nutrient-enriched waters
often support dense populations of phytoplankton
such as Chlamydomonas spp. and cryptophytes.

Algae in Nonaquatic Habitats

Mineral soils are widespread over ice-free regions.
Extensive surface crusts and mats occur where there
is a persistent melt-water supply in summer. Filamen-
tous blue-greens Phormidium spp. and Leptolyngbya
spp. are usually dominant. Mucilaginous colonies of
Nostoc commune are also common. Within the mats
are microscopic populations of green algae (e.g., uni-
cellular Chlorococcum spp.), diatoms (e.g., Luticola
muticopsis and Hantzschia amphioxys), and yellow-
green algae (e.g., filamentous Xanthonema spp. and
Heterococcus spp.).

Even at far south, high-latitude locations in La
Gorce Mountains (86°30/ S, 148°00" W, c¢. 2000 m
altitude) bright green patches of the microscopic fila-
mentous chlorophyte Desmococcus cf. olivaceus are
visible at the interface between glacial ice and an
overlying layer of fine-grained morainic detritus
where this is just a few millimetres thick. Moisture
to support growth is supplied by ice melt when the
overlying dark mineral material is warmed by the sun
to temperatures up to 7°C. Ambient summer air tem-
peratures here are about —14°C. This is an example of
the more general importance of solar heating in pro-
vision of a favourable microclimate.

Where water supply is even more restricted, algae
are present as microscopic populations. An example
is the soil in furrows around ice polygons in south-
ern Victoria Land dry valleys. Here, microscopic
populations of unicellular Botrydiopsis sp. persist
in soil that is moistened by snowmelt, the snow
having drifted into the depressions during rare sum-
mer snowfall. Even the most arid soils contain
algae, which probably have little opportunity for
growth but survive for long periods in a desiccated
condition.

In the vicinity of bird and seal colonies the
composition of soil algal communities reflects the
greatly increased input of nitrogenous and phosphatic



nutrients derived from the waste products of these
marine animals. Luxuriantly green, sheetlike growths
of the chlorophyte Prasiola crispa cover wet ground
where it is not too disturbed by trampling. Although
this marine influence occurs predominantly at coastal
sites, for instance around penguin colonies, inland
nunataks with nesting sites of petrels have the same
algal communities. For instance, P. crispa is the most
prominent alga at Robertskollen (Dronning Maud
Land, 71°28" S, 3°15’ W) despite it being about 130
km from the open sea.

Geothermal soils heated by volcanic activity are of
very limited extent in Antarctica, being found close to
the summits of three volcanoes in the Ross Sea region,
on Deception Island in the South Shetland Islands, and
on the South Sandwich Islands. They occur at altitudes
up to 3700 m on Mount Erebus, Ross Island. At soil
surface temperatures in excess of 35°C a thermophilic
cyanobacterium, Mastigocladus laminosus, forms dark
blue-green crusts. This species is a cosmopolitan
thermophile and has probably been dispersed by
wind to its isolated Antarctic habitats. At cooler tem-
peratures species of unicellular green algae (Chlorella
spp., Coccomyxa spp., Bracteacoccus sp.) dominate.

Soil algae have undoubtedly been transported to
Antarctica by humans but whether they have colo-
nised outside research stations is unknown (Broady &
Smith 1994).

The living surfaces of bryophytes invariably sup-
port epiphytic populations of microscopic algae and
small colonies of Nostoc. Black, green, and orange
crusts of algae often develop over dead moss. Algae
communities differ between moss communities. For
instance, in the South Orkney Islands, moss turf sup-
ports a high abundance of the green unicell Pseudo-
coccomyxa simplex while wetter moss carpets support
a species rich community of blue-greens, diatoms, and
green algae. Moss cushions provide a habitat for a
limited flora of large unicellular green algae called
desmids, with Actinotaenium cucurbita being the only
species existing at 77° S in the southern Victoria Land
dry valleys.

Algae are often associated with rock and stone
surfaces. In moist conditions encrusting growths are
visible (i.e., the communities are epilithic). In relative-
ly humid maritime Antarctica crusts of cubical cell
clusters of the green alga Prasiococcus calcarius form
on sheltered faces of coastal rocks. In continental
Antarctica, epilithic growths occur only where melt-
water percolates over rock surfaces. Here, black
crusts are dominated by unicellular, colonial blue-
greens such as Gloeocapsa spp. The darkly pigmented
mucilage coating the cells provides protection from
intense insolation in summer and prolongs the period
of cell hydration when the water supply ceases.

ALGAE

Where water supply is greatly restricted, algae re-
treat to hidden, so-called cryptic habitats, where
traces of water can be retained. Although biomass is
very low, algae in such niches dominate vegetation in
the extensive cold deserts, as found in the dry valleys
of southern Victoria Land and at the Vestfold Hills. It
has been suggested that extraterrestrial life could be
discovered in habitats similar to these.

The hypolithic habitat is provided by the under-
surfaces of translucent stones, such as quartz. Where
stones lie on top of the soil, light can penetrate to
moist soil below, even if adjacent surface soil is ex-
tremely dry. Vivid crusts of green (e.g., Desmococcus
spp. and Prasiococcus calcarius) and blue-green algae
(e.g., Leptolyngbya sp. and unicellular Chroococci-
diopsis sp.) coat the undersurfaces.

Algae and lichens can also exist within translucent
rocks. Either they are chasmoendolithic, i.e. in nar-
row cracks penetrating the rock surface, or they are
cryptoendolithic, i.e. in minute pores between rock
crystals without obvious connection to the outside
environment. Light penetrates a few millimetres and
traces of moisture are held within the rock matrix.
The algae are revealed only when thin flakes of rock
are removed. At high altitude sites such as Linnaeus
Terrace (1650 m), southern Victoria Land, the turn-
over time for cryptoendolithic biomass has been esti-
mated to be about 10,000 years. Coastal communities
tend to be dominated by the green alga Desmococcus
olivaceus and Prasiococcus calcarius although also
common are the blue-greens Leptolyngbya sp. and
Chroococcidiopsis sp. At Linnaeus Terrace, lichen-
dominated communities are most common but others
are dominated by algae. The green unicellular Hemi-
chloris antarctica occurs below overhanging rocks at
intensities less than 0.01% of incident light. This is one
of very few Antarctic endemic algae. Unicellular,
colonial blue-green Gloeocapsa spp. grow in close
proximity to the lichen-dominated community while
Chroococcidiopsis sp. is rarely found in especially cold
and dry habitats.

Snow algae occupy a very different habitat of ice
crystals irrigated by meltwater. Microenvironmental
temperatures do not, or barely, exceed 0°C. A small
range of psychrophilic algae are able to grow vigor-
ously enough to tint the snow a pinkish-red, green,
yellow, or grey. Snow algae are most prominent in
coastal regions of maritime Antarctica and the fring-
ing lower latitudes of continental Antarctica. Their
furthest south is at Ross Island (76°43’ S). They are
absent from the vast majority of snow surfaces in
Antarctica. Although most often sighted in the vicin-
ity of nesting birds, snow distant from such nutrient
sources can also contain visible populations. For in-
stance, extensive grey snow at Windmill Islands is
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coloured by unicellular green algae Chloromonas
rubroleosa and Mesotaenium berggrennii. Commu-
nities are usually dominated by species that are able
to accumulate pigments, such as red carotenoids,
which act as screens from high intensities of insola-
tion, including ultraviolet radiation.

PAuL BroADY

See also Aerobiology; Algal Mats; Cryoconite Commu-
nities; Cryptoendolithic Communities; Desiccation Tol-
erance; Dry Valleys, Biology of; Exobiology; Food
Web, Freshwater; Heated Ground; Introduced Species;
Lichens; Oases, Biology of; Phytoplankton; Snow
Chemistry; Soils; Streams and Lakes; Vegetation
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ALGAL MATS

Algal mats are perhaps the most widespread microbi-
al communities in Antarctica. They consist basically
of a mesh of microscopic algal filaments embedded in
their own mucilaginous sheaths, which in turn trap
and bind sediment particles, providing shelter as well
as nutrients to other algae, bacteria, heterotrophic
microorganisms (flagellates, rhizopods, ciliates), and
even metazoan (rotifers, tardigrades, and nematodes).
Because of this structural complexity they are also
referred to as microbial mats.

Many scientists use the term cyanobacterial mats
on account of the almost invariably dominance
of filamentous cyanobacteria (“‘blue-green algae”),
most of which belong to the order Oscillatoriales
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(genera Phormidium, Oscillatoria, and Leptolyngbya
among others). Commonly, nitrogen-fixing genera
such as Nostoc, Anabaena, and Nodularia are also
frequent. Diatoms, mainly represented by Navicula
muticopsis and Pinnularia borealis can surpass cyano-
bacteria in species richness, but not in biomass. Green
algae do not contribute substantially to algal mats
except for a few nitrophilous species and the green
mats dominated by macroscopic Prasiola crispa.
Growth and development of algal mats also involves
seasonal changes in species composition.

Algal mats thrive in a wide range of environments,
from wet soils or constantly flushed ones, to the bot-
tom of temporary pools and ephemeral runnels, to the
channels of permanent rivers, to the edges and bot-
tom of cryoconite holes and deep, permanently frozen
lakes. In response to this wide spectrum of ecological
conditions, they vary in thickness (from less than 4
mm to more than 3 cm), species composition, and
colour. Differently coloured mats in one same area
can represent distinct species compositions.

Well-lit algal mats from soils and shallow water
bodies have a layered structure, with reddish upper
layers formed by dead filaments or by a dense mesh
of actively moving Oscillatoriales. These layers are
rich in mucilage, sheath pigments, and carotenoids
that provide the whole community with protection
against desiccation and high irradiances. Lower
layers are typically dark green and host a higher
number of species, which includes cyanobacteria as
well as diatoms and few green algae. They have high
chlorophyll-a concentrations and generally display a
higher photosynthetic activity. Algal mats from the
dimly lit bottom of lakes have a photosynthetically
active upper layer and an anoxic, heterotrophic low
layer.

Resistance to desiccation and to high irradiance
facilitates the colonization of suitable environments
by algal mats. Often, the same species composition
can be found in algal mats of lakes and the surround-
ing terrestrial areas, and between those mats covering
the bottom of deep lakes and small cryoconite holes in
the same area.

Daily mat production can be as high as 1 to 38 mg
C.m2.day~', widely surpassing that of phytoplank-
ton in the same lake. Moreover, algal mats can cover
extensive areas of flushed soils at sites in continental
Antarctica. On account of this, they are the main
source of carbon fixation in a vast region of Antarc-
tica. Therefore, algal mats can be regarded as very
successful communities playing a key role in Antarctic
ecosystems, and deserve close attention within the
context of a changing environment.

GABRIELA MATALONI
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See also Algae; Biodiversity, Terrestrial; Colonization;
Dessication Tolerance; Nematodes; Rotifers; Soils;
Streams and Lakes; Tardigrades

References and Further Reading

Davey, Martin C., and Ken J. Clarke. “Fine Structure of a
Terrestrial Cyanobacterial Mat from Antarctica.” Jour-
nal of Phycology 28 (1992): 199-202.

Ellis-Evans, J. C., and P. R. Bayliss. “Biologically Active
Micro-Gradients in Cyanobacterial Mats of Antarctic
Lakes and Streams.” Verhandlungen internationale Ver-
einigung fiir theoretische und angewandte Limnologie 25
(2) (1993): 948-952.

Elster, Josef. “Ecological Classification of Terrestrial Algal
Communities in Polar Environments.” In Geoecology of
Antarctic Ice-Free Coastal Landscapes, edited by L.
Beyer and M. Bolter. Berlin and Heidelberg: Springer-
Verlag, 2002.

Komarek, Ondrej, and Jiri Komarek. “Diversity of Fresh-
water and Terrestrial Habitats and their Oxyphototroph
Microflora in the Arctowsky Station Region, South
Shetland Islands.” Polish Polar Research 20 (3) (1999):
259-282.

Moorhead, Daryl, Jamie Schmeling, and Ian Hawes.
“Modelling the Contribution of Benthic Microbial
Mats to Net Primary Production in Lake Hoare,
McMurdo Dry Valleys.” Antarctic Science 17 (1)
(2005): 33-45.

Niyogi, Dev K., Cathy M. Tate, and Diane M. McKnight.
“Species Composition and Primary Production of Algal
Communities in Dry Valley Streams in Antarctica: Ex-
amination of the Functional Role of Biodiversity.” In
Ecosystem Processes in Antarctic Ice-Free Landscapes,
edited by W. B. Lyons, C. Howard-Williams, and
1. Hawes. Rotterdam: Balkema, 1997.

Vincent, W. F., M. Y. Downes, R. W. Castenholz, and C.
Howard-Williams. “Community Structure and Pigment
Organisation of Cyanobacteria-Dominated Microbial
Mats in Antarctica.” European Journal of Phycology 28
(1993): 213-221.

Wharton, Robert A., Bruce C. Parker, and George M.
Simmons. “Distribution, Species Composition and Mor-
phology of Algal Mats in Antarctic Dry Valley Lakes.”
Phycologia 22 (4) (1983): 355-365.

AMSTERDAM ALBATROSS

The Amsterdam albatross (Diomedea [exulans]
amsterdamensis), a member of the great albatrosses
family Diomedeidae, is the rarest albatross of the
Southern Hemisphere, breeding exclusively on
Amsterdam Island (southern Indian Ocean, 37°50" S,
77°32" E). These birds were first mentioned in 1951,
some 255 years after the island’s discovery. The birds
were described as a new species in 1983, but the
taxonomy remains controversial. For example, some
researchers suggest that Amsterdam albatrosses are a
subspecies of the Wandering albatross (D. exulans).



Nevertheless, the great albatrosses evolved from a
pelagic seabird species that originated in the Northern
Tethys Sea approximately 54-38 Ma. These alba-
trosses then colonized the Southern Ocean, where
several populations became isolated during the Pleis-
tocene glaciations.

Adults (4.8-8 kg, males slightly larger than
females) have an overall dark brown body and tail,
with a lighter belly and white face and throat. Wings
are brown on the dorsal side and white on the ventral
side with black tips and trailing edges. The light pink
bill has a black cutting edge to the upper mandible
and a dusky tip. Plumage characteristics lighten with
age, but juveniles and adults can be confused with
certain populations of D. exulans (e.g., those from
New Zealand).

Amsterdam albatrosses feed exclusively at sea
upon fish and squids but their exact diet is unknown.
During incubation, adults travel 200-1400 km per day
(maximum distance of 2200 km from colony) making
loops in a mostly northeast direction.

Males arrive on the Plateau des Tourbicres (the
only breeding ground, a peat bog of ~170 ha) in late
January and build a conic nest using vegetal materi-
als. When females arrive, partners exhibit spectacular
displays including rare flight displays with vocaliza-
tions. Pairs bond for life. A single egg is laid in late
February and both parents alternate incubation shifts
(~7.5 days) before hatching occurs after 79 days, and
brooding shifts (~2.5 days) until the chick becomes
thermally independent (~28 days). The chick is then
left alone and fed by both parents for another 7
months. Chicks depart alone in January—February
and remain at sea for 4-8 years before returning to
breed.

Breeding is biennial unless breeding failure occurs
early. This strategy is associated with long life expec-
tancy (at least 30-40 years), delayed first reproduction
(7-10 years), high breeding success (71%-73%), and
high adult survival (~96%).

Only 5-10 pairs bred each year in the 1980s and
15-20 during the late 1990s. The total population in
2005 totaled 120 to 150 birds. Prior breeding range
and demographic simulations suggest that the popu-
lation decreased before 1980, with the probable cause
being mortality at sea resulting from bycatch in long-
lining fisheries. Breeding habitat was also threatened
by introduced cattle until the French administration
initiated efforts to protect it. Over the past 20 years,
the population has increased by about 70%, suggest-
ing that it may still be viable. However, recent discov-
ery of avian cholera in the sympatric yellow-nosed
albatross (Thallassarche chlororynchos carteri) re-
presents a serious threat, as infection is already

AMSTERDAM ISLAND (iLE AMSTERDAM)

suspected. Amsterdam albatrosses are considered crit-
ically endangered by IUCN, with a high risk of ex-
tinction, based on their low population size and being
a single-island endemic species.

YANN TREMBLAY

See also Albatross and Petrels, Agreement for the
Conservation of; Albatrosses: Overview; Amsterdam
Island (ile Amsterdam); Introduced Species; Wander-
ing Albatross
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AMSTERDAM ISLAND (iLE
AMSTERDAM)

Amsterdam Island, in the southern Indian Ocean
(37°50' S, 77°32' E), is one of the most isolated islands
in the world. It is roughly oval in shape and covers
55 km?. It is entirely volcanic in origin and numerous
cones have been created during the last century. Steep
cliffs (30-60 m) skirt most of the coastline, those at
the west being up to 700 m high. The eastern part of
the island slopes gently up from the sea to the central
plateau (an old caldera) where it rises to 881 m (Mont
de la Dives). Another small volcanic island, St. Paul
Island (38°43' S, 77°30' E), 8 km? in area, lies 89 km to
the south.

The location of Amsterdam Island, north of the
subtropical convergence, strongly influences its
climate: Mean annual air temperature is 13.8°C
(11.2°C in August, 17.0°C in February), and annual
rainfall is about 1127 mm per year, according to
M¢étéo-France records for 1951-1996. This oceanic
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and mild climate at the sea level changes in higher
altitudes where the conditions are similar to those
observed in the sub-Antarctic islands. There is no
river or lake, only small ponds in the mires on the
high plateau. The lowland remains very dry, especial-
ly during summer, and several fires occurred in the
past.

Lowland slopes to 250 m are dominated by mea-
dows of tussock grass Poa novarae. Dense grasslands
of sedges Scirpus nodosus and Spartina arundinacea
occur to about 600 m. At higher altitude, vegetation
comprises feldmark of dwarf shrub (A4caena magella-
nica), sphagnum bogs, and mosses. Near the coast,
the vegetation has been deeply modified by cattle
( Bos taurus), introduced on the island in 1871. Intro-
duced plant species have been favoured by grazing,
and the formerly widespread tree Phylica nitida, up to
7 m high, and ferns, were recently restricted to few
sheltered areas.

Moseley’s rockhopper penguin (Eudyptes chryso-
come moseleyi), yellow-nosed albatross (Diomedea
chlororhynchos bassi, 37,000 pairs, 80% of the world
population), sooty albatross (Phoebetria fusca), and
the rare endemic Amsterdam albatross (Diomedea
amsterdamensis, less than fifty breeding pairs) are
the main breeding bird species. Amsterdam Island
fur seal (Arctocephalus tropicalis) breed on the island
(population of about 35,000 adults), and southern
elephant seal (Mirounga leonina) occurs as non-
breeder. Introduced mammals are widespread: cattle,
Norwegian rats, mice, and cats.

In 1988, a management plan was developed to
reduce the effect of grazing on soil erosion, plant
disturbance, and threats to birds, namely to the
Amsterdam albatross. Fences have been erected and
cattle from the southern part of the island were
removed. In addition, more than 7,000 Phylica nitida
have been planted. Whereas restoration processes are
slow in the most eroded areas, vegetation close to the
original one, without alien species, is now established
at the south of the island.

Amsterdam Island was discovered by Sebastian del
Cano (on one of Magellan’s ships) in 1522, but was
not landed on until 1696 by Van Vlaming. It was
claimed by France in July 1843. The permanent scien-
tific and meteorological station Martin de Vivies has
been continuously operated by the Terres Australes et
Antarctiques Frangaises since 1951. It hosts about
twenty people in winter and forty in summer. The
crayfish industry operates around Amsterdam and
St. Paul Islands.

Yves FRENOT

See also Amsterdam Albatross; Flowering Plants;
France: Antarctic Program; France: Institut Polaire
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Francais Paul-Emile Victor IPEV) and Terres Aus-
trales et Antartiques Francaises (TAAF); Introduced
Species; St. Paul Island (ile St. Paul); Sooty Albatross;
Southern Elephant Seal; Yellow-Nosed Albatross
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AMUNDSEN, ROALD

Roald Engelbregt Gravning Amundsen was born in
Hvidsten, southeast Norway, July 16, 1872, and he
died June 18, 1928, when his plane disappeared into
the sea off Bjerneya, Svalbard. He made his career
and his name within polar exploration and logistics,
and he is assessed today as one of the most successful
of polar travellers.

Amundsen stated that he decided to become a
polar explorer when reading Sir John Franklin’s
books at the age of 15. At 17 he was in the crowd
that turned out to honour Fridtjof Nansen on his
return from the first crossing of Greenland, and this
experience sharpened his resolve. His mother wanted
him to become a doctor, and it was only after her
death in 1893 that he could devote his time to his own
choice of career.

In addition to the hard physical training in which
he had already engaged, including skiing and swim-
ming, he worked on an Arctic sealer in 1894. Expedi-
tions to the Arctic or Antarctic at that time usually
included a voyage by ship, and Amundsen read
enough reports to understand that there could be
problems when the expedition leader had to relate to



a ship’s captain. He therefore took his first mate’s and
captain’s certificates in order to secure full control of
his future expeditions.

In the summer of 1896, he was chosen as an unpaid
able seaman and ski expert for the Belgian Antarctic
Expedition on the Belgica. Appropriate participants
were not easy to find, and Amundsen was promoted
to second mate before departure. During the expedi-
tion he gained his first significant experience in the
polar regions, with expedition doctor Frederick Cook
as his mentor. They tested various types of equip-
ment, such as sleeping bags, tents, and sledges, and
they proved the effect of seals and penguins as a
protection and cure for scurvy. Amundsen learned
about survival techniques and leadership, and took
his first ski trip on the Antarctic continent.

Amundsen was no scientist; he sought geographi-
cal conquests. However, he understood that sponsors
and the public wanted scientific fagades for expedi-
tions, and he therefore equipped his own first expedi-
tion to determine the current position of the North
Magnetic Pole. However, the real goal was the first
complete navigation of the Northwest Passage, which
was accomplished 1903-1906 on the Gjoa. During the
expedition’s almost two-year stay on King William
Island, Amundsen learned from the Inuit many
details with regard to successful polar travel, includ-
ing dogsled driving, clothing, food, and igloo-building
techniques.

The North Pole was Amundsen’s next great polar
goal, and he declared his second expedition to be a
repeat and extension of Nansen’s drift over the Arctic
Basin in the Fram. News that both Frederick Cook
and Robert E. Peary claimed to have reached the
North Pole took away Amundsen’s inducement to
go north, and his attention turned to another great
goal—the South Pole. He kept his change of plans
secret until the last moment, thereby committing him-
self, his reputation, and his future career to getting
there first. He believed that failure in any way, includ-
ing arriving second to Robert Falcon Scott, would
leave him as a cad who had unsuccessfully tried to
perform a dirty trick. Accusations and hurt feelings,
on the other hand, would drown under the acclama-
tion of a tremendous feat.

Amundsen’s 1910-1912 Antarctic expedition was a
model of polar logistics and planning. He and four
companions reached the South Pole on December 14,
1911, a month before Scott, and returned to his base
camp at the Bay of Whales with scarcely any pro-
blems to report.

On the personal side Amundsen was less success-
ful. He needed to be the absolute leader, and could
not tolerate real or imagined criticism from his men.
When Nansen’s companion from the Arctic, Hjalmar
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Johansen, challenged his leadership, Amundsen
removed Johansen from the Pole group and assured
that he arrived back in Norway in disgrace. During
the Belgica expedition’s forced wintering in Antarc-
tica, Amundsen had removed himself from the ex-
pedition over a slight he felt he had received from
the leader. However, he informed expedition leader
Adrein de Gerlache that he would stay with the group
until they reached civilisation again!

World War I represented a time change in many
ways, not least concerning transport methods, and
Amundsen was quick to see that aircraft could revo-
lutionise polar exploration. He bought one of the
first planes to reach Norway, and he took the coun-
try’s first civil pilot’s licence, in September 1915. The
plane, however, was quickly donated to the military.
Amundsen’s expedition on the Maud, 1918-1925, was
to be the North Pole expedition to which he had
previously committed himself. It was successful in
obtaining important scientific results, but Amundsen
left it in 1922 when it became obvious that ships were
no longer the right transport method for his ambi-
tions. He had on the way completed a navigation of
the Northeast Passage, the third in history, thus
making him the first to circumnavigate the Arctic.

Amundsen’s last expeditions were all with aircraft
in the Arctic. In 1923, on the Alaskan coast, his plane
was damaged before a planned flight over the Arctic
Ocean was realised. In 1925, he flew with Lincoln
Ellsworth, Hjalmar Riiser-Larsen, and three others
from Svalbard to 87°43’ N in two aircraft, N24 and
N25. The following year the Amundsen-Ellsworth-
Nobile Transpolar Flight in the dirigible Norge flew
over the North Pole while travelling from Svalbard to
Alaska. Amundsen thus became the first person to
have been at both Poles.

Amundsen was now 55 years old, unmarried, with
constant financial problems and with a bitter tenden-
cy to fall out with his nearest associates. He had been
almost unsurpassed as a polar explorer and expedi-
tion leader with the traditional methods of skis and
dogsleds, but the modern means of transport made
him more of a passenger than a dynamic leader.
When Umberto Nobile crashed on the ice with his
dirigible Italia in 1928, Amundsen rose to the occa-
sion and set out to look for him in a French aircraft
with five others. They disappeared into the Arctic,
and only two pieces of the plane were ever found.

Amundsen was decorated by many countries for
his feats as a polar explorer, and numerous book and
films have been produced about his life.

SusaN BARR

See also Belgian Antarctic (Belgica) Expedition (1897—
1899); British Antarctic (7Terra Nova) Expedition
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(1910-1913); British Antarctic ( Terra Nova) Expedi-
tion, Northern Party; Dogs and Sledging; Ellsworth,
Lincoln; Hanssen, Helmer; Norwegian ( Fram) Expedi-
tion (1910-1912); Ponies and Mules; Riiser-Larsen,
Hjalmar; Scott, Robert Falcon; Wisting, Oscar
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AMUNDSEN-SCOTT STATION
Amundsen-Scott Station is the year-round United
States research facility at the geographic South Pole.
The station has been operated and occupied continu-
ously since 1956.

When a US Navy ski-equipped R4D airplane land-
ed at the site on October 31, 1956, to begin construc-
tion, it brought the only humans to have reached the
surface there since Norwegian and UK parties led by
Roald Amundsen and Robert F. Scott first attained
the Pole in 1911 and 1912. (Richard E. Byrd of the
United States flew over the South Pole, but did not
land, on November 29, 1929.)

The 1956 arrival—a flight from McMurdo Station,
on the Antarctic coast—marked the start of building
a research station for the 1957-1958 International
Geophysical Year. The first winter of occupation,
1957, nine support personnel and nine scientists con-
ducted meteorology, seismology, glaciology, and
ionospheric and auroral studies.

The IGY station, most of it beneath the surface of
the snow, was operated until 1975, when new struc-
tures sheltered under a geodesic dome on the surface
replaced it. The dome facility was designed to last
about 25 years. Construction of yet a third central
station facility—this one on stilts to prevent buildup
of drifted snow—began in the 1990s with completion
scheduled for 2007.
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The 2005 winter population was 86, and the 2004—
2005 summer season population peaked at more than
220. Some of these occupants were building the new
station, which, when completed, is intended to accom-
modate 50 in winter and 150 in summer. As at other
US facilities in Antarctica, most residents were Amer-
icans with grants for research or employed by US
contractors for science support or construction. But
a substantial number were scientists from other Ant-
arctic Treaty nations working with US counterparts
on cooperative research projects.

The Antarctic Plateau is a uniquely valuable loca-
tion for astrophysics, climatology, glaciology, seis-
mology, and other sciences. The extremely cold and
dry atmosphere is transparent and dark throughout
the infrared and millimeter wavelengths, making the
South Pole one of the world’s best places for telescope
observing in those spectra. The station’s location at
the Earth’s axis of rotation enables continuous obser-
vation of celestial bodies for weeks at a time, unaf-
fected by the 24-hour rise-and-set interruptions of
lower latitudes.

The air at the South Pole is some of the cleanest air
on Earth, and yet daily sampling of it since 1957 has
recorded, in trace amounts, the gradual global buildup
of chlorinated fluorocarbons, lead from leaded gaso-
line, and other anthropogenic chemicals. This moni-
toring has helped scientists build the baseline against
which to understand atmospheric trends in temperate
latitudes nearer the sources of these substances.

The ice sheet itself is used as a detector of neutrinos.
Originating in some of the farthest reaches of space
and thus recording some of the earliest moments of the
universe, these high-energy particles nearly always
pass through substances unimpeded and unnoticed.
On rare occasion, however, neutrinos interact with
water or ice molecules. Scientists have buried photo-
multiplier tubes deep in the ice beneath the station to
detect these interactions. An initial group of detectors
proved the concept in the 1990s; starting in 2000, an
additional array of detecting tubes was being designed
and installed to instrument an entire cubic kilometer of
ice with 4,800 photomultipliers. The project, called
IceCube, was the largest research project at the South
Pole and projected to cost nearly $300 million over its
first 13 years of construction and operation. The proj-
ect was expected to open unexplored bands of the
electromagnetic spectrum for astronomy.

Other new facilities for astronomy and astrophys-
ics include a 10-meter telescope being built in the
2000s to investigate properties of the dark energy
that pervades the universe and accelerates its expan-
sion, to constrain the mass of the neutrino, to search
for the signature of primordial gravitational waves,
and to test models of the origin of the universe.



Other research at Amundsen-Scott has included
seismology to detect and characterize earthquakes
worldwide, climate monitoring, ozone-hole studies,
glaciology including ice core drilling for study of
past climates, detection of microscopic life in the ice,
and medical and psychological study of the human
response to the cold, the high altitude, the long ab-
sence of sunlight in winter, and the annual 8"2-month
isolation in a remote yet confined environment.

To optimize the science, Amundsen-Scott South
Pole Station and its surroundings are divided into
sectors, each having an environment best for specific
activities. The operations sector houses the main sta-
tion and general operations. The clean air sector is
upwind of the station for sampling pristine air and
snow for climate research. The quiet sector limits
noise and use of equipment to enable seismology
and other vibration-sensitive pursuits. The radio fre-
quency sector is reserved for communications equip-
ment. The downwind sector, free from obstructions, is
for balloon launches and aircraft operations. The
dark sector is for astrophysics and is free of light
pollution and electromagnetic noise.

The station is on the central Antarctic Plateau at
an elevation of 2935 meters, which happens to be
about the same thickness as the snow, firn, and ice
on which it rests, making the nearest land almost
2 miles away—straight down. The ice is moving
in the general direction of South America at about
10 meters a year; an annual ceremony is the setting of
a new marker on the snow surface showing the exact
location of the geographic South Pole—90°00'00” S
latitude. The extreme cold suppresses the atmospheric
pressure, sometimes making the elevation seem like as
much as 4000 meters. The ice plateau is featureless
except for sastrugi to the horizon. Winter low temper-
ature has reached —-82.8°C, and the record high in
summer was —13.6°C. Unlike Antarctica’s coasts, the
station does not get strong breezes; the wind averages
5.5 meters per second and has never exceeded 24
meters per second.

The South Pole is supplied entirely from the coast-
al station McMurdo during the 100 or so days of
summer when outdoor operations are practical. Ever
since the South Pole station was opened in 1956,
airlift has been the sole method of transporting people
and supplies over the 838 miles of ice and mountains.
In the early 2000s, oversnow traverse equipment was
being tested to carry cargo and fuel and perhaps
relieve some of the demand on airlift.

Guy G. GUTHRIDGE

See also Amundsen, Roald; Antarctic Ice Sheet: Defini-
tions and Description; British Antarctic ( Terra Nova)
Expedition (1910-1913); Climate Change; East
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Antarctic Shield; Firm Compaction; Geospace, Observ-
ing from Antarctica; International Geophysical Year;
Tonosphere; McMurdo Station; Meteorological Ob-
serving; Norwegian (Fram) Expedition (1910-1912);
Pollution Level Detection from Antarctic Snow and
Ice; Scott, Robert Falcon; South Pole; United States:
Antarctic Program
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The Amundsen Sea lies off the coast of Marie Byrd
Land between Cape Dart on Siple Island (126°09’ W)
and Cape Flying Fish on Thurston Island (102°29’
W). Its northern limit is undefined, and in some stud-
ies its western boundary is extended toward the Ross
Sea at Cape Colbeck (157°54' W). Named for Roald
Amundsen, who almost reached it while drifting west-
ward on the Belgica in March 1899, the region was
first visited by the Resolution, on which Captain Cook
achieved his highest southern latitude, at 71°10’ S,
106°54" W. On January 30, 1774, he wrote: “The
outer or Northern edge of this immense ice field was
composed of loose or broken ice so closely packed
together that nothing could enter it; about a Mile in
began the firm ice, in one compact solid body, and
seemed to increase in height as you traced it to the
South; In this field we counted Ninety Seven Ice Hills
or Mountains, many of them vastly large.... We could
not proceed one inch farther South....”” The Amund-
sen Sea has since been visited by US expeditions in
1839, 1939-1941, 1946-1947, 1961, and several times
during the 1985-2000 period, and by Norwegian,
German, and British expeditions in 1929, 1994, and
2003.

Nearly perennial sea ice, often held fast by numer-
ous grounded icebergs, continues to complicate travel
and research in the Amundsen Sea. The extent and
concentration of the sea ice cover has been monitored
by satellites since the early 1970s, and the state of its
ice shelves since the 1990s. Its sea-floor characteristics
and ocean and sea-ice properties are slowly being
revealed by work from research icebreakers that
began in the 1990s. Biological observations indicate
patchy areas of high productivity at all trophic levels.
Regional applications of a circumpolar ocean model,
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A vertical temperature section in the eastern Amundsen Sea extending from ~66.5° S (left) to ~74.5° S (right) between 101.3° W
and 103.5° W. South of ocean station 89, this traverse encountered the rugged bottom topography of the eastern and southern
continental shelf in Pine Island Bay. The waters warmer than 0°C that blanket the deep floor of the shelf here are common
throughout the Southeast Pacific sector, unlike the colder waters that characterize shelf regions from the Ross westward
through the Weddell Sea. (Modified from a figure by Hellmer et al. in Antarctic Research Series Vol 75, 1998.)

driven by realistic atmospheric forcing, are broadly
consistent with ocean measurements. Refinements
await more accurate bathymetry, more in situ meteo-
rological data, and higher model resolution.

The Amundsen Sea continental shelf broadens
westward, from approximately 200 km around Thur-
ston Island and under the Abbot Ice Shelf to more
than 500 km along 104° W past the King and Canis-
teo peninsulas and under the Pine Island Glacier. It
then narrows to approximately 200 km near 120° W
around Carney Island and to close to 100 km near
135° W, beyond the western end of the Getz Ice Shelf.
Minimal bottom relief occurs at its 400-700 m deep
outer limits, but broad sills deepen southward into
very rough troughs, some exceeding 1500 m depths
near ice shelf calving fronts. These troughs were cut
by grounded glaciers during past ice ages and contain
a variety of geomorphological features ranging from
subtle lineations to hundred-meter scale topography.
Large islands appear to anchor the northern edges of
the lengthy Abbot and Getz ice shelves, while numer-
ous small islands populate areas on the southeastern
shelf and near Siple Island, often masquerading as
icebergs, or vice versa. Bathymetry is unknown under
the ice shelves, which currently occupy up to 25% of
the continental shelf area.

Studies of the sea-ice cover using satellite data have
typically grouped the Amundsen and Bellingshausen
seas, covering the sector from 60° to 130° W. The sea
ice displays a later summer minimum than in the Ross
or Weddell seas, and a negative trend in ice extent
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over the three-decade record. Fast ice is more com-
mon than are polynyas, which tend to be small and
intermittent during winter near the coastline. Satellite
feature tracking and modeling of ice drift indicates
that a large percentage of the sea ice formed in the
southern Amundsen is exported to the Ross Sea,
while a large fraction of the sea ice found in the
northern Amundsen has been imported from the
Ross. Sea-ice drifters set near the continental shelf
break in the eastern Amundsen have tracked general-
ly westward over the outer shelf, slope, and rise for
periods of 8-16 months. A giant iceberg from the
Thwaites Glacier Tongue followed a similar westward
path after being grounded for decades on the shelf,
then drifted north and east via the Antarctic Circum-
polar Current through the Drake Passage.

Ocean properties on the Amundsen Sea continen-
tal shelf are transitional between those on the slightly
warmer Bellingshausen and the markedly colder and
saltier Ross continental shelves. Relatively warm and
salty Circumpolar Deep Water intrudes near the sea
floor, and is particularly noticeable in Pine Island Bay
on the eastern shelf. More than 3°C above the in situ
melting point, this inflow fuels melting deep beneath
the regional ice shelves and glacier tongues, resulting
in the upwelling of meltwater along the coastline. In
some locations glacier basal melt rates appear to be
two orders of magnitude higher than beneath the
largest Antarctic ice shelves, and such rapid melting
may account for local ice shelf thinning and faster
offshore flow of grounded ice. It also influences the



local sea-ice cover and could contribute to observed
freshening downstream in the Ross Sea. Melting is
inferred from measurements of ocean temperature,
salinity, helium, neon, dissolved oxygen, and oxygen
isotopes and from considerations of glacial mass bal-
ance, while thinning is inferred from airborne and
satellite altimetry.

The continental shelves of the Amundsen and Bel-
lingshausen seas differ from the other large embay-
ments around Antarctica by the general absence of
cold, dense shelf waters. Shelf water production is
damped by the southeasterlies that tend to move sea
ice more along than away from the coastline, while
brine production is limited by the thick ice and snow
cover and countered by the melt-driven upwelling. Sur-
face waters on the shelf are generally too light to be
overturned to the sea floor, or to mix readily with deep
water to form new bottom water. This situation evolves
westward as a shelf break frontal region strengthens
toward the Ross Sea where recently “ventilated” waters
appear to descend along the continental slope.

Seaward of the continental slope and rise, the Ross
Gyre extends to 130°-150° W, east of which the Ant-
arctic Circumpolar Current expands southeast to-
ward the continental shelf. That current then tracks
eastward into the Bellingshausen Sea, moving faster
than the westward drifts on the shelf to its south. The
deep Amundsen Sea is thus similar to that in other
sectors, dominated by the voluminous Circumpolar
Deep Water sandwiched between the more seasonally
variable Antarctic Surface Water and the Antarctic
Bottom Water that has been generated elsewhere.
Incursions of the Circumpolar Deep Water onto the
adjacent continental shelf and its spatial and temporal
variability in response to climate change are topics of
current interest. The properties and circulation of this
water, and its influence on ice shelf extent and thick-
ness, could have implications for discharge from the
West Antarctic Ice Sheet.

STANLEY S. JACOBS

See also Antarctic Ice Sheet: Definitions and Descrip-
tion; Antarctic Surface Water; Bellingshausen Sea,
Oceanography of; Circumpolar Current, Antarctic;
Circumpolar Deep Water; Coastal Ocean Currents;
Continental Shelves and Slopes; Ice Shelves; Icebergs;
Polynyas and Leads in the Southern Ocean; Remote
Sensing; Ross Sea, Oceanography of; Sea Ice, Weath-
er, and Climate; Southern Ocean: Vertical Structure;
Thwaites and Pine Island Glacier Basins
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ANARE/AUSTRALIAN ANTARCTIC
DIVISION

Exploration, exploitation, and science are inextricably
linked, factors particularly true of Australia in
Antarctica, which led to the establishment of the
Australian National Antarctic Research Expeditions
(ANARE) and the Australian Antarctic Division
(AAD). In the early nineteenth century, Australia’s
proximity to the Southern Ocean, the sub-Antarctic
islands, and Antarctica led ships to use the ports of
Sydney and Hobart as a springboard for Antarctic
exploration and in pursuit of whales and seals.
Throughout the 1800s, scientists in Australia, aided
by the Royal Socicties of the colonies, attempted to
establish Antarctic committees to organize expedi-
tions. Those that were organized, such as the pro-
posed Swedish-Australian Antarctic Expedition,
were doomed to failure due to lack of financial sup-
port, especially from governments. Henrick Bull
and Carsten Borchgrevink, residents of Australia,
were involved in the Antarctic expedition, and Louis
Bernacchi, a Tasmanian physicist, accompanied
Borchgrevink on his later Southern Cross expedition.
The Australian government gave financial support
to Robert Falcon Scott’s 1901-1904 and Ernest
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Shackleton’s 1907-1909 expeditions, and a number of
Australians accompanied these expeditions as well as
Scott’s 1910-1913 expedition.

Sir Douglas Mawson and Captain John King
Davis gained valuable polar experience with Shackle-
ton. They organized and led the Australasian Antarc-
tic Expedition 1911-1914. This expedition of science
and discovery was judged by its scale and achieve-
ments to be the greatest and most consummate of the
era. Increasing national interests and whaling, espe-
cially by Norway, saw Mawson and Davis, supported
by the British, Australian, and New Zealand govern-
ments, conduct two summer voyages in 1929-1930
and 1930-1931. The British, Australian, New Zealand
Antarctic Research Expedition (BANZARE) tra-
versed the coastline from 45° to 160° E, making land-
ings and aircraft flights, and proclaiming lands to be
British Territory.

A British Order-in-Council dated February 7,
1933, affirmed sovereign rights over the Antarctic
territory and placed the region under control of the
Commonwealth of Australia. The Australian Antarc-
tic Territory Acceptance Bill 1933 received assent in
June 1933 and came into operation three years later.
During debate three reasons were given for the Act:
territorial/strategic, economic potential, and long-
range weather forecasting. As other nations’ interests
in Antarctica and whaling increased, it became obvi-
ous that effective occupation was necessary to pre-
serve Australia’s claims. Mawson put forward further
proposals for scientific and exploratory expeditions,
but these were all put on hold during World War II.

Cessation of hostilities in 1945 saw the resurgence
of national interests in Antarctica, including whaling
and Byrd’s Operation Highjump. These, combined
with Mawson’s lobbying for an expedition, put fur-
ther political pressure on the Australian government.
On December 2, 1946, an interdepartmental commit-
tee was convened by the Department of External
Affairs. It recommended to government that prelimi-
nary plans be drawn up for an expedition. The Wyatt
Earp, Sir Hubert Wilkins’ old vessel now owned by
the Australian government, would be refitted and
operated by the navy to find a suitable site for a
base on the Antarctic Continent. On December 20,
1946, an announcement was made that a short recon-
naissance voyage would be made to Antarctica.

The Executive Committee on Exploration and Ex-
ploitation was then formed. As it met, support for
establishing meteorological stations at Macquarie Is-
land and other islands in the South Indian Ocean
came from the International Meteorological Organi-
zation. The Royal Australian Air Force (RAAF)
commenced long-range reconnaissance flights over
Macquarie Island and the Southern Ocean. In May
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1947, Group Captain Stuart Campbell, who had been
a pilot on BANZARE, was chosen as executive officer
and leader of the expedition by an Executive Planning
Committee which included Mawson and Davis,
£150,000 was appropriated, and plans firmed for
two island stations to be established with around
twelve scientists and support personnel at each. Pres-
sure for a Heard Island station came from Britain
because of disputed territorial claims. Commander
Carl Oom, another veteran of BANZARE, was se-
lected to captain the Wyatt Earp. A second ship, a
tank-landing LST 3501 (HMAS Labuan), was under
the command of Lieutenant-Commander George
Dixon.

July saw scientific equipment being purchased,
and Phillip Law, a lecturer in physics at Melbourne
University, chosen as senior scientific officer. He
commenced to establish a science program. Shortly
afterwards, the official title—Australian National
Antarctic Research Expedition (ANARE)—was
adopted; “expedition” became plural later. ANARE
was attached administratively to the Department of
External Affairs and represented all government
agencies as well as the nongovernment organizations,
including Australian universities and research institu-
tions, foreign organizations, and commercial shipping
and aviation firms. As well as having scientific and
exploratory aims, it was to maintain Australian inter-
ests in Antarctica. Prime Minister Joseph Chifley an-
nounced the expedition on November 6, 1947.

The Heard Island expedition station was opened at
Atlas Cove (53°05 S, 73°30' E) on December 26,
1947, and a station was opened on Macquarie Island
(54°30" S, 158°57" E) on March 21, 1948 (this station
still operates today). Wyatt Earp failed to reach the
Antarctic continent because of the unsuitability of the
ship, ice, and the lateness of the season.

In May 1948, the AAD was established as part of
the Department of External Affairs and Stuart Camp-
bell was made officer-in-charge and tasked with
administering the Australian Antarctic Territory
and the Territory of Heard and McDonald Islands
(Macquarie Island is under the administration of
Tasmania), providing logistic support for ANARE,
and conducting research in a number of disciplines.
Campbell returned to the Department of Civil Avia-
tion in January 1949, and Phillip Law became officer-
in-charge of the AAD. The position later became
titled ““director.” Law presided over the fledgling
organizations in an era of discovery and expansion
of both stations and science.

The launching of the Danish ice-strengthened ship
Kista Dan in 1952, chartered by the AAD in austral
summer 1953-1954, facilitated the opening of the
continental station in Mac.Robertson Land, Mawson



(67°36’ S 62°52' E), on February 13, 1954. Mawson
Station is named after Sir Douglas Mawson, a fitting
tribute to his lifetime of Antarctic exploration and
science and his advocacy of Australia’s interests.
The station is the oldest continuously operated one
inside the Antarctic Circle. Heard Island Station was
closed in March 1955, and has been reoccupied by a
wintering group only once, in 1992; a number of
summer expeditions have gone to the islands over
the past 30 years.

Activity of the Soviets and the proposals from a
number of nations to establish research stations in
Antarctica for the International Geographical Year
(IGY) 1957-1958 led to the opening of Davis Station
(68°35" S, 77°58' E) in the Vestfold Hills on January
13, 1957. Davis was closed in January 1965 while a
replacement station was being built for Wilkes. Davis
reopened in January 1969, as did the new Casey
Station (66°17’ S, 110°32" E), near the US IGY Wilkes
station, which had been placed under Australian cus-
tody in 1959. Casey Station continues to operate today
although at a different site as a new Casey was opened
in 1988. The naming of Casey after Lord Casey com-
memorated a public servant and politician who had
done much for Australia’s Antarctic interest in the
1920s and 1930s, was Minister of External Affairs
when Mawson Station was established, and signed
the Antarctic Treaty on behalf of Australia.

Major field traverses by dog sleds or tractors have
included Wilkes to Vostok in 1962, Mawson to South-
ern Prince Charles Mountains and Enderby Land,
Mawson to Amery Ice Shelf (where four men wintered
in 1968), and Mawson to Davis around the Lambert
Glacier basin in 1993-1994 and return to Mawson in
1994-1995. Numerous field camps were established in
the Prince Charles Mountains, Enderby Land, Cape
Denison, Scullin Monolith, and Gaussberg and on the
Law Dome near Casey, a glaciological drilling site. In
the 1980s, additional bases included Edgeworth David
in the Bunger Hills, Law in the Larsemann Hills, and
Dovers in the Northern Prince Charles Mountains.
Since 1980-1981, an active marine science program
has been supported during summer.

The initial ANARE scientific program expanded
as universities collaborated with the AAD, which
became the lead agency for Antarctic marine living
resources, biology, glaciology, human impact, human
biology and medicine, and cosmic ray physics. Other
government agencies led atmospheric sciences, geos-
ciences, and oceanography. Traditional disciplinary
science has become multidisciplinary, with scientists
from many organizations, including specific Antarctic
cooperative research centers, all now focusing on pri-
ority areas of ice, ocean, atmosphere and climate,
Southern Ocean ecosystems, and adaptation to
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environmental change. Science on ANARE was
reduced in the 1960s and 1970s as old stations
were rebuilt, Davis closed, and the Prince Charles
Mountain surveys deferred.

From its inception, the AAD has advanced Aus-
tralia’s Antarctic interests with its significant research
program. Equally important has been its presence
in, and administration of, Australian Antarctic and
sub-Antarctic territories. A director and four branch
heads in Science, Operations, Policy Coordination,
and Corporate, together with a staff of over 300,
maintain four stations, manage and conduct the re-
search, and provide logistics and transport. Having
had a significant role in establishing the Antarctic
Treaty, Australia through the AAD continues an
important role in maintaining it, by supporting
Australia’s international obligations with respect to
Antarctica. There is close liaison between the division
and other government departments, state govern-
ments, universities, and international polar agencies,
and bodies such as the Scientific Committee on Ant-
arctic Research (SCAR) and the Council of Managers
of National Antarctic Programs (COMNAP). The
AAD’s current vision is “Antarctica valued, protected
and understood.”

The stations from 1947 to 2004 have had over 200
station years and 3,000 persons wintering in over 4,000
positions; some personnel have spent up to ten winters
in Antarctica. Women first traveled on ANARE in
1959, wintering for the first time at Macquarie Island
in 1976 and on the continent in 1981. Summer popula-
tions are greater than winter populations. Changing
scientific and building programs required the ice-
strengthened ships Nella Dan and Thala Dan to be
replaced in 1984 by a larger one, the Icebird, and the
icebreaker Aurora Australia in 1989. This enabled
more personnel to travel south. Aircraft have been
used extensively by ANARE in Antarctica but not
from Australia; RAAF flights of the 1950s were
replaced by commercial companies and a wide range
of aircraft in the 1960s and thereafter. Newer aircraft
will commence in the 2004-2005 summer, flying be-
tween the stations and field locations. After a number
of attempts over many years to provide an inter-
continental service, trial flights between Hobart and
Casey Station are scheduled to begin in the summer of
2006-2007 as a prelude to regularly scheduled flights
the next summer.

In the 57 years of ANARE, the AAD has been part
of a plethora of departments; initially with the Depart-
ment of External Affairs, it has moved through the
supply, science, and environment portfolios to its cur-
rent parent, the Department of Environment and Her-
itage. As with most organizations totally dependent on
government funding, the formulation of government
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policy depends to a large degree on the Minister and
Secretary of the parent department and the director of
the AAD, and their interaction; in the case of Antarc-
tica, world politics such as the advent of the Antarctic
Treaty has been another potent factor. Although a
strong supporter of the Antarctic Treaty, Australia
has still exerted the right to change its stance against
the majority of Consultative Parties when personal
and domestic views deemed it necessary. This was
particularly true in the late 1980s with the adoption
of the Convention on the Regulation of Antarctic
Mineral Resources (CRAMRA) by the Antarctic
Treaty Consultative Parties and subsequent reversal
of policy by Australia as to signing, and the subsequent
substitution with the Protocol on Environmental Pro-
tection to the Antarctic Treaty (the Madrid Protocol).
The complex interaction of persons, politics, and pol-
icy on the domestic front is illustrated by the 1981 move
of the AAD from Melbourne to Kingston, a suburb of
Hobart, 10 years after the move was announced. Stuart
Campbell was executive officer of ANARE and officer-
in-charge of AAD 1947-1949 with the following suc-
ceeding him: 1949-1966, Phillip Law; 1966-1970 and
1971-1972, Don Styles (acting); 1970-1971, Bryan
Rofe; 1972-1979, Ray Garrod; 1979-1984, Clarrie
McCue; 19841988, Jim Bleasel; 19881998, Rex Mon-
cur; and 1998 to present, Tony Press. Each director

influenced the AAD and ANARE in his own way.
Despite the evolution in science, technology, prio-
rities, and personnel, the concept of ANARE—
embracing the activities of government and nongov-
ernment bodies and individuals, whether scientists or
support, in Antarctica—and its relationship with the
AAD are still relevant today. Attempts to remove
ANARE from the vernacular have been unsuccessful
thus far. As Australian science and exploration in
Antarctica approaches 60 continuous years, the AAD
and ANARE are on a much more permanent footing
than the fledgling organization that struggled for its
existence, after a gestation of over one hundred years.
DEesmonDp J. LuGaG

See also Antarctic: Definitions and Boundaries; Antarc-
tic Treaty System; Australasian Antarctic Expedition
(1911-1914); Australia: Antarctic Program; Aviation,
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(Southern Cross) Expedition (1898-1900); British
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ANDEEP PROGRAMME

ANDEEP (Antarctic benthic deep-sea biodiversity:
colonisation history and recent community pattern)
is a deep-sea expedition programme conducted from
the research vessel Polarstern for the investigations of
the biodiversity of the Southern Ocean deep-sea
fauna. The aims of ANDEEP were to conduct the
first base-line survey of the deep-water benthic faunas
of the Scotia and Weddell seas, and to investigate the
evolutionary and ecological processes and oceano-
graphic changes in space and time that have resulted
in the present biodiversity and distributional patterns
in the Southern Ocean deep sea.

Unlike the fauna on the Antarctic shelf, which is very
isolated and shows a high degree of endemism (in situ
evolved species), the deep-sea fauna is not isolated.
Although deepwater underlies most of the Southern
Ocean and is extensive, it is still poorly known espe-
cially with respect to the composition and functioning
of the Southern Ocean deep sea benthic communities.

It is possible that the Southern Ocean deep sea is a
centre of evolution for benthic animals, as the shelf is
believed to be. Most Antarctic benthic shelf species
are likely to have reinvaded the shelves via the deep
sea after glaciation, and Antarctic deep water fauna
may have influenced the composition and species
richness of the benthic faunas of the world oceans.

In 2002, the ANDEEP I (ANT XIX-2) and
ANDEEP II (ANT XIX-3) expeditions from RV



Polarstern recovered a tremendous number of organ-
isms of widely varying size from Drake’s Passage,
around the South Shetland Islands and Trench, the
western Weddell Sea, and the South Sandwich Trough.
During this survey it was possible for the first time to
compare Southern Ocean deep-sea faunas to those
collected elsewhere using standardised sampling stra-
tegies and similar apparatus. In March 2005, the
ANDEEP III (ANT XXII-3) expedition sampled the
deep sea along the Greenwich Meridian in the Cape
Basin, Agulhas, and northern Weddell Sea Basins. A
variety of sampling apparatus (CTD, a sediment pro-
file imaging system, multiple corer, giant-box corer,
epibenthic sledge, Agassiz trawl, and baited traps)
were used during all three ANDEEP expeditions. A
wide variety of organism taxa were collected from in
and on the sea floor and much information on water
and sediment quality was gained.

The ANDEEP expeditions revealed surprising
results with regard to high benthic species diversity
within all size classes. Within many groups of animals
more than 80% of the species are new to science.
ANDEEP contributes to the abyssal biodiversity
data within CeDAMar, which is one of the core field
projects of the CoML (Census of Marine Life), and
aims at a documentation of actual species diversity of
abyssal plains as a basis for global change and for a
better understanding of historical causes and recent
ecological factors regulating biodiversity.

ANGELIKA BRANDT

See also Antarctic Bottom Water; Benthic Commu-
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ANHYDROBIOSIS

Although Antarctica has an enormous amount of
freshwater, most of it is locked up as snow and ice
or is otherwise unavailable to organisms. On the

ANHYDROBIOSIS

Antarctic continent organisms are largely restricted
to areas of ice-free land (less than 0.5% of the
continent is ice free) and to areas which receive suffi-
cient meltwater in summer to support their growth.
Sources of water, such as melting snowbanks, may
become exhausted and the organisms have to tolerate
desiccation. Anhydrobiosis (life without water) is the
ability to survive a cessation of metabolism due to
water loss.

Anhydrobiotic organisms survive the loss of more
than 99% of their water and enter a state of suspended
animation, in which their metabolism comes reversi-
bly to a standstill. This ability is found in a variety of
organisms, including nematodes, rotifers, tardigrades,
some arthropods, some plants (mosses, resurrection
plants, pollen, some seeds), bacteria (especially spores
and cyanobacteria), fungi (spores, yeast), lichens, and
protists (algae, protozoan cysts). These can survive
for many years in a desiccated state. Although it has
not been explicitly demonstrated in some groups,
anhydrobiosis is probably widespread among terres-
trial Antarctic bacteria (especially cyanobacteria),
algae, mosses, fungi, protozoa, lichens, and terrestrial
microinvertebrates (nematodes, rotifers, tardigrades).
The mechanisms of anhydrobiosis have been best
studied in nematodes, tardigrades, and cyanobacteria.

A slow rate of water loss is essential for anhydro-
biosis. Antarctic nematodes and tardigrades living in
soil or moss can rely on their environment losing
water slowly, whereas those that inhabit more ex-
posed sites (such as the aerial parts of lichens) may
themselves control water loss from their bodies. A
resistant cuticle with a restricted permeability helps
control water loss, as does coiling (nematodes) and
withdrawing the legs into the body (tardigrades), thus
reducing the surface area exposed to the air. Cyano-
bacteria secrete a sheath of polysaccharides (large
molecules consisting of repeating sugar units). These
are hygroscopic (they absorb water) and thus slow
down water loss during desiccation and aid water
uptake during rehydration. A slow rate of water loss
allows the orderly packing of internal structures and
biochemical changes that help protect the organism
from the effects of water loss. Most anhydrobiotic
organisms produce the sugar trehalose and this is
thought to protect membranes and proteins by repla-
cing the water that forms part of their structure.
There is increasing evidence that desiccation-induced
proteins also play an important role in anhydrobiosis.
During rehydration there is repair of any damage that
occurred during desiccation and the physiological
state of the organism is restored before movement
and/or normal function commences.

The McMurdo Dry Valleys are the largest area of
ice-free land in Antarctica. They are one of the driest
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places on Earth and evaporation in summer is so
rapid that the permafrost (at 10-30 cm depth) cannot
supply sufficient moisture to allow microbial growth
to stabilise the surface. However, Dry Valley soils, in
places, contain a community of organisms—including
nematodes and tardigrades. The survival of organ-
isms in this site, and in many other terrestrial Ant-
arctic habitats, must be critically dependent upon
anhydrobiosis.

Davib WHARTON

See also Biodiversity, Terrestrial; Desiccation Toler-
ance; Dry Valleys, Biology of; Nematodes; Tardigrades
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ANTARCTIC ACCOUNTS AND
BIBLIOGRAPHIC MATERIALS

Expedition materials range from letters and logbooks,
through field notes, sledging books, and diaries to
charts, maps, and scientific data in written, graphical,
and digital forms. The earliest Antarctic expeditions
were those of professional seamen such as James
Cook and Fabian von Bellinghausen, who kept de-
tailed logbooks on which the official published
accounts could be based. Scientific data from these
expeditions included not only direct measurements of
physical phenomena, such as temperature and water
depth, but also illustrations of the landscape and
natural history prepared by draughtsmen. For the
whaling and sealing expeditions of the eighteenth
and nineteenth centuries, the only surviving records
are normally logbooks, although these are extant for
only a proportion of known voyages. The largest
collection of such whaling logbooks is at the Old
Dartmouth Historical Society Whaling Museum in
New Bedford, Massachusetts.

The range of journals and other material produced
by the expeditions of the “Heroic Age” is much great-
er. Many of the expeditions required the officers and
scientists to maintain diaries that were to be made
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available to the expedition leader to help him write
the official narrative. Often there was an embargo on
these unofficial accounts being published immediately
after the expedition in case they contradicted the
leader or in any way undermined the impression he
was at pains to create. However, during the past 100
years a range of contemporary accounts have been
published for most major expeditions, often providing
those human details missing from the official narra-
tive. Robert Falcon Scott’s expeditions have gener-
ated the greatest number of separate narratives, and
even today some of the important contemporary nar-
ratives have yet to be translated from their original
language.

The major expeditions produced their scientific
findings principally as a range of specially written
scientific reports. The most extensive scientific output
from a single expedition is probably the eighty-five
volumes produced by the First German Antarctic
Expedition led by Erick von Drygalski, although the
Challenger Expedition led by Wyville Thomson pro-
duced fifty volumes between 1885 and 1895. The
continuing research on whales and the Southern
Ocean conducted by the Discovery Investigations
eventually led to the publication of thirty-seven
volumes.

Special publications associated with overwintering
had been produced in the Arctic in the nineteenth
century. Recognising this, both Scott and Ernest
Shackleton produced midwinter books (South Polar
Times and Aurora Australis), a tradition continued by
British Antarctic stations in the latter part of the
twentieth century. In the twenty-first century, the
continuing records collected in Antarctica are princi-
pally digital and, although accounts of visits there
continue to be printed as books, online diaries and
newspapers are becoming increasingly common.

With its limited history, lack of indigenous inhabi-
tants, and predominantly scientific focus, Antarctica
is the only continent for which a complete bibliogra-
phy of all published scientific papers, books, and
popular articles has been attempted. There were
some early attempts to list the exploration literature,
but these were only partial and generally reflected the
country and language of the compiler. The most sig-
nificant general ones of these were Chavanne et al.
(1878), who attempted to encompass all the polar
literature to that point; Denucé (1913), who compiled
a bibliography for the International Polar Commis-
sion; and Breitfuss (1933), whose bibliography came
out of his direct experience of working in the polar
regions. A variety of specialised bibliographies on ice,
whaling, ornithology, meteorology, biology, etc. were
produced during the first half of the twentieth centu-
ry, and there have been many others since.
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The exploration literature per se has been followed
by an incomplete listing of books, maps, and some
papers (Spence 1980), and a beautifully illustrated
and annotated list of the 150 most collectable books
from Antarctic expeditions (Mackenzie 2001). The
latter is remarkable for the illustration of each vol-
ume, often with extremely rare dust wrappers. The
most recent bibliography of the “Heroic Age” is un-
doubtedly the best, having been fully researched
through many libraries worldwide and providing
professional definitive bibliographic details of each
volume, including all its reprints and variants
(Rosove 2001).

The scientists have been exceptionally well served
for almost 60 years. An initial private card-based
bibliography put together by John Roscoe (1951),
photogrammatist on Operation Highjump and
Operation Windmill, was finally published by part
of US Naval Intelligence, but without any credit to
Roscoe and without his being able to finish organising
the entries and annotating them. It lists material in all
original languages, organising half of the content
under science and most of the rest under individual
expeditions. It proved a milestone and an important
lever in getting the Department of Defense to begin
funding both the Antarctic Bibliography and the
CCREL Bibliography through a contract to the
Library of Congress.

The Antarctic Bibliography, which began in 1965,
originally provided monthly listings accumulated into
annual volumes. Back listing eventually took the bib-
liography back to 1951, thus incorporating much of
the literature of the International Geophysical Year.
The efforts of the compilers in Washington ensured
that coverage of English and Russian language mate-
rial was very good, but it proved difficult to collect the
growing diversity of material in other languages.
Much of this, especially in European languages, has
been captured in the catalogue of the Scott Polar
Research Institute (SPRI), published by G. K. Hall
in 1976 and now available online at www.spri.cam.ac.
uk/resources/sprilib/antarctica/.

The last Antarctic Bibliography volume was issued
in 1995 and was superseded by a subscription-based
CD system. The entire bibliography is now available
online at http://www.coldregions.org/antinfo.htm.

Antarctic manuscript and journal material is
spread throughout the world, in both public collec-
tions and privately owned. The largest public deposi-
taries are probably at SPRI, the National Maritime
Museum in Greenwich, and the US National
Archives, but there are also important collections
in the Royal Geographical Society, the Mitchell Li-
brary (State Library of New South Wales, Sydney),
the Alexander Turnbull Library (Wellington), the

Arctic & Antarctic Institute (St. Petersburg,) and
the Mawson Centre (South Australian Museum,
Adelaide).

Davip W. H. WaLTON
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ANTARCTIC AND SOUTHERN OCEAN

COALITION (ASOC)

The Antarctic and Southern Ocean Coalition (ASOC),
formed in 1978, is a global coalition of environmental
nongovernmental organizations (NGOs). ASOC aims
to achieve permanent protection for Antarctica’s wil-
derness and wildlife through the creation of a “World
Park Antarctica” (or a comparable regime), the main-
tenance of the demilitarised status of the area, and the
continuation of international cooperation. ASOC
promotes strategic approaches to addressing current
and emerging issues facing the Antarctic region and
its governance regime—particularly commercial
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pressures—with a view to long-term ecological sus-
tainability. It also promotes continued openness of
the Antarctic Treaty System (ATS) to NGO participa-
tion in environmental policy debates.

The interest of public advocacy organizations in
Antarctic affairs predates the 1959 Antarctic Treaty,
with increased NGO involvement starting in the mid-
1970s in the United States, the United Kingdom, and
elsewhere. As the exploitation of Antarctic marine
living resources intensified, and the exploitation of
mineral resources became a distinct possibility, some
individuals and NGOs—notably James N. Barnes, a
lawyer from the Center for Law and Social Policy, a
US public interest NGO—sought to develop a world-
wide coalition of environmental organizations to pro-
tect Antarctica (Kimball 1988; Suter 1991).

ASOC has been active at key Antarctic meetings
since 1978. Its participation was at first limited to
lobbying outside the meetings and to NGO represen-
tation on some national delegations (initially the
United States, subsequently several other parties).
The initiation of the negotiations for the Convention
on the Regulation of Antarctic Mineral Resource
Activities (CRAMRA) in 1982 resulted in a global
environmental campaign opposing mining in Antarc-
tica and promoting the development of an Antarctic
conservation regime both in land and at sea. ASOC
played a key role in this campaign (Elliott 1994;
Darby 1994; Firth 2005), jointly with Greenpeace,
which went on to develop its own on-the-ground
Antarctic program. The NGO campaign combined
direct action in Antarctica with analysis (Wallace
1988), political work domestically in most Antarctic
Treaty states, and lobbying in Antarctic fora and at
the United Nations. In the process ASOC gained
participating “Expert” status to the meetings of the
1980 Convention on the Conservation of Antarctic
Marine Living Resources (CCAMLR) in 1988 and
to the formerly secretive Antarctic Treaty Consul-
tative Meetings in 1991. ASOC remains the only
environmental NGO with such status in the ATS.
Since the early 1980s, ASOC also has attended, as
observer, the meetings of the International Whaling
Commission.

NGO efforts catalysed the rejection of CRAMRA
by Antarctic Treaty states in 1989. The minerals con-
vention was never ratified, and a 50-year open-ended
prohibition on mineral resource activities became a
key element of the 1991 Protocol on Environmental
Protection to the Antarctic Treaty that was nego-
tiated instead. Subsequently ASOC campaigned
both domestically and internationally for the proto-
col’s ratification until it entered into force in 1998.
Since then ASOC has campaigned to promote the
legal and practical implementation of the protocol

42

(Bastmeijer 2003); to stop illegal, unregulated, and
unreported fishing activities in the CCAMLR area;
and to advance regulation by Antarctic Treaty states
of the rapidly growing Antarctic tourism industry and
of the fledging bio-prospecting industry.

ASOC is a loose coalition but it has maintained the
active support of its key members over the years.
ASOC membership includes some of the largest inter-
national environmental organizations worldwide, sev-
eral dozen prominent national and issue-specific
NGOs, and individual supporters. ASOC supports its
activities with membership dues, foundation grants,
and donations. ASOC Secretariats were established
at various times in different countries, with the Ant-
arctica Project in Washington, DC being the longest
serving.

ASOC’s involvement in Antarctic affairs has been
variously resented, berated, and commended by gov-
ernments and industries active in the region. Over the
years ASOC has submitted many alternative propo-
sals on Antarctic environmental management and
policy issues. A number of these proposals have
been rejected, but others have taken root. Several
key elements of the Antarctic Treaty System as it is
today—such as the prohibition on mining, the envi-
ronmental protection protocol, the ecosystem man-
agement approach of the Southern Ocean fisheries
regime, the Antarctic Treaty Secretariat, the Commit-
tee for Environmental Protection, the protocol’s 2005
liability annex, and the ongoing discussion on the
regulation of commercial tourism—resonate with
proposals developed or supported by ASOC, and
with its long-term goal of a World Park Antarctica.

RicarDO ROURA

See also Antarctic Treaty System; Convention on the
Conservation of Antarctic Marine Living Resources
(CCAMLR); Convention on the Regulation of Antarc-
tic Mineral Resource Activities (CRAMRA); Green-
peace; International Whaling Commission (IWC);
Protocol on Environmental Protection to the Antarctic
Treaty; Tourism
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ANTARCTIC BOTTOM WATER

The world ocean is cold, with an average temperature
of 3.5°C. Warm waters are mainly found in a relative-
ly thin surface layer at temperate and low latitudes.
Even at the equator, where the surface temperature
may be some 26°C-28°C, the temperature decreases
steadily downwards, reaching near freezing tempera-
tures (0°C) at some 4000-5000 m depth. Since the
very first deep-sea measurements, it has become obvi-
ous that the bottom waters obtained their character-
istics at high latitudes, and further research has shown
that the Antarctic is of paramount importance in
supplying cold water to the deep world ocean.

The lowest temperatures in the Southern Ocean
appear in the southwest part of the Weddell Sea,
and the temperature increases monotonically to the
east and north. The data also show a strong correla-
tion between low temperatures and high oxygen
values. The impression given is that there is a source
of cold, oxygen-rich water in the southern Weddell
Sea. This cold, oxygenated water spreading out from
the Weddell Sea (and from other sources along the
Antarctic continent) is termed Antarctic Bottom
Water (AABW). It has been estimated that about
60%—-70% of the new AABW flows out of the Weddell
Sea. Besides the Southern Ocean, the AABW occupies
the deep North Pacific and South Pacific, the Indian
Ocean, and the Atlantic Ocean. In the Atlantic, the

ANTARCTIC BOTTOM WATER

AABW can be traced north to Bermuda where it
meets cold water from the Arctic. Waters of Antarctic
origin occupy the major part of the deep world ocean.
Knowledge of the processes leading to the formation
of AABW is therefore extremely important for an
understanding of the climate of the world ocean.
The supply of oxygen that is needed by marine life
makes AABW equally important for an understand-
ing of the health of the world ocean.

The Floating Ice Shelves

The Antarctic continent is covered with the world’s
largest ice cap, which contains more than 70% of the
world’s fresh water. Part of this ice sheet is floating on
the sea, and nearly half of the continent is surrounded
by floating ice shelves, which provide a large and
active interface with the surrounding ocean. The
cold water must be formed somewhere on the broad
and relatively shallow shelves in the southern Weddell
Sea. It can be seen that a major contribution to the
formation of AABW is intimately coupled to process-
es under the floating ice shelves in the Weddell Sea.
Several physical processes there are active in the pro-
duction of the dense water mass that is obviously
needed to form bottom water.

Typically, the distance from the ice front of the
Filchner-Ronne Ice Shelf (FRIS), in the southern
Weddell Sea, to the grounding line is about 500 km;
the thickness of the FRIS at the ice front is about
300-500 m; and the depth at the grounding line
perhaps 1500 m. The ice shelves constitute the
drainage areas for the central ice sheet, and the glacial
ice melting near the grounding line may originate
from snow falling at a height of 30004000 m in the
interior.

On the continental shelf during winter, sea water is
subject to strong surface heat loss, and the water
column is cooled by subsequent mixing and convec-
tion. When the freezing point is eventually reached,
further cooling induces freezing of ice at the surface.
However, when sea water freezes, most of the salt is
rejected from the ice. It mixes into the underlying
water, which then becomes saltier and denser. The
cold and dense water mass thus formed is named
high-salinity shelf water (HSSW). The amount of ice
being frozen on the shelf near the FRIS is much
higher than farther out on the open sea. This is due
to offshore winds that carry the newly frozen ice away
from the ice front, leaving open water or thin ice
exposed to the cooling stress. Also, the tides produce
periodic leads near the ice front, and freezing there
becomes intense. The total ice production near the ice
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The potential temperature (in °C) near the bottom of the Southern Ocean. Note that the temperature in the deep ocean
increases from a minimum in the southern and western Weddell Sea, showing that the source of cold water is located in that

region. (Data source: http://woceatlas.tamu.edu)

front may contribute 20-30 times the ice production
of the open ocean. This ice factory is the real key to
the water mass transformation producing HSSW on
the shallow shelf.

The unique thermal ice-ocean boundary of the
FRIS plays an essential role in the formation of
AABW. The shelf water circulates under the FRIS,
and the importance of this ice—water contact is seen
by studying the thermodynamics of sea water. The
freezing point of sea water decreases with depth at a
rate of 0.75°C km~'. For ordinary sea water the freez-
ing point at the surface is about —1.9°C, whereas at
500 m and 1000 m depth it is close to —2.3°C and
—2.7°C, respectively. Thus, shelf water outside the
FRIS at its freezing point is as cold as it can possibly
be due to cooling at the surface. However, when this
water moves under the FRIS it appears as a relatively
warm water mass that is capable of melting glacial
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ice at the ice—ocean boundary, since its temperature is
higher than the in situ freezing point. The meltwater
adds to the water column, which becomes colder and
slightly less saline in the process. Water having tem-
peratures below the freezing point at the sea surface is
termed ice shelf water (ISW). In nature, ISW can form
only under floating ice shelves or large icebergs.

The addition of glacial meltwater gives ISW excep-
tional properties. The glacial ice melting near the
grounding line may originate from snow falling over
the ice sheet at some 3000 m height or more. For this
snow the ratio of the oxygen isotopes O18/016 is
much less than at sea level because the heavier isotope
O18 has fractionated out at lower levels. The same
holds for other isotopes like helium. The glacial melt-
water thus provides the ISW with isotope anomalies
that are used as a tool (together with temperature,
salinity, etc.) in tracing water masses.
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The Formation of Bottom Water

The Norwegian Antarctic Research Expedition 1976—
1977, in Polarsirkel, located a major source of ISW
overflowing the sill (~600 m depth) of the Filchner
Depression. Field investigations have shown that this
ISW water attains its characteristics in several succes-
sive steps. First, cooling and surface ice freezing on
the Berkner Ice Shelf produce HSSW. Second, the
dense HSSW then flows south under the FRIS and
around Berkner Island, becoming ISW by the melting
of glacial ice and subsequent cooling. The salinity of
the ISW becomes less than that of the HSSW, but it is
still distinctly higher than that of the shelf water from
which HSSW was derived. With its low temperature,
ISW becomes sufficiently dense to descend the conti-
nental slope. Many years of current meter records of
the ISW flowing out of the Filchner Depression area

have shown that the annual mean temperature of the
flow is —2.0°C and that the average volume flow of
ISW is 1.6 Sv =+ 30%, where 1 Sv = 10° cubic meters
per second (21 cubic miles per day). This is consider-
ably more than the total transport of all rivers on the
planet Earth together.

This enormous river of extremely cold water rushes
down the continental slope at high speed. The over-
flow may take different paths at the shelf break
depending on the actual oceanographic conditions at
the time of the overflow. Most of the mixing with the
overlying warm deep water (WDW) takes place below
2000 m. The result is newly formed Weddell Sea
Bottom Water (WSBW), which then flows west and
north and into the deeper parts of the Weddell
Sea. The apparent source of cold water is WSBW.
The production of WSBW (referenced to —0.8°C)
corresponding to the above release of ISW is 4.3
Sv + 30%.
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On its way north, the newly formed WSBW mixes
with the overlying Deep Water to form AABW. Re-
cent estimates of the rates of production of AABW
are about 10-15 Sv.

Sources of Antarctic Bottom Water

A major contribution to the formation of AABW in
the southern Weddell Sea is believed to arise from the
FRIS area as described previously. However, the ice
shelves farther west in the Weddell Sea also produce
cold and dense water. The Ross Ice Shelf undoubtedly
produces cold and dense water contributing to the
formation of bottom waters, but apparently much
less than the Weddell Sea. Numerous ice shelves
around the Antarctic continent border the sea and
modify the adjacent waters. Their quantitative effect
on the production of bottom water is not clear.
Bottom water may also be formed by open ocean
convection. The best known example is the Weddell
Sea Polynya, an enormous area of open water appear-
ing during winter within a region normally covered by
sea ice. Open water exposed to very low temperature
produces large upward heat fluxes, cooling the water
mass and breaking down the stratification. Cold and
dense surface waters may then sink and contribute to
the renewal of bottom water. The Weddell Polynya
was observed during the mid-1970s and has not
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reappeared. The overall importance of this process
for the formation rate of AABW is therefore probably
small.

At the continental slope outside the shelf break
resides a relatively warm saltwater mass known as
the warm deep water (WDW). As long as the HSSW
is lighter than the WDW, it will not be capable of
moving under the WDW down the slope. However,
during winter the density of HSSW increases and may
equal the WDW density. Mixing of HSSW and
WDW, in any proportion, will then produce a mix-
ture that is denser than any of the two parent water
masses and thus able to move down the slope. This
shelf-break mixing is known as cabbeling and is due
to the nonlinearity of the equation of state for sea
water. The extent to which this process contributes to
formation of bottom water is not known.

Biological Consequences

The shelf processes of cooling and convection provide
efficient contact between the sea water and the atmo-
sphere. This facilitates the uptake of oxygen and other
atmospheric gases that are most efficient at low tem-
peratures. The melting of glacial ice at high pressure
and low temperature increases the oxygen content
even further. These cold and oxygenated waters are
advected into the bottom layers of all major ocean



basins and are slowly being displaced upwards due to
new supplies of bottom water. Since biological pro-
cesses consume oxygen, the oxygen content of the
water diminishes with time and also diminishes from
the bottom upwards. There are regions (such as the
northeast Pacific) where the oxygen levels are low due
to long residence time, but all major ocean basins are
oxic within the present climate situation.

Climate change could conceivably change the pres-
ent situation. The production of HSSW is sensitive
to a reduction of cooling stresses (wind strength and
temperature). A reduced production of HSSW would
reduce the production of ISW and hence the produc-
tion of AABW. The melting rates under the FRIS
might also be altered with consequences for the sta-
bility of the ice sheet.

ARNE FoLbvik

See also Circumpolar Deep Water; Continental Shelves
and Slopes; Ice Shelves; Polynyas and Leads in the
Southern Ocean; Southern Ocean: Fronts and Frontal
Zones; Thermohaline and Wind-Driven Circulations in
the Southern Ocean; Weddell Sea, Oceanography of
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ANTARCTIC: DEFINITIONS AND BOUNDARIES

ANTARCTIC: DEFINITIONS AND
BOUNDARIES

Antarctica is the continent that lies over the geo-
graphical South Pole, the southern end of the Earth’s
axis of rotation. The floating ice shelves that are
seaward extensions of the continental ice sheet form
an integral part of the “land” surface of the continent.
It is normally considered to include the islands imme-
diately adjacent to the continent, many of which are
located within ice shelves or are attached to the conti-
nent by ice shelves. Along the western side of the
Antarctic Peninsula the off-lying islands such as the
Biscoe Islands, the islands of the Palmer Archipelago,
and the South Shetland Islands are also regarded as
part of the continent.

The Antarctic region has variously defined bound-
aries for various purposes. The northern limit of ju-
risdiction for the Antarctic Treaty is the 60° parallel
of South latitude, a convenient political boundary
that does not relate to any physical feature. The
northern limit of jurisdiction for the Convention
on the Conservation of Antarctic Marine Living
Resources (CCAMLR) is more complicated because
it attempts to follow closely the Polar Front by defin-
ing latitudinal boundaries.

The Polar Front (previously known as the Antarc-
tic Convergence) is an oceanographical feature where
the cold, dense Antarctic surface waters of the South-
ern Ocean sink beneath the warmer surface waters
of the southern Atlantic, Indian, and Pacific oceans.
This is also a climatic boundary and is frequently
marked by fog. It is also an ecosystem boundary for
many marine species, which is the reason it was cho-
sen by CCAMLR for the extent of its jurisdiction.
It is also the boundary adopted by the Scientific
Committee on Antarctic Research (SCAR) because
it is defined by natural features, including the north-
ern limit of the Antarctic Circumpolar Current.

The Polar Front is widely accepted as the natural
northern limit of the Antarctic region but, for juridi-
cal and some other purposes, it is more convenient
and practical to define a more arbitrary northern
limit.

The following islands and island groups lie south
of the Polar Front but do not form part of the Ant-
arctic continent: Bouvetgya, Heard Island, Mac-
Donald Islands, Balleny Islands, Scott Island, Peter
1 Oy, South Georgia, South Orkney Islands, and the
South Sandwich Islands.

The Antarctic Circle lies at 66°33’ S and marks the
latitude above which the Sun does not rise on Mid-
winter Day (21 June) and does not set on Midsummer
Day (21 December). Moving south of the Antarctic
Circle the number of days without the Sun in winter
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and with 24-hour sunlight in the summer gradually
increases. At the South Pole, the Sun rises on 22
September, the vernal equinox, and does not set
again until 23 March, the autumnal equinox.

In addition to the geographical South Pole, three
other poles are recognized in the Antarctic: the South
Magnetic Pole, the South Geomagnetic Pole, and the
Pole of Inaccessibility.

The map of Antarctica in a polar stereographic
projection showing the whole continent (as opposed
to a Mercator projection where the continent is
depicted as a wavy border of white at the bottom of
the map) can immediately be seen to comprise two
parts. Greater Antarctica is the larger part that lies
between the Transantarctic Mountains and the coast
bordering the Southern Ocean south of the southern
Indian Ocean and the southwestern Pacific Ocean.
Lesser Antarctica is the smaller part that lies between
the Transantarctic Mountains and the coast border-
ing the southeastern Pacific Ocean and the southern
Atlantic Ocean. The Transantarctic Mountains them-
selves form part of Greater Antarctica.

Commonly used synonyms for Greater Antarctica
are East Antarctica and Eastern Antarctica and those

The Area of Antarctica

Area Measurement

Antarctica, including islands and ice 13,829,430 km?

shelves

Antarctica, excluding islands and ice 12,272,800 km?
shelves

Ross Ice Shelf 510,680 km?
Filchner-Ronne Ice Shelf 439,920 km?
Ice-free area (0.32% of the continent) 44,890 km?>

4,000,000 km>
22,000,000 km?

Minimum extent of pack ice (March)
Maximum extent of pack ice
(September)

Other Geographical Data

for Lesser Antarctica are West Antarctica and West-
ern Antarctica. The justification for West and
Western Antarctica is that it lies entirely within the
Western Hemisphere but the converse for East and
Eastern Antarctica is less precise as it lies largely
within the Eastern Hemisphere but partly in the West-
ern Hemisphere. These names also give rise to the
seeming paradox that on the Ross Ice Shelf, East
Antarctica lies to the west and West Antarctica lies
to the east. The terms Greater and Lesser Antarctica
have been largely supplanted in the literature by East
and West Antarctica, which is a pity as they are
neither accurate nor immediately obvious.

Lesser Antarctica comprises the major regions of
the Antarctic Peninsula, Ellsworth Land, and Marie
Byrd Land, together with the Ross Ice Shelf and the
Filchner-Ronne Ice Shelf.

The Antarctic Peninsula (55°-80° W) extends
northward from Ellsworth Land for about 1500 km
and may be considered to include the off-lying islands
of the South Shetland Islands across Bransfield Strait.
The section of the peninsula north of a line from Cape
Jeremy to Cape Agassiz is known as Graham Land,
and that south of the line as Palmer Land. Historical-
ly, the northeasternmost part of the peninsula was
known as the Trinity Peninsula.

The Antarctic Peninsula is dominated by a high
central plateau, very narrow in places, that broadens
gradually southward, and then broadens abruptly at
the boundary between southern Graham Land and
northern Palmer Land. Most of the exposed rock
occurs in spectacular cliff faces buttressing the pla-
teau, and on the inshore islands of the west coast.
Steep glaciers and ice falls descend from the plateau
between the cliffs. There are deep channels between
the inshore islands, the best known being Lemaire
Channel. Farther south, in Palmer Land and across
George VI Sound on Alexander Island, the terrain is
more mountainous. The east coast of the peninsula is

Feature Measurement
Highest peak: Vinson Massif, Ellsworth Mountains 4892 m
Height of surface at South Pole 2771 m
Highest point of the ice sheet: Dome Argus 4093 m
Mean height of Antarctica, including ice shelves 1958 m
Mean height of Antarctica, excluding ice shelves 2194 m
Maximum known thickness of ice: Terre Adélie (69°54' S, 135°12' E) 4776 m
Mean thickness of ice 1829 m
Mean thickness of grounded ice 2034 m

Total volume of ice sheets, including ice shelves 25.4 x 10° km?
Lowest temperature recorded: Vostok station -89.6°C
Largest ice berg approximately 295 x 37 km (satellite image in 2000) ~11,000 km?
Or possibly approximately 335 x 97 km (sighted from a ship in 1956) ~31,000 km?
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fringed by the Larsen Ice Shelf, the smaller northern
parts of which (known as Larsen A and Larsen B)
disintegrated in recent years. The peninsula region,
particularly Graham Land, is rich with a variety of
wildlife. Graham Land and the South Shetland
Islands are relatively easy to reach by sea and hence
witnessed some of the earliest exploration in the Ant-
arctic. Similarly, in more modern times, many nation-
al stations and bases have been built in the region so
that, as a result, more scientific research has been
done in the region than elsewhere on the continent.
More tourists visit this area than any other part of the
Antarctic.

Ellsworth Land (80°-103° W) lies at the head of the
Ronne Ice Shelf. It includes the Ellsworth Mountains
and a number of small isolated groups of hills. The
Vinson Massif, the highest mountain in Antarctica,
lies in the southern part of the Sentinel Range that
forms the northern part of the Ellsworth Mountains.
There are several other high mountains in this range.
Eights Station and Siple Station (United States) are
the only scientific stations that have been built in this
region and, as inland stations, they were supplied
entirely by air. A commercial airline/tour company
has operated from a summer camp at Patriot Hills
for some years. The principal clients have been
mountaineers climbing in the Ellsworth Mountains,
adventurers proposing to walk to the South Pole, and
other tourists who fly to the South Pole. It is in the
sector of the Antarctic that is unclaimed. It was
named after the American aviator Lincoln Ellsworth.

Marie Byrd Land (103°-152° W) is dominated by
the western Antarctic Ice Sheet, punctuated by isolated
young volcanoes, with outcrops of other rocks closer
to the coast. A permanent fringe of sea ice has rendered
the region largely inaccessible by ship, and only one
coastal station, Russkaya (USSR), has ever been
established. Access to the region has normally been
by air or by overland tractor train. The United States
Byrd Station was established by tractor train, and
subsequently supplied by air, from McMurdo Station.
A key feature of central Marie Byrd Land is the Bent-
ley Subglacial Trough where the bedrock is deep below
sea level. This is the reason that the western Antarctic
Ice Sheet is considered to be inherently unstable and
would collapse relatively quickly, given sufficient
warming of the Antarctic climate. The sector was
named for the wife of Richard E. Byrd, whose first
expedition (1928-1930) did the initial exploration of
the area.

Edward VII Land (152°-158° W) forms the eastern
margin of the Ross Ice Shelf. There are some rock
outcrops, notably the Rockefeller Mountains, in the
immediate hinterland of its northern, seaward coast.
To the south there is no outcrop, and the principal
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features are the five ice streams that flow westward
from Marie Byrd Land into the Ross Ice Shelf. This
sector was first discovered on the British National
Antarctic Expedition (1901-1904) and named after
the British monarch. It was initially reached from the
Ross Ice Shelf by three members of Roald Amundsen’s
Norwegian Antarctic expedition (1910-1912).

Filchner-Ronne Ice Shelf (35°-75° W) is basically
one ice shelf at the head of the Weddell Sea but it
includes Berkner Island, which constitutes a major
division between the two parts. Expeditions to the
area have been relatively few because the Weddell
Sea is permanently filled with ice and represents a
largely impenetrable barrier to reaching the coast.
Many ships have been ice-bound in the Weddell Sea
and Sir Ernest Shackleton’s Endurance was famously
crushed and sunk in 1915. Wilhelm Filchner’s Ger-
man South Polar expedition (1911-1912) discovered
the eastern section, and initially named it for Kaiser
Wilhelm, but the German emperor asked that it
be named for Filchner. The larger, western part was
named for Edith Ronne, the wife of Finn Ronne,
whose expedition in 1947-1948 discovered and photo-
graphed a segment of it. Perhaps the most important
aspect of the ice shelf is that it is the source of the cold
Antarctic Bottom Water that flows northwards along
the abyssal plains into the world’s major oceans.

The Ross Ice Shelf (160° E-160° W) is the largest in
the world and is about the size of France. It was
discovered on a British Antarctic expedition (1839-
1843) under the command of James Clark Ross. It
then was the Antarctic starting points for several of
the expeditions of the “Heroic Era,” notably those of
Robert Falcon Scott, Ernest Shackleton, and Roald
Amundsen in their attempts to reach the South Pole.
Subsequently, during the 1920s and 1930s, the Amer-
ican Richard E. Byrd established the series of Little
America stations in the area of the Bay of Whales.
The glaciers of the Transantarctic Mountains and
Marie Byrd Land feed enormous volumes of ice into
the ice shelf, which has been the source of most of the
largest icebergs recorded.

Greater Antarctica comprises the Transantarctic
Mountains, the various named lands that extend east-
ward around the margin of the continent from the
Weddell Sea to the Ross Sea and the major part of
the Antarctic Ice Sheet, which covers the interior
of the continent and is devoid of rock outcrop.

The Transantarctic Mountains extend from north-
ern Victoria Land on the west side of the Ross
Sea past the South Pole to the Horlick Mountains
as an unbroken chain. Beyond the Horlick Moun-
tains the outcrop is discontinuous but includes the
Thiel Mountains and Pensacola Mountains. This is,
perhaps, the obvious geographical extent of the
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Transantarctic Mountains but it may be argued, on
geological grounds, that they continue through the
Shackleton Range and Theron Mountains in Coats
Land to Heimefrontfjella and Vestfjella in Dronning
Maud Land. The principal feature of the Transan-
tarctic Mountains is that they form the boundary of
Greater Antarctica within the continent and, in so
doing, provide a dam to the flow of the Antarctic
Ice Sheet that can escape seaward only through the
many valley glaciers that flow into the Ross Sea and
the Ross and Filchner ice shelves. Around 76°30'-
78°30" S lies the area known as the McMurdo Dry
Valleys. These are glacially formed valleys in the
mountains from which the glaciers have all but
retreated. They have probably been ice-free for the
past 4 million years. Despite having the coldest and
driest climate on Earth, life still survives in the form
of endolithic organisms.

Coats Land (37°-20° W) was discovered by William
Speirs Bruce on the Scottish National Antarctic Expe-
dition in 1904. The major rock outcrops are found
in the Theron Mountains, Shackleton Range, and
Whichaway Nunataks, where the initial survey and
exploration was done by members of the Common-
wealth Trans-Antarctic Expedition in 1957. There are
small outcrops near the coast, where Littlewood
Nunataks are the site of the Argentine General
Belgrano II Station. The British Halley Station is
located on the Brunt Ice Shelf. In common with most
of the coast of Greater Antarctica, except northern
Victoria Land, there is no rock outcrop and the edge
of the continent is formed either by the front of ice
shelves or by the ice sheet flowing directly into the sea.

Dronning Maud Land (20° W-45° E) is synony-
mous with the Norwegian territorial claim. The
coast is fringed by ice shelves for most of its length
but there are some outcrops along the Prince Olav
Coast in the east. Inland there are several mountains
ranges, all within 500 km of the coast, the spectacular
faces and peaks of which provide new challenges to
mountaineers and rock climbers. Some of the rocks in
the regions are among the oldest in Antarctica, having
formed more than 3000 Ma. In many areas there are
extensive fields of hard blue ice that can be used by
wheeled aircraft. One such area near the Schirmacher
Hills forms the Antarctic end of an intercontinental
flight from Cape Town, South Africa, using wheeled
jet freighter aircraft for rapid deployment of equip-
ment and personnel for the various national research
programmes operating in the area. These pro-
grammes and stations include those of Belgium, Fin-
land, Germany, India, Japan, Netherlands, Norway,
Russia, South Africa, Sweden, and the United King-
dom. The area was first observed in January 1930
during flights by Hjalmar Riiser-Larsen during one
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of the series of Norwegian expeditions sponsored by
Lars Christensen. It was named for the Queen of
Norway.

Enderby Land (45°-55° E) was discovered in 1831
by John Biscoe while employed by the Enderby
Brothers to seek further sealing grounds. There are
groups of mountains close to the coast and farther
into the hinterland, very similar in physiography to
Dronning Maud Land. The Russian station of Molo-
dezhnaya is located on the coast in western Enderby
Land.

Kemp Land (55°-60° E) is a narrow sector that is
almost devoid of rock outcrop. It was named for the
British sealer Peter Kemp, who sighted the coast in
1833.

Mac.Robertson Land (60°-70° E) includes three
major features: the Prince Charles Mountains, Lam-
bert Glacier, and Amery Ice Shelf. The Prince Charles
Mountains flank the western side of Lambert Glacier
and the Amery Ice Shelf and the Mawson Escarpment
lies on the eastern side. The Lambert Glacier is the
largest glacier in the world. It is at least 400 km long
and up to 64 km wide. It is the principal source of ice
for the Amery Ice Shelf that forms the seaward exten-
sion of the glacier. The Pole of Inaccessibility for the
continent and ice shelves (83°50’ S, 65°47" E) lies in
southern Mac.Robertson Land. The area, which is
part of the Australian Antarctic Territory, was iden-
tified during the British Australian New Zealand Ant-
arctic Research Expedition under Douglas Mawson,
who named it in honour of the expedition’s primary
benefactor, Sir MacPherson Robertson, an Austra-
lian industrialist.

Princess Elizabeth Land (73°-86° E) has a predom-
inantly ice coast but the coastal outcrops that do exist
have provided sites for several stations, currently in-
cluding the wintering stations of Zhong Shan (China)
and Davis (Australia). In the past, the Soviet Union
also occupied the wintering station Progress, close to
the Zhong Shan. Inland are the Grove Mountains and
Gale Escarpment. The ice sheet rises southward to
Dome Argus (4095 m), the highest point of the ice
sheet. Just north of Dome Argus lie the Gamburtsev
Subglacial Mountains. This mountain range is entirely
covered by ice and is known only from radio echo-
sounding. A part of the Australian Antarctic Territo-
ry, it was identified during the British Australian New
Zealand Antarctic Research Expedition under Dou-
glas Mawson, who named it in honour of the young
British Princess who became Queen Elizabeth I1.

Wilhelm II Land (86°-91° E) was discovered on the
German South Polar expedition (1901-1903) under
Erich von Drygalski, who named it for the German
Kaiser. It has virtually no exposed rock except for the
prominent outcrop of Gaussberg, the core of an



extinct volcano, which was named for the ship of
the German expedition. The members of Douglas
Mawson’s Australasian Antarctic Expedition were
the second to reach it, in 1912.

Queen Mary Land (91°-102° E) has an ice coast,
including the Shackleton Ice Shelf. There is little ex-
posed rock, but the Bunger Hills contain a number of
seasonal lakes that are of great biological interest.
The Russian station of Mirnyy is located on the
coast and two former Soviet traverse stations, on the
route from Mirnyy to Vostok Station, are located on
the ice sheet to the south. The Shackleton Ice Shelf
was first explored by the members of the Western
Base on Douglas Mawson’s Australasian Antarctic
Expedition.

Wilkes Land (102°-136° E) has an ice coast for
most of its length but the Australian Casey Station
and the former United States/Australian Wilkes Sta-
tion are both sited on rock. The Russian Vostok
Station lies within Wilkes Land and, at 3448 m
above sea level, is the highest manned station in the
Antarctic. About 3800 m beneath the station is the
upper surface of the southern end of Vostok Subgla-
cial Lake, the largest of the known subglacial lakes.
The joint French—Italian station Concordia is located
on the summit of Dome Circe at 3233 m above sea
level. The sector was named for Charles Wilkes, com-
mander of the United States Exploring Expedition
(1838-1842), which passed large portions of the area
and spied “high land” at several places.

Terre Adélie (136°-142° E) is synonymous with the
French territorial claim in Antarctica. The French
station of Dumont d’Urville is located on Ile des
Pétrels in the Archipel de Pointe Géologie. Despite
major protests and disruptive actions by Greenpeace,
an air strip to accommodate intercontinental flights
was completed close to the station by building cause-
ways to join several islands. Subsequently a major
storm destroyed part of the air strip and it has not
been rebuilt. The South Magnetic Pole is currently
located off the coast of Terre Adélie. The sector was
named for the wife of Jules-Sebastien-Cesar Dumont
d’Urville, the commander of the French naval expedi-
tion that discovered it in 1840.

George V Land (142°-155° E) has very little rock
outcrop. Cape Denison was the site of the Australa-
sian Antarctic Expedition (1911-1914) base under Sir
Douglas Mawson, who named it for the British mon-
arch. It is renowned for the strength and duration of
the katabatic winds that can exceed 320 km per hour
and is generally regarded as the windiest place in the
world. Mawson originally considered Commonwealth
Bay to be in “Adelie Land,” and “King George
Land” to apply to the newly discovered areas east of
the Mertz Glacier, but when the French proclaimed
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sovereignty over Terre Adélie, ““British Adelie Land”
became part of what was King George Land.

Oates Land (155°-163° E) has little coastal outcrop
but the western, inland flank of the Transantarctic
Mountains forms much of its eastern margin. The
former Soviet station Leningradskaya is located on
the coast at 63°30' S, 159°23’ E. The South Magnetic
Pole was located in Oates Land in 1909 when it was
approached by members of Ernest Shackleton’s Brit-
ish Antarctic Expedition. Oates Land was named for
Captain L. E. G. Oates of Robert Falcon Scott’s last
expedition, on which the coast was surveyed.

Victoria Land (163°-171° E) contains the Transan-
tarctic Mountains from about 70°30’ to about 78°00/
S and includes Ross Island. This region was the scene
of many of the early Antarctic expeditions from Sir
James Clark Ross in 1840 to the Ross Sea party of
Shackleton’s Imperial Trans-Antarctic Expedition.
Currently there are permanent stations on Ross Is-
land (Scott Base, New Zealand; McMurdo Station,
United States) and at Terra Nova Bay (Zucchelli
Station, Italy). West of Ross Island in the Transan-
tarctic Mountains is the Dry Valley region which has
been largely ice-free for perhaps as long as 4 million
years. Mount Erebus (3794 m) on Ross Island is the
most active volcano in the Antarctic. The sector was
named by Ross for Britain’s young Queen Victoria.

PETER CLARKSON
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ANTARCTIC DIVERGENCE

The term Antarctic Divergence is applied, more often
in the older literature, to a transitional zone between
the eastward-flowing Antarctic Circumpolar Current
and westward-flowing currents to the south. The for-
mer is driven by strong westerly winds and the latter
by easterlies that result from cold, katabatic winds
moving off the Antarctic continent. Owing to the
Earth’s rotation, the Coriolis force deflects the kata-
batic winds to the left, or the west, giving rise to the
Antarctic Coastal Current.

Because surface water moves to the left of the wind
in the Southern Hemisphere, Antarctic Surface Water
diverges across this transition and upwelling is en-
hanced beneath. The upwelling may be evidenced by
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dome-shaped isotherms and isohalines below the sea
surface, a salinity maximum near 200 m, or a mini-
mum in surface water thickness. The vertical extent of
the upwelling is quite large, as the warm and salty
North Atlantic Deep Water rises from a depth of
2500-4000 m to reach the sea surface.

While the Divergence has little surface expression
in shipboard or satellite observations, it can be a locus
of lower sea ice concentration, fewer icebergs, and
increased phytoplankton blooms resulting from the
upwelled nutrients. It is not unusual, for example, for
the Antarctic Divergence itself to be completely de-
void of icebergs, while numerous ones are observed
drifting in opposing directions just a few tens of miles
away from, but on the opposite sides of, the Diver-
gence. It is also associated with the centers of cy-
clonic gyres that occur over topographically distinct
ocean basins between the Circumpolar and coastal
currents. In the Atlantic, Indian, and most of the
Pacific sectors, the Antarctic Divergence is found
between 63° S and 66° S, but it is farther south in
the southeast Pacific sector, reaching as far south
as 70° S.

IGcor BELKIN

See also Coastal Ocean Currents; Polar Front; South-
ern Ocean: Fronts and Frontal Zones; Southern Ocean:
Vertical Structure; Synoptic-Scale Weather Systems,
Fronts, and Jets; Weddell, Ross, and Other Polar
Gyres; Wind
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ANTARCTIC FUR SEAL

Antarctic fur seals (Arctocephalus gazella) are rapidly
becoming one of the most abundant seal species in the
Antarctic. From a state of near-extinction in the early



twentieth century, the Antarctic fur seal has recovered
to a population that could now exceed 5 million. The
story of this rapid change reflects both the change in
human attitudes to the exploitation of marine mam-
mals and changes in the ecosystem of the Southern
Ocean, probably also mediated by the impacts of
humans on that environment.

The Antarctic fur seal is the only member of the
family Otariidae (fur seals and sea lions) that is en-
demic to the Southern Ocean. (Otariidae belong to
the larger taxon Pinnipedia, which includes all seals,
fur seals, sea lions, and the walrus.) Antarctic fur seals
are one member of a group known as the southern fur
seals, eight species that are distributed from the tro-
pics to the sub-Antarctic. The taxonomic status of the
southern fur seals is uncertain, and there is almost
certainly a degree of introgression between the popu-
lations of each species. Antarctic fur seals are known
to hybridize with sub-Antarctic fur seals (A. tropica-
lis) at Macquarie Island, and some species are suffi-
ciently similar morphologically that it might be
difficult to recognise them from the local species
even if they were present on the breeding colonies.
However, Antarctic fur seals are distinct in that they
have a breeding chronology that differs from other
southern fur seal species. Lactation lasts only 4 months
compared with around 9 months in the other species of
southern fur seals.

The Antarctic fur seal has a circumpolar distribu-
tion. Breeding colonies are located mainly on sub-
Antarctic islands, but more southerly colonies are
found at the South Shetland and South Orkney
Islands. Overall, there is little evidence of strong ge-
netic isolation between any of these populations but
there may be a weak division between a western re-
gion containing the populations of South Georgia
and Bouvetoya, which were the probable sources for
populations at Marion Island, the South Shetland
Islands, and Heard Island, and an eastern region
containing the panmictic populations of Iles Kergue-
len and Macquarie Island. The latter region may be a
result of a pronounced founder effect, or represent
a remnant population that survived sealing at les
Kerguelen.

During the early twentieth century Antarctic fur
seals were thought to be extinct, as a result of harvest-
ing of their fur, but in 1922, three juvenile males were
recorded at South Georgia by the captain of a sealing
vessel. Surveys in the late 1950s showed a small but
rapidly increasing population at the western end of
South Georgia and the increasing trend appears to
have continued ever since. By the early 1990s, the
population at South Georgia had reached 1.5 million
and colonisation had spread to other islands where
rapid rates of increase were also being observed. The
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population at South Georgia probably represents
more than 98% of the world population of the species
and is now so large that surveying its size has not been
possible in the recent past. However, given the esti-
mated rates of increase through the 1990s, this popu-
lation could now exceed 5 million seals.

This rapid increase in the number of fur seals is
only partly reflective of the present lack of a directed
harvest on the species. Changes in the structure of the
community of predators that exploit Antarctic krill
( Euphausia superba), which is an important compo-
nent of the diet of Antarctic fur seals, is likely to have
been another driving force behind the increase in the
number of fur seals. Fur seals at South Georgia are
likely to consume about 4 million tonnes of krill each
year and, before commercial whaling reduced the
number of whales, much of this consumption may
have been taken up by whales.

Studies of diving behaviour have shown that fe-
male fur seals mainly feed within the upper 50 metres
of the water column where the water is mixed by the
effects of wind and tide. Males dive deeper—to more
than 200 metres—and probably have a greater pro-
portion of fish in their diet than females do, especially
in winter. The Antarctic fur seals in the eastern re-
gion, where krill are either absent or less abundant,
feed mainly on lantern fish (myctophids).

Mothers have restricted foraging ranges when they
are supporting their pup. The pups remain at the
breeding grounds while mothers travel up to 300 km
to feed. In winter, when not constrained by having to
return regularly to feed their pups, female fur seals
travel much further afield. From South Georgia, they
will travel south to the ice edge in the northern Wed-
dell Sea and also as far north as the River Plata and
the Falkland Islands. Males appear generally to mi-
grate south in the late summer and then follow the ice
edge northwards as the winter sets in.

Fur seals are almost certainly predated by killer
whales, and some leopard seals appear to specialise
on feeding on fur seals close to colonies. Ultimately,
the population of Antarctic fur seals, at least at South
Georgia, may be regulated by the availability of krill
in the vicinity of the island. Large-scale variability in
the trophic structure of the Southern Ocean caused by
factors such as the El Nifio Southern Oscillation is
evident in the growth patterns of fur seals and there is
accumulating evidence of their sensitivity to inter-
annual variation in krill availability. This sensitivity
is now being used as a way of monitoring changes
occurring in the marine environment of the Southern
Ocean as part of a system for assessing the effects of
fisheries on the environment within the Convention
on the Conservation of Antarctic Marine Living
Resources.
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Estimated Sizes and Trends of Antarctic Fur Seal (Arctocephalus gazella) Populations

Site Pup Numbers Total Population Year of Census Mean Annual
Rate of Change

Macquarie Island 152* 1999/00 increasing
164% 2001/02 (1988/89-1999/2000)*
increasing
Heard Island 248 1987/88 +23%
1,012 2000/01 (1962/63-1987/88)
+20.1%
(1962/63-2000/01)
McDonald Island 100 300 1979/80 increasing
Iles Nuageuses 2,500° ? 1984/85 increasing
(fles Kerguelen) 5,000 2000 increasing
Courbet Peninsula 2 1,332 1984 increasing
(iles Kerguelen) >200 ? 1998 increasing
1,500-1,700 ? 2000 increasing
Ile de la Possession 67 ? 1992/93 + 21.4%
(Iles Crozet) 234 ? 1999/00 (1983-1992)
+16.9%
(1992-1999)
Marion Island 251¢ 1,205¢ 1994/95 + 17%
796° 3,821 2003/04 (1988/89-1994/95)
+13.8%
(1994/95-2003/04)
Prince Edward Island 400 200 1981/82 increasing
2000' 2001/02 +16.2%
Nyroysa 2,000 >9,501 1989/90 +7.0%
(Bouvetaya) 15,523¢ 66,128 2001/02 (1978/79-1989/90
+0.1%
(1996/97-2001/02)
South Georgia <600,000° 2,700,000%2 1990/91 +9.8%
4,500,000 —6,200,000%¢  1999/00 (1976/77-1990/91) +6% — 14%
(1990/91-1999/2000)
South Sandwich Islands <500 <2,000 1962/63 ?
346 1997/98 stable
South Orkney Islands <1,000 1970/71 ?
South Shetland Islands 9,300 1991/92-1995/96  + 11%
10,057" 2000/01 (1994/95-1995/96)
+0.9%
(1995/96-2001/02)
Cape Shirreff (SSSI No32, S. 5,313 21,190 1991/92 + 14%!
Shetland TIs.) 8,455 1999/00 (1986/87-1991/92)+ 6%
8,577 2001/02 (1991/92-1999/00)
+4.6%'

(1992/93-2001/02)

#For populations of both A. tropicalis and A. gazella.

®Corrected for observer undercount.

“Corrected for precount mortality.

9Recalculated from population values in publication.

“Number of breeding females.

Estimated from the number of breeding females.

& Standard deviation = 300,000.

b Standard error = 140.

iCalculated from pup counts.

Data supplied by the Scientific Committee for Antarctic Research.
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Antarctic fur seals are colonial breeders. Anybody
who visits South Georgia during December will be
stunned by the density of seals occupying the avail-
able coastline towards the western end of the island.
Fur seals are also aggressive animals and are unfor-
giving towards visitors.

Male fur seals set up territories during early No-
vember and females begin to arrive at the breeding
grounds during late November. The peak of births
occurs at about 7 to 10 December and almost all pups
have been born by the end of December. The small,
aggressive, inquisitive black-coated pups become the
dominant wildlife feature on the beaches.

After giving birth, mothers spend about 6 days
with their pups. They are then mated by one of the
dominant males holding a territory on the breeding
beaches before going to sea to feed for a period of 3 to
6 days. Each mother then returns to feed her single
pup for about 2 days and this alternation between
feeding at sea and returning to provision the pup
continues for a period of about 4 months. Weaning
appears to be initiated when the pup abandons the
breeding grounds to go to sea during late March or
April.

Males hold territory on the breeding grounds for
periods of just a day or two to over 30 days. The
longer they spend in territory then the more offspring
they will sire so there is much competition for terri-
tories. This results in overt fighting between males,
which has led to advantages for males with large body
sizes. Consequently, males are up to 5 times the
weight of females (males weigh up to 200 kg whereas
females weigh about 40 kg). Males have highly devel-
oped neck musculature and, at the beginning of the
breeding season, they have an impressive mane of
tough hair, which helps to provide some protection
against the slashing canine teeth of an opponent.

Owing to their commitment to holding territory,
males fast through the breeding season. This means
that by late December most males have lost up to one-
third of their original body weight. As a result of these
stresses, males do not live as long as females (up to 14
years for males compared with over 20 years for
females). Many males die as a result of these stresses
and large numbers die on the breeding grounds.
About half of all these adult males die each year.

Males are also rarely able to breed before they are
7 years of age, whereas females normally begin to
breed at 3 years of age. Thereafter, around 80% of
females will breed each year. Studies have shown that
males often return to breed close to where they were
born. This may be because there are advantages to
competing with males that are known to one anoth-
er. Females are probably less likely to return to the
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location in which they were born; the advantage to
females is that pups have a better chance of survival
if their parents are not closely related. Once estab-
lished as a breeder, females return to give birth in the
same location in successive years.

Antarctic fur seals have proved to be a highly
valuable species for scientific research. Not only is
the history of the population recovery a fascinating
case study, fur seals are themselves remarkably robust
to being the subject of research. Studies of their div-
ing, foraging, diet, behaviour, and population struc-
ture have provided insights into the biology of seals.
Those who first encounter fur seals are usually over-
whelmed by their aggressiveness, but pausing to
watch them for a short time will reveal a fascinating
world of a species with a complex social structure
much of which we still do not understand.

Ian L. Boyp

See also Bouvetaya; Convention on the Conservation of
Antarctic Marine Living Resources (CCAMLR); Div-
ing—Marine Mammals; Killer Whale; Leopard Seal;
Macquarie Island; South Georgia; Sub-Antarctic Fur
Seal; Zooplankton and Krill
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ANTARCTIC ICE SHEET:
DEFINITIONS AND DESCRIPTION

The Antarctic ice sheet comprises the vast contiguous
coverage of glacial ice that rests on the Antarctic
continent and surrounding seas. It is the single largest
solid object on the surface of the planet, containing
around 90% of the Earth’s freshwater and covering
around 99.6% of what is generally considered the
Antarctic continent. The ice sheet is nourished at its
surface by snowfall and frost, which, because of the
year-round cold environment, does not melt but accu-
mulates year-on-year. As the surface snows are buried
by new snowfall, they are compressed and eventually
transform into solid ice, a process that captures a
chemical record of past climates and environments.
In places, the ice sheet is more than 4500 m thick and
the ice in the deepest layers is millions of years old.
Glacial flow produces a relentless movement of ice
towards the sea, and eventually it either calves away
in icebergs or melts directly into the coastal waters. In
a sense, the entire Antarctic ice sheet can be consid-
ered as an immense conveyor belt, transporting ice
from the interior to the coast at a rate of around 2000
billion tonnes per year; a conveyor that is naturally
regulated to balance loss by calving and melt with
nourishment from snowfall. The continuation of this
balance is important because any substantial imbal-
ance would have a noticeable impact on world sea
levels.

History of Understanding

During the past hundred years, our understanding
of the processes that shape the Antarctic ice sheet
has improved, as our ability to map the ice sheet has
grown. Only the most primitive mapping techniques
were available during the “Heroic Age” of Antarctic
exploration, and so most of the maps of the ice sheet
that existed even into the 1950s were almost blank.
During the International Geophysical Year (IGY;
1957-1958) and the years that followed, extensive
scientific traverses were undertaken, which included
seismic sounding of the ice thickness and barometric
profiling. The maps drawn by Bentley (1964) were
based on the very few data collected on traverses,
but those maps proved to be a remarkably accurate
depiction of the ice sheet and formed the basis of
much future work. The next leap forward came as
long-range aircraft were equipped with ice-sounding
radar in the 1970s, and the joint expeditions under-
taken by the Scott Polar Research Institute, the
National Science Foundation, and the Technical
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University of Denmark probably produced the single
greatest advance in the understanding of the inner
workings of the Antarctic ice sheet. Layering inside
the ice sheet observed using radar showed an ordered
architecture in the ice sheet that underpins our under-
standing of glacial flow.

Since that time, satellite data have caused a revolu-
tion in our mapping, and our understanding of the ice
sheet. Surface elevation, surface temperature, ice flow,
and near-surface snow conditions can all be measured
from space, and patterns of change in each of these
parameters are beginning to emerge. Neither ice sheet
thickness nor its internal structure can yet be measured
from space, but in recent years feasibility studies have
been sponsored by space agencies keen to take this
next step in exploring the ice sheet. The mapping and
allied experimentation conducted in Antarctica since
the IGY have led to a surprisingly thorough knowl-
edge of the ice sheet and its internal working.

Nowadays, thanks to satellite imagery, maps de-
pict the entire Antarctic ice sheet, including its outly-
ing islands—a total area of around 13.7 million
square kilometres, much of it featureless tracts of
ice. Of this, floating ice shelves comprise around 1.6
million square kilometres. Ice shelves are best con-
sidered alongside grounded ice as part of the same
ice sheet system. The dynamic interaction between
the grounded ice sheet and the ice shelves is a partic-
ularly complex one in which ice shelves may provide
a buttressing force that stabilizes the grounded ice
sheet.

Glaciological Fundamentals

The fundamental concept that underlies the under-
standing of the Antarctic ice sheet, or indeed any ice
sheet or glacier, is related to the interaction between
the processes of ice accumulation and those of flow
and ablation. Every year ice from new snowfall and
hoar frost accumulates on the Antarctic ice sheet.
More is deposited around the coast than in the interi-
or, but on average around 190 kg per square metre
accumulates each year. For the most part, summer
temperatures are insufficient to cause this new snow-
fall to melt and so it builds up year-on-year—new
snow resting on old. Over the millions of years that
this process has continued, the ice sheet has thickened
and grown, and it would continue to thicken and
grow indefinitely if another process did not act in
opposition. This process is ice flow, which occurs as
ice is subjected to the tremendous forces that exist in
the ice sheet. Under these conditions, ice can behave
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more like an ultraviscous fluid than a solid material
(for a detailed description of the processes of glacier
movement, see Paterson 1994). On the microscopic
scale, slow deformation of crystals occurs, but viewed
on the large scale, the ice sheet actually appears to
flow. Flow speeds from a few metres per year to a
few hundred metres per year are possible due to this
deformation, but even greater speeds can occur (more
than 1000 metres per year) if the ice begins to slide
over its bed. Ice is driven to flow by gravity and, since
the ice sheet has a domed topography, flow tends to
drive ice towards the edge of the ice sheet where
eventually it either melts directly into the sea or calves
away in icebergs. The precise interaction between
these two processes, nourishment by snowfall and
loss through ice flow, has created a self-regulating
system of surprising delicacy and precision.

Glaciological Provinces

The Antarctic ice sheet is usually considered in terms
of several different provinces, which serve to distin-
guish dissimilar styles of ice sheet behaviour and to
characterize differences in the response to changes. Of
these, the East Antarctic ice sheet comprises by far the
largest part of the ice sheet, roughly the slice from
30° W, clockwise through the Greenwich meridian,
and on to around 165° E. More precisely this is the
part of the ice sheet bounded by Filchner Ice Shelf
and the Transantarctic Mountains. The East Antarc-
tic ice sheet (EAIS) is generally described as being
cold and resting on a bed that is by and large above
sea level, or is depressed below sea level by the weight
of the ice sheet itself. Much of the ice flow on the
interior of the EAIS is slow, and in many areas the ice
is frozen to the bed.

This contrasts strongly with the West Antarctic ice
sheet (WAIS), the portion occupying the slice from
the Transantarctic Mountains through the Siple
Coast and Marie Byrd Land and into Ellsworth
Land, up to but not including the Antarctic Peninsu-
la. The majority of this ice sheet rests on rock that is
substantially below sea level, and would remain so
even if the ice sheet were removed. For this reason
the West Antarctic ice sheet is described as a ““‘marine
ice sheet.” The bed beneath the West Antarctic ice
sheet is in many areas over 1000 m below sea level—
far deeper than most of the world’s other continental
shelves. The West Antarctic ice sheet is generally
warmer, both at the surface and the bed, than its
East Antarctic neighbour. In fact, it is close to the
melting point over large areas of its bed.

The ice sheet that covers the Antarctic Peninsula is
different from either EAIS or WAIS. It consists of
much smaller and thinner ice caps that cover the
central spine of the peninsula and some of the larger
outlying islands. These ice caps drain into the sea
through relatively narrow, but steep and fast-moving,
alpine-type glaciers. In contrast to WAIS and EAIS,
which lose mass primarily through iceberg calving
and melt from the base of ice shelves, recent atmo-
spheric warming over the Antarctic Peninsula has
had a noticeable impact on its ice sheet. Around
ten ice shelves have retreated, and a few (most notably
the northern portions of Larsen Ice Shelf) have
collapsed spectacularly. Thinning of glaciers has
occurred in coastal areas, and some formerly snow-
covered islands are now snow-free during the
summer.

Together the ice sheets of Antarctica cover more
than 99.6% of the entire continent (Fox and Cooper
1994), meaning there is very little exposed rock in
Antarctica. In these areas the bed pierces through
the ice sheet, or the ice sheet is insufficiently thick to
cover the bed, depending on one’s point of view. An
isolated peak protruding through the ice sheet in this
way is called a nunatak, but there are also more
extensive mountain areas where many neighbouring
outcrops of rock are exposed, including the Dry
Valleys of Victoria Land.

An isolated nunatak remains ice-free by virtue of
its height above the surrounding ice—the ice-sheet
flow is simply diverted around it and it remains pro-
truding above the surface. Understanding how moun-
tain ranges can remain ice-free within an ice sheet is,
however, not so simple. If a mountain range were to
present a complete barrier to ice flow, the ice sheet
would simply thicken until it could surmount the
obstacle or flow round it, as is required to achieve a
steady-state scenario. And indeed, the ice sheet does
cover several mountain ranges (for example, the
Gamburtsev Subglacial Highlands in East Antarc-
tica), and in West Antarctica, ice flow is diverted
many hundreds of kilometres around the barrier
formed by the Ellsworth Mountains. Elsewhere, how-
ever, mountain ranges do not present an entirely im-
penetrable boundary, and where preexisting faults
and valleys provide a route, inland ice can flow
through the mountain chain in what are called outlet
glaciers. The best example of this behaviour is in the
Transantarctic Mountains. To an extent, this chain
does dam the East Antarctic ice sheet inland and
makes it thicker than it would otherwise be, but an
entire series of outlet glaciers flow through the range,
acting as valves, easing the pressure of ice trying to
leave East Antarctica. The outlet glaciers that breach
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the Transantarctic Mountains are some of the most
spectacular on the planet, and glaciers such as Byrd
Glacier and David Glacier drain nation-size areas of
the East Antarctic ice sheet.

Fast Glacial Flow

Exposed mountain ranges and nunataks are obvious
signs of how the flow of the ice sheet is controlled by
the underlying bed, but elsewhere the influence of the
bed on ice flow is less visible, if no less influential.
Even where the ice sheet is several kilometres thick, its
flow is strongly influenced by the bed on which it
rests. Where geological conditions allow the supply
of soft and erodible sedimentary rock, ice flow may be
lubricated at the bed by a layer of water-saturated
glacial till. This effect allows rivers of fast-flow to
develop within a slow-moving part of the ice sheet,
and these are called ice streams. Most ice streams are
difficult to see from the ground, but many were iden-
tified during airborne reconnaissance, and many more
have become apparent in recent times. Satellite imag-
ery now allows the mapping of the telltale bands of
crevasses that separate ice streams from the slower
moving ice, and has revealed a complex pattern of ice
streams and tributaries penetrating deep into the con-
tinental interior.

More than 40% of the ice leaving the Antarctic ice
sheet passes through the twenty largest outlet glaciers
and ice streams, and they are thus hugely important in
shaping the ice sheet. Furthermore, they are signifi-
cant in that they appear to transmit the influence of
changing ocean conditions over great distances in
relatively short periods of time. In addition, ice
streams themselves appear to be capable of surprising
and quite rapid changes. A little over one hundred
years ago, Ice Stream C appears to have stopped
streaming, or as it has been described, ‘“‘switched
off.” This probably occurred because of a change in
the subglacial water pathways, and, in consequence,
the part of the ice sheet that once fed Ice Stream C is
no longer close to steady state but is thickening at a
measurable rate (Joughin and Tulaczyk 2002). For
these reasons, outlet glaciers and ice streams have
been the focus of a large amount of ice dynamics
research in Antarctica in recent times.

The Age of the Ice Sheet

The age of the Antarctic ice sheet is the subject
of much debate. It is generally agreed that the
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East Antarctic ice sheet is much older than the West
Antarctic ice sheet, but a great deal of uncertainty still
surrounds both ages. The debate concerning the East
Antarctic ice sheet centres on some unusual micro-
fossil deposits high in the Transantarctic Mountains,
the so-called Sirius Group formations. Depending on
the interpretation of those deposits, the age is either
put at a little more than 3 million years (implying
collapse of the East Antarctic ice sheet during rela-
tively recent Pliocene warm periods) or at some age
closer to 20 million years. This greater age coincides
with the geological opening of Drake Passage, be-
tween the Antarctic Peninsula and South America,
which allowed the Antarctic Circumpolar Current to
begin, isolating Antarctica and causing a substantial
cooling of the climate (for a fuller discussion, see van
der Wateren and Hindmarsh 1995).

The West Antarctic ice sheet is probably consider-
ably younger, and may well have been entirely absent
in one of the most recent interglacial periods (i.e., at
some time since 400,000 years before present), when
climate was somewhat warmer than today. Both East
and West Antarctic ice sheets have undoubtedly
grown and shrunk as Earth passed through glacial
cycles, and it is believed that at the last glacial maxi-
mum (around 20,000 years ago) the ice sheet extended
to the edge of the continental shelf around most of
Antarctica. Since then it has retreated and thinned,
contributing to many tens of metres of global sea level
rise. The question of how much each portion of the
Antarctic ice sheet is still responding to climatic
changes that occurred more than 10,000 years ago is
an open one, but there is clear evidence that some
readjustment (i.e., thinning) is still continuing in West
Antarctica.

The Changing Ice Sheet

In predicting the future of the ice sheet, these long-
term changes in the Antarctic ice sheet need to be
considered alongside the responses to contemporary
climate change, and the future evolution is likely to be
a complex response to many driving forces. Indeed,
the shutdown of Ice Stream C is a clear reminder that
the Antarctic ice sheet harbours mechanisms that can
promote rapid and surprising changes that may have
their root not in any climatic forcing, but rather in
instabilities in the processes that are normally thought
to lead to steady-state conditions.

Recent discoveries made using satellite altimetry
data of apparently persistent ongoing surface lower-
ing in the Amundsen Sea sector of West Antarctica
have revitalized the debate about a much more
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Measured Properties of the Antarctic Ice Sheet from the 5 km Ice Thickness Grid

Parameter East Antarctica West Antarctica Total
Mean ice thickness (m) 2146 1048 1856
Total volume including ice shelves (km?) 21.8 x 10° 3.6 x 10° 25.4 % 10°
Grounded ice sheet (GIS) volume (km?) 21.7 x 108 3.0 x 108 24.7 x 108
GIS volume above sea level (km?) 20.5 x 10° 2.1 x 10° 22.6 x 10°
GIS volume below sea level (km?) 1.1 x 10° 1.0 x 10° 2.1 x 10°
Global sea level equivalent (m) 52 5 57

Data taken from Lythe et al. 2001.

serious type of change that may govern the fate of the
West Antarctic ice sheet as a whole—what has been
called the “collapse of the west Antarctic ice sheet”
(for a fuller discussion, see Bindschdler and Bentley
2002). This hypothesis arose even when most maps
of Antarctica were still blank. Weertman’s 1974
theoretical analysis of the junction between an ice
shelf and an ice sheet suggested that a marine ice
sheet (like the West Antarctic ice sheet) could never
be stable, but should always be in the process of
change, either growing seaward towards the continen-
tal shelf edge or shrinking. The reason a marine ice
sheet does not float is because it is thick enough to
rest on its bed, and so thinning could lead to
floatation and eventually to rapid collapse of the ice
sheet. It was therefore argued that much of the West
Antarctic ice sheet was vulnerable to collapse, espe-
cially the portion of the ice sheet feeding the Amund-
sen Sea, which rests on a particularly deep bed more
than 1000 m below sea level and has only narrow ice
shelves to buttress the ice sheet. Although the evi-
dence for potentially rapid retreat of marine ice sheets
existing in the record of global sea level is difficult to
ignore, the general instability of marine ice sheets is
not universally accepted, and several researchers have
argued that collapse of WAIS is unlikely (Vaughan
and Spouge 2002). So, although the recent surface
lowering of the ice sheet in the Amundsen Sea sector
was taken by some as evidence for emergent collapse,
this is certainly not universally accepted, and the
future response of the Antarctic ice sheet as a whole
is the subject of many programmes of research.
DAviD G. VAUGHAN

See also Antarctic Peninsula, Glaciology of; Climate;
Climate Change; Climate Modelling; Drake Passage,
Opening of; Filchner-Ronne Ice Shelf; Firn Compac-
tion; Glacial Geology; Ice Ages; Ice Chemistry; Ice
Sheet Modeling; Ice Shelves; Icebergs; International
Geophysical Year; Lake Ellsworth; Lake Vostok; Lam-
bert Glacier/Amery Ice Shelf; Larsen Ice Shelf; Marie

Byrd Land, Geology of; Mega-Dunes; Meteorites; Pa-
leoclimatology; Precipitation; Remote Sensing; Ross
Ice Shelf; Snow Post-Depositional Processes; Subgla-
cial Lakes; Surface Energy Balance; Surface Features;
Temperature; Thwaites and Pine Island Glacier Basins;
Wind
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ANTARCTIC IMPORTANT BIRD
AREAS

Introduction

The global Important Bird Area (IBA) Programme
is an initiative of BirdLife International to protect
the world’s naturally occurring bird populations and
habitats. The IBA Programme aims to identify and
protect a network of sites critical for the viability
of naturally occurring bird populations across their
range. Certain sites are, because of the way biodiver-
sity is distributed, disproportionately important for
the survival of the species that are found at them.
Protection of such sites is a widely adopted and
recognized conservation approach.

IBA Ceriteria and Associated Avifauna Breeding in the Antarctic

BirdLife promotes the conservation of all bird spe-
cies and seeks to conserve biodiversity by preventing
extinctions and by maintaining and improving the
conservation status of all bird species, particularly
globally threatened birds. The IBA Programme is
one of the many programs and initiatives of BirdLife.
BirdLife is also working for biodiversity conservation
through a variety of international mechanisms and
conventions including the Convention on Biological
Diversity (CBD), the Convention on International
Trade in Endangered Species (CITES), and the Con-
vention on Wetlands of International Importance
Especially as Waterfowl Habitat (the Ramsar Con-
vention). Collaboration on issues of regional and in-
ternational importance is a growing trend of the 1990s
and beyond, and this list is by no means exhaustive.

The Antarctic IBA Inventory (comprising the
terrestrial Antarctic south of 60° S including some

Category & Brief Description

Relevant Antarctic Species
Common Name, Scientific Name

Al. Globally Threatened Species

The site regularly holds significant numbers of a globally threatened species,

or other species of global conservation concern.

A2. Restricted-Range Species
The site holds species of a restricted range.
A3. Biome-Restricted Assemblage

gentoo penguin, Pygoscelis papua (VU)*
macaroni penguin, Eudyptes chrysolophus (VU)*
southern giant petrel, Macronectes giganteus
(LR/NT)*

Not used for Antarctic IBA Inventory

Not used for Antarctic IBA Inventory

The site holds species whose distributions are largely restricted to one biome.

A4. Congregations

Categories A4(i) and (ii) not used for Antarctic IBA Inventory.

The site holds or is thought to regularly hold:

(i) over 1% of a biogeographic population of a congregatory waterbird

species.

(ii) over 1% of a biogeographic population of a congregatory seabird or

terrestrial species.

(iii) over 20,000 waterbirds or 10,000 pairs of seabirds of one or more

species.
(iv) Migratory species at bottleneck sites.

kelp gull, Larus dominicanus

Antarctic tern, Sterna vittata

blue-eyed cormorant, Phalacrocorax atriceps
Antarctic petrel, Thalassoica antarctica
snow petrel, Pagodroma nivea

emperor penguin, Aptenodytes forsteri
Adélie penguin, Pygoscelis adeliae

chinstrap penguin, Pygoscelis antarctica
gentoo penguin, Pygoscelis papua
rockhopper penguin, Eudyptes chrysocome
Cape petrel, Daption capense

sub-Antarctic skua, Catharacta lonngergi
Antarctic skua, Catharacta maccormicki
greater sheathbill, Chionis alba

southern giant petrel, Macronectes giganteus
Wilson’s storm petrel, Oceanites oceanicus
black-bellied storm petrel, Fregetta tropica
southern fulmar, Fulmarus glacialoides
Antarctic prion, Pachyptila desolata

*JTUCN Red List Conservation Status: VU = Vulnerable, LR/NT = Lower Risk/Near Threatened.

http://www.redlist.org
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sub-Antarctic islands) commenced in 1999. The Ant-
arctic IBA Inventory is a cooperative effort between
BirdLife and the Scientific Committee on Antarctic
Research (SCAR) Group of Experts on Birds (GEB,
formerly the SCAR Bird Biology Subcommittee, or
SCAR-BBS). The Antarctic IBA Inventory is the first
practical attempt to take a systematic approach to
assessing and prioritizing the need for conservation
action at sites by their avian values in the Antarctic,
and represents an important preemptive and proac-
tive approach towards the conservation Antarctica’s
avifauna. The Antarctic IBA Inventory seeks to iden-
tify a network of sites in the terrestrial Antarctic
based upon their bird values and the application of
internationally recognized site selection criteria to
existing population data.

What Are IBAs?

The IBA Programme evolved following the compila-
tion of a detailed inventory by the European Union
for the identification of prospective sites for designa-
tion under the their Wild Birds Directive. This inven-
tory was subsequently updated to become the first
official IBA inventory of Europe. Numerous inven-
tories have since been completed or are underway
(five regional and forty-eight national as of 2004).
The growing recognition of the IBA Programme indi-
cates the substantial contribution it has made to
habitat-based conservation on a global scale. The
majority of signatories to the Antarctic Treaty (forty
of forty-five) have already undertaken or participated
in IBA Inventories at national or regional scales.

IBAs are a practical conservation tool that enable
the identification of significant sites for the conserva-
tion of birds at global, regional, or subregional levels.
Seabirds often congregate to breed in high numbers
and at high species diversities. Additionally, these
sites can be biologically diverse and offer conserva-
tion benefits for non-seabird species if they are for-
mally protected. IBAs are selected by the application
of internationally uniform criteria that are quanti-
tative and scientifically defensible. These criteria
provide a strong foundation for site identification
and are a valuable tool for decision makers and man-
agers to use in setting conservation priorities and
actions.

Once the initial list of candidate IBAs is compiled,
a detailed site description is prepared and circulated
for comment. The agreed site accounts, prepared to a
standardized format, are then brought together to
form an inventory for the country or region. Subse-
quently the published IBA Inventory can be used to

ANTARCTIC IMPORTANT BIRD AREAS

assist in the prioritization of sites for conservation
action possible formal protection within the appro-
priate protected area system. Management and regu-
lation in Antarctica is complicated by unresolved
territorial claims, however means for protection do
exist within the Antarctic Treaty System and/or under
international conventions and agreements. The Ant-
arctic IBA Inventory can assist treaty parties to meet
their international obligations to identify and protect
a network of sites under Annex V of The Protocol on
Environmental Protection to the Antarctic Treaty
(the Madrid Protocol).

The Antarctic IBA Inventory

Work on the Antarctic IBA Inventory commenced in
1999. The SCAR-GEB has compiled all available
census data of the past 30 or more years on the dis-
tributions and abundances of Antarctic breeding
birds. These data are the basis for the Antarctic IBA
Inventory.

Preliminary Results

The SCAR-GEB and BirdLife cohosted workshops in
May 2002 and July 2004 drawing on international
expertise to compile and assess published and un-
published data on Antarctic avifauna. The 2004
workshop finalized the list of candidate IBAs. The
Antarctic IBA Inventory can be adopted to assist in
site prioritization sites for protection within the Ant-
arctic protected area system. For example, sites that
meet four IBA criteria may be considered to have a
high priority for formal protection.

Completion of the Antarctic IBA Inventory is
anticipated for 2007. The Committee for Environ-
mental Protection (CEP) has indicated that upon
publication, the results of the IBA Inventory will be
assessed to decide how best to implement the required
conservation action within the terrestrial Antarctic.
The inventory may be adopted by nations with an
interest in the Antarctic to assist in setting conserva-
tion priorities and to complement the measures
already in place within the Antarctic Treaty System.
A key factor in the decision-making process is the
assessment of threats to identified sites, which will
assist in the priority-setting process.

JANE HARRIS

See also Adélie Penguin; Antarctic Petrel; Antarctic
Prion; Antarctic Tern; Birds: Specially Protected
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Species; Cape Petrel; Chinstrap Penguin; Convention
on International Trade in Endangered Species of Wild
Flora and Fauna (CITES); Cormorants; Crested Pen-
guins; Emperor Penguin; Gentoo Penguin; Kelp Gull;
Macaroni Penguin; Scientific Committee on Antarctic
Research (SCAR); Seabird Conservation; Seabird Pop-
ulations and Trends; Snow Petrel; South Polar Skua;
Southern Fulmar; Southern Giant Petrel; Sub-Antarctic
Skua; Wilson’s Storm Petrel
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ANTARCTIC INTERMEDIATE WATER
A vertical salinity profile taken almost anywhere in
the Southern Hemisphere oceans presents a minimum
value within the upper 1000 meters of the water col-
umn. Throughout the Southern Hemisphere, this sub-
surface low salinity layer forms a coherent tonguelike
distribution extending from near the surface at high
southern latitudes to depths of about 1000 meters at
midlatitudes. This water mass, first detected in the
South Atlantic and described by German and British
oceanographers during the first half of the twentieth
century, is referred to as Antarctic Intermediate
Water (AAIW; Deacon 1933; Wiist 1935). The north-
ward salinity increase at the salinity minimum (S,,,;,)
core is due to a combination of mean northward flow
and mixing with the saltier waters found in the layers
above and below. Since the meridional distribution
of sources of heat, freshwater and other properties
over the Earth is uneven, by redistributing these prop-
erties across latitude bands, such meridional flows
play a key role on the climate system. The observation
of the S,,,;, at the surface near the northern edge of the
Antarctic Circumpolar Current suggests that the
water mass acquires its characteristics (is formed) at
this location. In the process of AAIW formation,
water parcels sink and transfer properties and dis-
solved gases from the near surface layers, where they
are in equilibrium with atmospheric concentrations,
to intermediate depths, where they can be stored away
from the atmosphere for periods of several years to
several decades. Thus, AAIW also contributes to the
absorption of carbon dioxide and other atmospheric
constituents into the ocean interior.

Water Mass Properties

Properties on the low salinity layer vary substantially
between ocean basins. These variations suggest either
differing property concentrations in the formation
regions and/or distinct flow patterns and resident
times in different oceans. The mean properties of the
AAIW S,,;, in the latitude band between 30 and 40° S
are summarized here.

Depth

In the three Southern Hemisphere oceans, the core of
the AAIW, as represented by the S,,,;, layer, is found
at the sea surface between 50°-60° S, deepens north-
ward near 30°-40° S, and then rises again to 750-500
meters towards the Equator. Although the salinity of
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Mean Properties of the Salinity Minimum Core in the Latitude Band Between 30° S and 40° S

Basin Potential Salinity Potential Density Dissolved
Temperature (°C) Anomaly (kg/m?)* Oxygen (mL/L)

Atlantic 3.85 34.25 27.20 54

Indian 4.54 34.41 27.26 4.6

Tasman Sea 5.18 34.46 27.23 4.1

W. Pacific 5.15 34.42 27.20 4.4

E. and C. Pacific 5.01 34.29 27.11 5.0

“Potential density anomaly is calculated after removing the pressure effect and is given in kg m™ after subtracting 1000 kg m™.

the layers above and below the S,,,,, are saltier than in
the Indian and Pacific oceans, the salinity minimum
layer in the Atlantic Ocean can be detected beyond 20°
N. In the Pacific Ocean there is an analogue to AATW
formed at high Northern Hemisphere latitudes, the
North Pacific Intermediate Water, and both S,,;,
layers converge near the equator. In contrast, in the
Indian Ocean, the S,,,;, is confined to south of 10° S.
On average, north of 40° S the S,,,;, layer lies at about
800 m in the South Atlantic sector and about 1200 m
in the southwestern Indian Ocean. The S,,,;, core in the
South Pacific rises from about 900 m in the western
basin to less than 600 m off southern Chile.

Potential Temperature

To compare temperatures from water at different
depths, it is convenient to remove the pressure effect,
which contracts the water parcels and slightly
increases their in situ temperature. For this purpose
we use the temperature the water attains when dis-
placed to the sea surface without exchanging heat
with its surroundings, referred to as potential temper-
ature (0). The coldest AAIW is observed in the west-
ern South Atlantic (6 ~ 3.8°C). Potential temperature
rises eastward across the Atlantic and Indian ocean
sectors of the Southern Ocean, reaches 5.2°C in the
Tasman Sea and decreases further east to about 5°C
in the eastern South Pacific.

Salinity

The lowest salinity (S ~ 34.2) at the S,,,;, core is found
in the western South Atlantic. Within the South At-
lantic basin salinity increases slightly eastward. The
saltiest S,,;,, 1s found in the southwestern Indian
Ocean and the Tasman Sea (S higher than 34.4). In
the South Pacific salinity at the S,,;, core decreases
eastward from ~34.42 east of New Zealand and in the

eastern South Pacific attains values close to those
observed in the western South Atlantic.

Dissolved Oxygen

At or slightly above the core of AAIW salinity mini-
mum, a dissolved oxygen maximum is frequently
found. Dissolved oxygen (O,) primarily enters the
ocean from the atmosphere, thus, though it is not
strictly conservative due to biological activity, a rela-
tive maximum is a signature of more recent layer “ven-
tilation” at the sea surface. The highest dissolved oxygen
concentrations at the S,,, layer (O, ~ 54 mL/L)
are observed in the western South Atlantic. Dissolved
oxygen concentrations decrease eastward across the
South Atlantic and South Indian Ocean, reaching a
minimum in the Tasman Sea (O, ~ 4.1 mL/L) and
increase further east to ~5 mL/L in the eastern South
Pacific.

Potential Temperature-Salinity Distributions

In the Polar Front Zone, south of the Sub-Antarctic
Front, there is a low salinity surface layer that con-
nects to the AAIW S,,,;, observed farther north. In the
subtropical band the circumpolar salinity minimum is
observed within the 3.5°C-5.5°C potential tempera-
ture range. The South Atlantic presents the lowest
S,nin layer at about 4°C and 850 m. The South Indian
presents the saltiest and deepest (~1300 m) AAIW. In
the South Pacific the salinity at the S,,,;, is ~34.35 and
is not as well defined as in the Atlantic and Indian
oceans, because the layers above and below are com-
paratively fresh. Large excess precipitation over evap-
oration is presumably responsible for the lower
salinity of the upper layers in the southeast South
Pacific, while mixing has reduced the salinity of deep
waters.
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Water Mass Formation

There is no universally accepted theory of AAIW
formation. The classical view (Deacon 1933; Wiist
1935) ascribes the low salinity layer to sinking along
constant density surfaces from the region near the
Polar Front Zone, from where the water mass spreads
northward. Sverdrup (1940) suggested that AAIW
formation is associated to convergence and subse-
quent sinking of upper layer waters induced by me-
ridional structure of the wind field over the Southern
Oceans. The sources for AAIW are mixtures of Ant-
arctic Surface Water and Circumpolar Deep Water
upwelled along the axis of the Antarctic Circumpolar
Current. Alternatively, it has been suggested that
AAIW is a product of relatively deep convection in
the Sub-Antarctic Zone, north of the Sub-Antarctic
Front. The latter water mass is referred to as Sub-
Antarctic Mode Water (SAMW, McCartney 1977).
Late winter convection forms relatively thick layers
of quasi-homogeneous temperature, salinity, and
density. These layers are referred to as thermostads
(e.g. are quasi-homogeneous in temperature) or pyc-
nostads (e.g. are quasi-homogeneous in density).
Thus, from a volumetric point of view, the products
of convection are modes, from which the water mass
name is derived. Mode waters are also found in the
subtropical and subpolar oceans in the Northern
Hemisphere. After convection mode waters flow
along constant density surfaces and are capped by
the warm, salty upper layer waters characteristic of
the midlatitude oceans. Mode water properties de-
pend on the initial temperature and salinity of the
surface layer and on the sea-air exchanges of heat
and freshwater through the balance between evapora-
tion and precipitation. The coldest, freshest, and
densest variety of SAMW is found in the eastern
South Pacific. Density progressively decreases east-
ward as temperature and salinity increase. Because
the S,,;, observed in the western South Atlantic is
fresher and denser than the densest southeast Pacific
SAMW, an Antarctic influence from the Polar Front
Zone in the vicinity of Drake Passage and further
modifications by sea-air interactions within the south-
west Atlantic have been suggested. These AAIW
transformations are also apparent in global ocean
circulation models. Thus, southwest Atlantic AAIW
appears to be formed by a complex combination of
the mechanisms described above. Warmer and saltier
SAMW is formed throughout the South Indian and
western South Pacific oceans, but these waters are
significantly lighter than AAIW (~26.8 kg m?) and
therefore ventilate density horizons shallower than
the salinity minimum layer.
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Circulation

The most vigorous element of the circulation at the
core of AAIW is associated to the circumpolar flow
within the Antarctic Circumpolar Current. This flow,
primarily along the Sub-Antarctic Front, is a signifi-
cant conduit of exchange between ocean basins. Far-
ther north, within each ocean basin, AAIW describes
a large-scale counterclockwise loop. These flow pat-
terns, also known as gyres, are generated by the curl
of the wind stress at midlatitudes, caused by the op-
posing directions of the trades and the westerlies.
AAIW flows northward on the eastern side of each
basin, turns eastward at about 20° S and southward
along the western boundary. The flow along this path
is not uniform; velocity increases as the water
approaches the western boundary and is most intense
along the so-called western boundary currents that
carry AAIW back southward. This asymmetry in the
circulation is also reflected on the depth of the AATW
layer, which lies deeper in the western side of the
oceans. In the Southern Hemisphere the western
boundary currents in the Atlantic, Indian, and Pacific
oceans are the Brazil, Agulhas, and East Australian
currents, respectively. These are regions of enhanced
turbulence associated to eddies and meanders where
intense mixing of the different varieties of AAIW is
observed. The recirculated AAIW observed at the
poleward extensions of the western boundary currents
are generally saltier and lower in dissolved oxygen
than near the eastern boundary, since they have
been subject to vertical mixing with the saltier layers
above and below for a longer period of time. Leakage
of Indian Ocean AAIW into the eastern South Atlan-
tic via the Agulhas Current leads to increased sali-
nities at the S,,,;,. In the western South Atlantic and
South Pacific oceans AAIW from the Sub-Antarctic
Front flow northward along the western Argentine
Basin (the Falkland/Malvinas Current) and the east-
ern flank of the Campbell Plateau, respectively. The
Falkland Current is a substantial source of nutrients
that sustains the development of phytoplankton and
fishery along the eastern edge of the Patagonian shelf.
These waters mix with the recirculated varieties of
AAIW flowing in the opposite direction but there is
no evidence of northward penetrations of AAIW
along the western boundary below the western
boundary currents southward extensions as originally
thought.

The marked northward penetration of AAIW in
the Atlantic is presumably a response to the so-called
Global Thermohaline Circulation. In this large-scale
flow, dense, salty water sinks to 2000-3500 m depths
in the northern North Atlantic, flows southward, and



is exported to the Indian and Pacific oceans. Export
of deep waters is balanced by a return flow through
the South Atlantic and into the North Atlantic, most-
ly at shallower levels. This return flow is composed by
AAIW and thermocline waters. Thus, northward flow
of AAIW in the Atlantic is enhanced by this large-
scale meridional cell.

Variability

Variability of AAIW can be attributed to a combina-
tion of changes in the sea-air heat and freshwater
exchanges at the regions of formation, variations in
the thermal and haline characteristics of the source
water, and variations in the circulation patterns.
These processes can lead to changes in water mass
properties in a variety of time and spatial scales. Once
the water sinks its properties change by mixing with
the surrounding waters, but mixing in the ocean inte-
rior is weak and the water retains the signature of
the formation conditions. Thus, away from the seca
surface, water mass variability provides a record of
changes at the sites of formation and may serve as
indicators of climate variability. Time series are only
available at few locations in the Southern Ocean,
and knowledge of the variability is mostly based on
comparison of the thermal and haline characteristics
determined from hydrographic observations occupied
at different times. Within these limitations, changes in
the AAIW and SAMW properties in the Southern
Ocean are now relatively well documented. In the
period from the early 1960s to the late 1980s, AATW
and the denser varieties of SAMW throughout the
South Indian Ocean and in the Tasman Sea have
freshened and cooled. Freshening is consistent with
an increased excess precipitation over evaporation in
the region of AAIW formation and has been inter-
preted as a signature of an increase in the strength or
intensity of the hydrological cycle. Similarly, warming
of the lightest varieties SAMW is associated to long-
term warming of the surface waters in the formation
region north of the Sub-Antarctic Front. This obser-
vation is consistent with predictions of global warm-
ing associated to increased atmospheric CO,.
Observations in the South Indian Ocean, including
data collected in 2002, suggest that after the late
1980s the warmer varieties of SAMW have become
saltier, almost entirely reversing the effect of freshen-
ing observed in the previous decades, while the salini-
ty of the colder SAMW continued decreasing. Given

ANTARCTIC INTERMEDIATE WATER

the few observations available in the Southern Hemi-
sphere, it is not yet possible to determine whether the
observed changes in water mass properties are related
to climate trends or to decadal oscillations.

A1iBERTO R. ProLa

See also Antarctic Surface Water; Atmospheric Gas
Concentrations from Air Bubbles; Circumpolar Current,
Antarctic; Circumpolar Deep Water; Polar Front;
Southern Ocean Circulation: Modeling; Southern Ocean:
Climate Change and Variability; Southern Ocean: Fronts
and Frontal Zones; Southern Ocean: Vertical Structure;
Thermohaline and Wind-Driven Circulations in the
Southern Ocean
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ANTARCTIC PENINSULA
The Antarctic Peninsula stretches from the conti-
nent towards South America in a north to north-
easterly trending arc. At its most northerly point
(57°18" W, 63°13' S), it is 620 miles (999 km) from
Cape Horn, separated by the Drake Passage. It is
777 miles (1250 km) long, and ranges from 178
miles (287 km) wide at its most southerly point to
15 miles (24 km) wide near its northern extremity
on the Trinity Peninsula. Its southern boundary
stretches from Cape Adams westwards, to a point
at 73°24' S, 72°00° W. The mainland peninsula covers
an area of approximately 79,000 square miles
(127,000 km?).

The Antarctic Peninsula separates the Weddell
Sea, to the east, from the Bellingshausen Sea to the
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west. The northern part (north of a line between Cape
Agassiz and Cape Jeremy) is Graham Land, and the
southern part is Palmer Land. The Antarctic Circle
runs through the southern half of Graham Land, at
approximately 66°30" S.

The landscape is dominated by rugged coastline
and a dramatic mountain range running along the
length of the peninsula, interspersed with a number
of ice-covered plateaus, the largest of which is the
Dyer Plateau, in Palmer Land. The highest peak is
Mount Jackson, at 10,453 ft (3184 m) above sea level,
located in central Palmer Land. Approximately 2.6%
of the mainland peninsula is free of ice and snow
during the austral summer. Rivers or lakes on the
mainland peninsula are few, and are mostly restricted
to the Trinity Peninsula.



Numerous glaciers run either directly into the sea
or feed major ice shelves, the largest of which is the
Larsen Ice Shelf, which bounds most of the eastern
side of the peninsula. Over the past six decades, 87%
of the marine glaciers in the peninsula region have
retreated, by on average 50 m a year. Over a similar
period, there has been a progressive retreat of most ice
shelves, including the Larsen B, which collapsed dra-
matically in 2002.

Major offshore island groups include the Palmer
Archipelago and the Biscoe Islands. The largest individ-
ual islands fringing the peninsula are Adelaide Island
and Alexander Island, which is separated from the
mainland by the permanently frozen George V Sound.

The climate across the peninsula region varies con-
siderably. The west coast experiences the warmer,
maritime Antarctic climate. The east coast has the
colder, continental climate. In the north, average
monthly temperatures exceed zero in the summer.
Annual average temperatures have risen by nearly
3°C in the central and southern parts of the west
coast of the peninsula over 50 years. This is a larger
rise than elsewhere in the Southern Hemisphere.

Due largely to its warmer climate and ice-free
ground, the western side of the peninsula (including
offshore islands) between approximately 64° and 68°
S is biologically richer and far more diverse than the
rest of the continent. Sixteen species of seabird breed
here, including four species of penguin (gentoo, Adé-
lie, chinstrap, and emperor). Five species of seal (cra-
beater, elephant, fur, leopard, and Weddell) haul out
on the beaches and ice floes, and Ross seals are occa-
sionally sighted on the eastern side of the peninsula.
There are no breeding terrestrial mammals. Only one
species of higher insect is found, otherwise this simple
macroscopic invertebrate ecosystem is dominated by
mites and springtails. A much greater diversity is
found amongst lower invertebrates.

The terrestrial flora comprises about sixty-seven spe-
cies of moss, nine species of liverwort, and 265 species of
lichen, as well as Antarctica’s only two flowering
plants—Antarctic pearlwort (Colobanthus quitensus)
and Antarctic hairgrass (Deschampsia antarctica).

This region contains thirteen Antarctic Specially
Protected Areas, which have been adopted under the
Antarctic Treaty System, as well as eighteen Historic
Sites and Monuments.

The first sighting of the mainland peninsula is
claimed by the Russian naval Captain Fabian
Gottlieb von Bellingshausen, the British naval Cap-
tain Edward Bransfield, and the US sealer Nathanial
Palmer, all in 1820. The history of this region, covered
extensively elsewhere in this encyclopedia, was princi-
pally defined by sealing, whaling, exploration, and
scientific discovery.

ANTARCTIC PENINSULA

The peninsula was first claimed by the UK by
means of the Royal Letters Patent of 21 July 1908
(amended by the Royal Letters Patent of 28 March
1917) as part of the Falkland Island Dependencies.
Later, the Order of Council of 26 February 1962
established British Antarctic Territory as a separate
colony. Overlapping counterclaims are held by Chile
and Argentina. Territorio Chileno Antartico was
established by Presidential Decree of 6th November
1940. In 1943, Argentina stated its sovereign rights
over this sector of Antarctica, extending and forma-
lising it as Antartida Argentina in 1947. All territorial
claims were laid in abeyance by the Antarctic Treaty
(1961).

Mapping and survey of the peninsula has been
undertaken principally by the UK from 1944 to the
present date. Major aerial survey expeditions include
Operation Highjump 1946-1947 (USA), the Ronne
Antarctic Research Expedition 1947 (USA), the Falk-
land Islands Dependency Aerial Survey Expedition
in 1956-1957 (UK), and the US Navy TriMetrogon
Aerial survey, mainly between 1966 and 1968.
Mapping by other Antarctic operators exists locally
and around specific sites.

There are seven wintering stations operated by five
nations in this region, although only one, Esperanza
(Argentina) is located on the mainland peninsula. In
addition, there are some ten summer-only stations.
The number occupied varies from year to year, and
some would appear to have been abandoned. Most
stations are resupplied by ice-strengthened vessels dur-
ing the austral summer. Hard-rock airstrips are locat-
ed at Rothera Research Station (UK) and Marambio
(Argentina). Scientific facilities and programmes vary
from globally important to basic, and in some cases,
rudimentary.

Due to its relative ease of access, the peninsula is
also the busiest region of Antarctica for tourism. The
most visited locations include Port Lockroy, Paradise
Harbour, and Cuverville and Peterman islands.

Rop DowniE and PETER FRETWELL
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ANTARCTIC PENINSULA,
GEOLOGY OF

The Antarctic Peninsula is a chain of rugged moun-
tains, up to 4190 metres high, that is divided geograph-
ically into a northern and southern portion, Graham
Land and Palmer Land respectively. Graham Land lies
north of 69° S and is a relatively narrow peninsula with
many small offshore islands, whereas Palmer Land is
higher and broader with a single large island to the
west, Alexander Island.

The geology of the Antarctic Peninsula has been
extensively studied since earliest explorers collected
rock samples whilst visiting the area in the late 1800s
and early 1900s. It is interpreted as the deeply eroded
routes of a Mesozoic magmatic arc that formed on
Palaeozoic or older continental basement rocks from
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eastward subduction of proto-Pacific and Pacific
Ocean lithosphere. It contains a deeply dissected
volcanic province and in some places broad subduc-
tion-accretion complexes with thick sedimentary
sequences flanking both sides of the peninsula from
inverted fore and back arc basins. Eastward subduc-
tion of oceanic crust beneath the peninsula occurred
from at least the Triassic to Tertiary times, and may
have started as early as the mid-Palaecozoic. Sub-
duction ceased due to a series of ridge crest-trench
collisions the age of which decreased progressively
northwards along the peninsula, occurring off south-
ern Alexander Island between 53.5 + 1 and 45 + 3
Ma, and off northern Alexander Island at 32 + 3 Ma.
Plate convergence is still continuing off the South
Shetland Islands and South Scotia Ridge where the
remnant Drake Plate is subducting beneath the north-
ern tip of the Antarctic Peninsula.

The extent to which the peninsula represents a near
complete Mesozoic arc-trench system that formed
in situ during continuous subduction has been consid-
ered; an alternative interpretation has recently been
published by Vaughan and Storey (2000) suggesting a
new terrane model involving the possible accretion of
suspect terranes during the Mesozoic development of
the peninsula. The new model is based on the discov-
ery of a major fault zone in the magmatic arc in
Palmer Land, which is used to divide the peninsula
into geological domains. Two and possibly three sep-
arate terranes may have collided resulting in mid-
Cretaceous deformation referred to as the Palmer
Land orogeny. However, the extent to which terrane
accretion has occurred is currently uncertain and does
not detract from the basic description of the tectonic
elements given here starting with the oldest units.

Basement

The term basement is used here to describe the older
pre-Mesozoic rocks into which the Mesozoic mag-
matic arc was emplaced. Its identification has proved
difficult due to the intensity of the Mesozoic activity
that has reworked or overprinted earlier events and
due to the isolated nature of the outcrops. However,
its presence and history is extremely important as it
provides a window into the evolution of the peninsula
prior to the extensive Mesozoic activity. It is now
known that the Antarctic Peninsula has a fragmen-
tary geological record that stretches back at least to
Cambrian times. Separate Palaeozoic elements have
been identified following extensive reliance on precise
geochronological dating.
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Palaeozoic Granites and Gneisses

Orthogneisses with protolith ages of circa 450-550
Ma crop out in small areas of eastern Graham Land
and northwestern Palmer Land, and paragneisses that
are no older than late Cambrian form the basement to
Triassic granites and granodiorites in eastern Palmer
Land. Carbon and oxygen stable isotopic data on pre-
Late Triassic marbles in northeastern Palmer Land
suggest marine carbonates are present within the
paragneisses. A few small granite bodies are present
in eastern Graham Land at Target Hill circa 400 Ma
and are present elsewhere on the peninsula as clasts
in conglomerates. Locally the Palacozoic basement
underwent metamorphism, migmatisation, and gran-
ite emplacement during Carboniferous (c. 325 Ma)
and Permian (c. 260 Ma) times. The extent to which
these events represent a long-lived magmatic arc
extending back into the Palaeozoic cannot be
established based on the scarcity of data but they
provide a unique window into earliest magmatic
and metamorphic events that are recorded in the
peninsula.

Palacozoic Sedimentary Sequences

As well as and in contrast to the Palacozoic igneous
and metamorphic events mentioned above, two
unique sedimentary successions, the Fitzgerald and
Erewhon beds, have been preserved and discovered
within central Palmer Land. The Fitzgerald Beds are
cratonic quartzites of possible Lower Palacozoic age,
whereas the Erewhon Beds are Permian quartzose
sedimentary rocks that contain the Gondwana Glos-
sopteris fauna. Sandstone detrital modes indicate a
minor arc-derived component for the Erewhon Beds.
These are undoubtedly typical Palacozoic Gondwana
cover sequences that serve to link at least this part of
the peninsula with the rest of Gondwana and suggest
that it was not part of the active margin of Gondwana
at that time.

The Trinity Peninsula Group is a thick Palaeozoic
sedimentary succession that crops out in Graham
Land at the northern end of the Antarctic Peninsula
and comprises siliciclastic mudstone, siltstone, sand-
stone, and rare coarser deposits that are metamor-
phosed to low-grade. Being poorly fossiliferous, its
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age range is not well constrained but it was probably
deposited between the Carboniferous and Triassic. Its
tectonic setting is equally enigmatic although most
authors agree that it was deposited in a forearc accre-
tionary setting with derivation from arc and continen-
tal high grade terranes. The deformational style of
the group is consistent with deformation in an accre-
tionary setting.

Mesozoic Magmatic Arc

Mesozoic magmatic rocks are present throughout the
Antarctic Peninsula including offshore islands and
include the Antarctic Peninsula Batholith and deeply
dissected volcanic rocks referred to as the Antarctic
Peninsula Volcanic Group.

Antarctic Peninsula Batholith

Plutonic rocks that form the Antarctic Peninsula
Batholith were emplaced between c. 240 Ma and
10 Ma, a period which spans the breakup of Gond-
wana and subsequent segmentation of West Antarc-
tica. The batholith is 1350 km long by less than 210
km wide and intrudes the basement gneisses, coeval
volcanic rocks, and fore and back-arc sedimentary
rocks. The activity was virtually continuous although
there appears to be significant early Jurassic (199-181
Ma) and late Jurassic to early Cretaceous (156-142
Ma) gaps in intrusive activity that may correspond to
episode of arc compression. There was a Cretaceous
peak of activity that started at 142 Ma and waned
during the late Cretaceous. The distribution of the
magmative activity varied in time and space through-
out the length and breadth of the peninsula and was
related to the tectonic history of the arc system
through time.

Emplacement of Triassic and Early Jurassic plu-
tons and migmatisation of basement gneisses were
widespread in northern Palmer Land at this time
(c. 230-200 Ma). The earliest plutons are peralumi-
nous granites, with s-type characteristics that
formed largely by melting of local paragneissic
basement. By 205 Ma, metaluminous, I-type grano-
dioroite were also being generated. It is speculated
that this magmatism may represent the initiation of
subduction along the Gondwana margin. During
the Jurassic period, magmatism was extensive and
corresponded with the breakup of Gondwana. It
included extensive silicic volcanism and associated
subvolcanic plutonism.
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Cretaceous and younger plutons were emplaced
along the length of the batholith as a result of east-
directed subduction of proto-Pacific oceanic crust
beneath the Antarctic Peninsula. These range in com-
position from gabbro to granodiorite and are domi-
nated by metaluminous, calcic, silicon-oversaturated
compositions. Unequivocal subduction related plu-
tonism was initiated by c. 142 Ma, and was most
voluminous and widespread between 125 and 100 Ma.
The Tertiary part of the batholith is restricted to the
west coast of the Antarctic Peninsula, signifying a
major westwards jump in the locus of the arc. Sub-
duction and its associated magmatism ceased in the
Antarctic Peninsula between circa 50 Ma and the
present day, following a series of northward-younging
ridge-trench collisions. Subduction continues in one
small segment off the South Shetland Islands where
the remnant Drake plate is sinking beneath the north-
ern tip of the Antarctic Peninsula. Related back arc
extension and associated volcanism is occurring in
Bransfield Strait and on Deception Island.

Antarctic Peninsula Volcanic Group

The associated Antarctic Peninsula Volcanic Group
dominantly comprises subaerially erupted lavas and
volcaniclastic deposits, including numerous ignim-
brites. It is up to 3 km thick in places and comprises
a calc-alkaline suite consisting mostly of basalts,
basaltic andesites, abundant andesites, dacites, and
rhyolites. Contacts normally reveal plutons intruding
volcanic rocks with unconformable relationships
being rare. Dykes cutting plutonic and volcanic
rocks are common throughout the Antarctic Peninsu-
la. Most of the dykes are near vertical, up to 10 m
wide, mafic, with chilled margins and in places intrude
along normal or strike slip faults. They form local
parallel swarms, but there is no regionally consistent
trend, and cone sheets arrays near intrusions are
locally developed. Syn-plutonic dykes are common.

Many of the volcanic rocks exposed on the western
side of the Antarctic Peninsula are Cretaceous in age
and have intermediate compositions whereas silicic
volcanic rocks occur irregularly on the eastern side
of the peninsula and are typically middle Jurassic
in age. The silicic volcanic rocks are dominated by
rhyolitic ignimbrite flows, with individual units up to
80 m in thickness. Rhyolite lava flows, air-fall hori-
zons, debris flow deposits, and epiclastic deposits are
volumetrically minor, occurring as interbedded units
within the ignimbrite succession.



Eastern Palmer Land Shear Zone

East of the central spine of Palmer Land, a major
strike-slip shear zone deforms plutonic, metamorphic,
metasedimantary, and metavolvcanic rocks. The shear
zone is a complex of ductile and brittle-ductile, reverse
and dextral-reverse shears up to 15 km across strike
and generally at amphibolite facies. In its northern
part, the shear zone forms ductile, reverse, or dextral-
reverse mylonite whereas in its southern part, a com-
plex breccia zone crops out. The tectonic significance
of this feature is uncertain. It has been used to define
the boundary between newly identified geological
domains and interpreted as a suture along which an
allochthanous central terrane may have collided with
the Gondwana margin in mid-Cretaceous times. Al-
though this model remains to be tested for the Antarc-
tic Peninsula, it is consistent with other parts of the
Pacific margin of Gondwana.

Fore Arc Region

Accretionary subduction complexes and forearc basin
sequences are present to varied extents along the
western margin of the Antarctic Peninsula Mesozoic
magmatic arc.

Accretionary Complex

The LeMay Group of Alexander Island on the west-
ern side of the Antarctic Peninsula is an unusually
wide accretionary complex compared with the re-
mainder of the palaeo-Pacific margin of Antarctica.
The exposed part of the complex is up to 300 km wide
and is preserved in an embayment of the arcuate
Mesozoic magmatic arc. It is comprised of deformed
trench-fill turbidites, trench slope sequences, and
allochthonous slivers of ocean-floor and ocean-island
igneous and sedimentary rocks. The age of the com-
plex is constrained by the presence of an Early Juras-
sic ammonite from accreted tuffs within an ocean
island sequence, and by Late Jurassic to Early Creta-
ceous and mid-Cretaceous radiolarian from accreted
cherts. All of the ages are from allochthonous units,
which place maxima on the ages of accretion in those
parts of the prism where they are exposed. The ages
show a pattern of younging towards the margin con-
sistent with an accretionary prism model. On the
eastern side, the complex is unconformably overlain
and in faulted contact with a forearc basin sequence,
which places a minimum Middle Jurassic age on this
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part of the prism. The complex may have developed
by the accumulation of docked exotic terranes in a
preexisting embayment along the palaeco-Pacific mar-
gin, or alternatively by long-lived subduction and
accretion along this segment of the margin. In the
latter case, subsequent oroclinal bending of the mag-
matic arc may account for the unusually wide com-
plex now preserved in the arcuate embayment of the
margin.

Fore Arc Basin

The Fossil Bluff Group is a thick (up to 7 km) fore arc
basin sequence that sits unconformably on and is in
faulted contact with the accretionary complex rocks
of Alexander Island. It consists dominantly of silty
mudstone, with significant amounts of sandstone and
conglomerate. Palacocurrent and provenance analysis
indicate that the bulk of the unit was derived from the
volcanic arc to the east, although there is a minor
component of accretionary complex-derived material
mainly in the western parts of the group. Deposition
of the group spanned Mid-Jurassic (Bathonian) to
Albian times and has been divided into two major
stages of basin development punctuated by short du-
ration tectonically induced events. The oldest Selene
Nunataks and Atoll Nunataks formations, exposed
on the western side of the basin, record the first stage,
the transition from trench-slope to fore-arc basin sed-
imentation. These units were derived from the accre-
tionary complex rather than the volcanic arc. All
other strata in the basin are part of the second stage
fore-arc basin sedimentation and form a large-scale,
shallow upward cycle of Kimmeridgian to Albian age.

The sequence was deformed by oblique north-
northwest to south-southeast trending folds with an
associated weak cleavage. The geometry of a range of
related structures including bifurcating arrays of
sandstone dykes, bedding parallel slip, conjugate nor-
mal faults, and steep dextral normal oblique faults
have been used to suggest that basin inversion
involved dextral transpression.

Magmatic History

The Mesozoic fore arc region on Alexander Island
was intruded in Late Cretaceous to Early Tertiary
times (80-52 Ma) by subduction-related magmatic
rocks, the youngest part of the Antarctic Peninsula
Batholith. The rocks occupy what was a fore-arc
position 100-200 km trenchward of the main arc on
the Antarctic Peninsula. The magmatic rocks become
younger northward along the length of the island.
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Back Arc Region

Thick sedimentary successions developed within the
Larsen and Latady basins on the eastern back arc
side of the Antarctic Peninsula Mesozoic magmatic
arc during the Jurassic and Cretaceous periods. The
earliest of these was probably that on the south-
eastern margins that was to become the site of
accumulation of the Middle-Late Jurassic Latady
Formation.

The Latady Formation is a poorly known folded
sequence of Jurassic fossiliferous shallow marine to
terrestrial sandstones to mudstones. The succession
comprises black and grey slate, siltstone, and mud-
stone with subordinate sandstone and coal; conglom-
erate is rare. It is estimated to be several kilometers
thick. There appears to be a transition in depositional
environment from a terrestrial setting near the axis
of the peninsula (magmatic arc) into a truly marine
environment to the southwest. Nonmarine sedimen-
tary rocks, containing abundant plant fossils and thin
coal beds, interdigitate with air-fall and ash-flow
tuffs, lava flows, and volcanic breccias at the basin
margin. The nonmarine deposits pass laterally
through shallow marine, possibly deltaic rocks into
open marine deposits. On the basis of locally abun-
dant marine faunas, most of these sediments have
been assigned a Late Jurassic age although Middle
Jurassic (Bajocian) ammonites and bivalves have
been described from eastern Ellsworth Land. Prove-
nance studies suggest that the active magmatic arc
was the primary source of sediment, with significant
amounts of metamorphic material which may repre-
sent erosion of arc basement. At this time much of
the northern end of the peninsula was blanketed by
deep-sea radiolarian rich muds that formed part of a
huge anoxic basin within the proto-South Atlantic
region.

The Larsen Basin sedimentary succession is best
exposed in the James Ross Island area. It is approxi-
mately 5-6 km thick, of Barremian to Oligocene in
age and is thought to overlie radiolarian rich mud-
stones and tuffs of the Nordenskjold Formation. The
basin fill forms a retrogressive megasequence that has
been divided into three groups, the basal deep marine
Gustav Group and the overlying shallow marine to
deltaic Marambio and Seymour Island groups.

Late Jurassic fossils common to all of the forego-
ing regions include ammonites, various representa-
tives of the belemnite family Belemnopseidae, and
Bivalves. The Bivalves include genera that are appar-
ently unique to the southern high latitudes and
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others which form striking cosmopolitan and bipolar
distributions. It is possible to trace the Antarctic
marine fossil record into the early Cretaceous period
using strata exposed in the sedimentary basins flank-
ing both sides of the Antarctic Peninsula, which in
some cases include prolific faunas of bivalves, gastro-
pods, and brachiopods. The same localities have also
yielded a diversity of plant macrofossils and micro-
fossils. Collectively these suggest that throughout the
Late Jurassic to Early Cretaceous much of the Ant-
arctic continent was covered by open-canopied rain-
forests comprising podocarp and araucarian conifers,
associated with ginkgoes, and an understory of ferns,
lycopods, and bryophytes. Cool temperate moist cli-
mates prevailed in Antarctica throughout the Early
Cretaceous.

In mid-Cretaceous times, the sedimentary infill of
the Latady basin and associated volcanic rocks were
folded and overthrust during a deformation event gen-
erally referred to as the Palmer Land event. Folding is
on a kilometer scale with variable fold geometries.
Folds are open to isoclinal, upright to recumbent,
symmetric to asymmetric, and angular to chevron in
profile. A penetrative, axial planar cleavage is well
developed in finer grained rocks. Overthrust sense
and fold vergence is to the east and southeast, and
fold axes and faults strike parallel to the curvilinear
long axis of the Antarctic Peninsula.

On James Ross Island in the back arc region the
near complete sequence of fossiliferous Late Creta-
ceous sedimentary rocks is one of the most important
in the southern Hemisphere. It contains, amongst
other things, a distinctive high-latitude fauna of
Cretaceous terrestrial vertebrates that includes small
hypsilophodontid dinosaurs and therapods such as
Allosaurus and a probable labyrinthodont. By the
end of the Cretaceous, a podocarp-Nothofagus rain-
forest covered much of the area, extending into the
Palaecocene to Eocene. It grew under cool-temperate
highly seasonal climates with a substantial cooling at
the end of the Cretaceous period.

Seymour Island, also within the Larsen Basin, has
been referred to as the Rosetta Stone of Antarctic
palacontology, yielding prolific invertebrate and ver-
tebrate faunas. The middle to late Eocene La Meseta
Formation is the principal fossiliferous unit providing
invertebrate bivalves, gastropods, echinoderms, deca-
pod crustaceans, and brachiopods, and vertebrate
sharks, teleost fish, turtles, plesiosaurs, birds (includ-
ing giant penguins), marine mammals (including
whales), and primitive marsupials. The formation
shows the first compositional elements of the modern
marine fauna.



Isolation of Antarctica

Drake Passage opened 35 Ma and the Antarctic
Peninsula ceased to be attached to Southern South
America following sea floor spreading in the Scotia
Sea. This had a profound affect on Antarctica leading
to the development of the circumpolar current, cli-
matic cooling, and the development of permanent ice
sheets on Antarctica from approximately 15 Ma.
From 23 Ma onwards the sedimentary record is large-
ly one of glaciogenic strata in which the recovery of
both macrofossils and microfossils is usually poor.
Subduction also progressively ceased during this
time period along the western sea board of Graham
Land following a series of ridge crest—trench colli-
sions. Postsubduction alkali magmatism occurred in
a few scattered localities along the length of the pen-
insula. On Alexander Island, basanites, tephrites, al-
kali, and olivine basalts ranging in age from 15 to less
than 1 Ma were erupted on to the Mesozoic accre-
tionary complex. At Seal Nunataks on the eastern
side of the peninsula, alkali and olivine and minor
tholeiitic basalt occur to the east of the calc alkaline
batholith and overlie the back arc sedimentary suc-
cession on James Ross Island. Subduction continues
to the present day where the remnant Drake Plate is
subducting beneath the northern tip of the Antarctic
Peninsula.
Bryan C. STOREY

See also Antarctic Peninsula; Antarctic Peninsula, Gla-
ciology of; Bransfield Strait and South Shetland Is-
lands, Geology of; British Graham Land Expedition
(1934-1937); Drake Passage, Opening of; Fossils, In-
vertebrate; Fossils, Plant; Fossils, Vertebrate; Geologi-
cal Evolution and Structure of Antarctica; Gondwana;
Islands of the Scotia Ridge, Geology of; Palmer,
Nathaniel; Plate Tectonics; South Shetland Islands
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In a glacial regime, falling snow accumulates and is
compacted into ice that flows under its own weight,
ultimately to melt or calve as icebergs into the sea.
The regime of the Antarctic Peninsula’s plateau ice
caps, many mountain glaciers, and ice shelves is quite
different from that of the flatter, drier, and colder
East and West Antarctic ice sheets. Protruding north
into the path of the circumpolar westerly airflow and
the marine Circumpolar Deep Water current, the cli-
mate of this long, sinuous mountain chain is marked-
ly more maritime than polar continental. Relatively
mild but stormy weather deposits an average 0.87 m
of water-equivalent precipitation annually compared
with the continental average of 0.14 m, with up to 10 m
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of snow falling each year on the high central plateau.
Although covering only 3% of the Antarctic conti-
nent, the peninsula receives 18% of its snowfall and
this maritime climate and high relief give the region
a dynamic and diverse glacial regime, one that is
currently experiencing rapid change.

Snow falling on the Antarctic Peninsula is drained
by over 400 glaciers flowing either west into the
Bellingshausen Sea or east into the Weddell Sea. The
largely unvisited western glaciers from 63° to 70° S are
mostly short, steep, and heavily crevassed. They flow
rapidly at up to 6 m per day down deeply incised
fjords through the coastal mountain chain before
calving into the many ice-clogged bays along this
stretch of coast. Further south, in Palmer Land, the
plateau broadens and the westward slope is gentler.
The glaciers here form a near-continuous ice cover
flowing relatively slowly into George VI ice shelf. This
cover, the thickest on the peninsula at over 1000 m, is
pierced only by isolated mountain peaks.

Although the peninsula’s cordillera spine is just
100 to 200 km wide for most of its length, a sharp
climatic contrast exists between the east and west
coasts. The eastern flank receives cold southerly
winds and is protected from the relative warmth of
the Circumpolar Deep Water current. Mean annual
temperatures are —5°C to —17°C, typically 3°C-5°C
lower than the west. In these colder conditions, ice
shelves historically have fringed almost all of the
peninsula’s east coast. These shelves, floating slabs
of ice up to 200 m thick, extending up to 200 km
offshore and ending in a 1000 km long vertical ice
cliff, are supplied by the influx of ice from the glaciers
draining east from the plateau drainage divide and by
new snowfall onto the shelf. This is balanced by ice
loss through iceberg calving, basal melt, and, in the
north, surface melting when temperatures rise above
freezing in summer.

Today, the Antarctic Peninsula glacial regime
continues to adjust to changes in climate, ocean
circulation, and sea level over a range of time scales
but data on its history are limited. At the height of
the last ice age in this region, approximately 35,000
years ago, an ice sheet several hundred meters
thicker than present extended 100-200 km out onto
the continental shelf to the east and west, drained by
large ice streams that created the ice-sculpted form of
the current sea bed revealed by recent bathymetric
mapping. From 17,000 to 10,000 years ago the pen-
insula ice sheet thinned and retreated. This is
thought to have been driven by a sea level rise of
around 100 m brought on by melting of the North-
ern Hemisphere ice sheets, a rise that would have
floated the grounded margins of the peninsula ice.
By around 9,500-6,000 years ago, relatively mild and

74

humid conditions were established. Grounded ice
cover had retreated to near the present coastline,
and the bare rock we see today in some coastal
areas was exposed and began to be colonized by
penguins, whose relict rookeries can be radiocarbon
dated. There followed a partial readvance of glaciers
and ice shelves succeeded by the mildest, most humid
conditions of the Holocene, the climatic optimum,
3,000 years ago. Another flip back to distinct and
rapid cooling culminated in the Little Ice Age glacial
advance in the eighteenth and nineteenth centuries
CE. The strength of the dominant high-pressure at-
mospheric system that sits over Antarctica is believed
to have been a key control of the region’s climate
throughout this period.

Over the last century, the Antarctic Peninsula cli-
mate has veered into a period of rapid and significant
warming. Instrumental measurements since the 1950s
show an increase in mean annual temperature of
around 2.5°C, four times the global mean. With sum-
mer temperatures already around freezing, melting
intensity (the number of positive degree—days) has
increased by up to 74%. Concurrently, 87% of glacier
fronts retreated in a wave of change spreading from
north to south. Most notably, seven ice shelves closest
to the southward-migrating limit of ice shelf viability,
defined by the January 0°C isotherm, have retreated
substantially with four disintegrating: a loss of nearly
20,000 km”. Several had previously disappeared and
reformed as the Holocene climate oscillated; however,
the latest to collapse, the 11,500 km? Larsen B, had
existed continuously since its formation 10,500 years
ago when the grounded ice sheet receded from the
continental shelf. This suggests that the current con-
ditions are unprecedented since before the last ice age,
at least 110,000 years ago. Research into the changes
on the peninsula suggests three key factors in ice shelf
collapse: (1) warmer ocean waters thin and weaken
the shelf; (2) a retreating front breaks through the
“compressive arch” of flow that helps lock the shelf
together in an embayment, allowing it to accelerate
and thin further; and (3) summer melting floods cre-
vasses in the shelf, creating a wedge more dense than
the surrounding ice that drives through to the base.
Weakened in this way, 3250 km” of the Larsen B
collapsed in less than a month in summer 2002.

The loss of floating ice shelves, although dramatic,
does not directly affect global sea level because they
are already displacing seawater. Recent satellite
observations after the Larsen A and B collapses
revealed the more significant consequences of their
loss: Their grounded tributary glaciers accelerated
by up to eight times, causing rapid thinning as ice
stored on land was discharged to the sea. The volume
of ice involved and consequent sea level rise was small



but this is seen as an important analogue for the much
larger ice stream-ice shelf systems of the East and
West Antarctic ice sheets, through which 80% of
Antarctic ice drains. It is now clear that intact shelves
restrict the flow of their tributary glaciers. Their loss
allows the glaciers to accelerate and thin, a process
that could threaten the stability of the much greater
body of ice in the West Antarctic Ice Sheet. The
Antarctic Peninsula’s changing glacial regime is dis-
tinct in several ways from the rest of the continent,
but nonetheless it serves as an important bellwether
for the future evolution of the Antarctic ice sheets.
HAMISH PRITCHARD

See also Antarctic Ice Sheet: Definitions and Descrip-
tion; Antarctic Peninsula; Circumpolar Deep Water;
Climate; Climate Change; CryoSat; Earth System, Ant-
arctica as Part of; Glaciers and Ice Streams; Ice Ages;
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The Antarctic petrel ( Thalassoica antarctica) belongs
to the “fulmarine petrels,” a small subfamily of tube-
nosed seabirds highly adapted to life in cold polar
oceans. The other fulmarines are snow petrel, Cape
petrel, the two species of giant petrels, and the south-
ern and northern fulmar. Only the last species has
found its way into the Arctic; all others roam the
Southern Ocean and breed on the Antarctic continent
and sub-Antarctic islands. The Antarctic petrel has a
distinctive dark brown-and-white plumage, with a
broad white bar over the dark upper wing and tail
(where Cape petrels are irregularly spotted) and with
white underparts.

In its choice of breeding locations, the Antarctic
petrel is the most extreme polar bird on Earth, and
because of that still a bit of a mystery bird. Breeding is
known only from continental east Antarctica with
several colonies on coastal islands and rocky out-
crops. But the main concentrations are found on
inland nunataks, the exposed mountain peaks pro-
truding from the Antarctic icecap. In late summer at
the maximum retreat of sea ice, nunatak colonies may
be several hundreds of kilometres away from nearest
open water.

The largest known Antarctic petrel colony is on the
Svarthamaren Mountains in Dronning Maud Land,
with 250,000 breeding pairs and a total of about
820,000 individuals including nonbreeders. Overall,
as of 2005, we know about thirty-five Antarctic petrel
colonies with a documented total of half a million
breeding pairs. However, an estimate derived from
at-sea studies in three of four apparent centres of
oceanic occurrence around Antarctica suggests a pop-
ulation as high as 4-7 million breeding pairs (10-20
million individuals). In spite of the tentative nature of
such an estimate, the disparity with the colony-
derived figure suggests potential existence of large,
as yet undiscovered colonies. Such colonies may par-
ticularly exist in the inland parts of western Antarc-
tica and Victoria Land, where a complete mismatch
exists between known colonies and bird numbers at
sea. Antarctic petrels nest fully in the open in large
tightly packed colonies on exposed boulder slopes,
but nevertheless the vast interior of the Antarctic
continent can still hold mysteries.

75



ANTARCTIC PETREL

At sea, Antarctic petrels prefer the subzero temper-
ature waters within and just north of the marginal ice
zone. Here they are seen in fast flying flocks or in large
concentrations roosting on icebergs. During winter,
they remain in this narrow latitudinal band around
the sea ice. They seem not to visit the breeding colo-
nies over winter, nor do they migrate farther north.
Already in sub-Antarctic waters, the species is an
unusual observation, and unfortunate stragglers that
end up near the Southern Hemisphere continents are
a rarity.

Breeding is highly synchronized among Antarctic
petrels even between the coastal and inland colonies.
In spring (late September to early October), Antarctic
petrels aggregate near the ice edge and then depart
south for their prebreeding visit to the colony. At this
time of year, the combined flight distance over sea ice
and ice cap to the colony may exceed 2000 km of
flight one way. With such flight capacities, birds
from deep inland colonies may be able to cross the
Antarctic Peninsula. Quite a challenge for a typical
seabird! But radar echo images from Halley Station
suggest that in spring, Antarctic petrels may be com-
muting between their inland colonies and open water
at altitudes of 1000 m.

After this long flight, Antarctic petrels show up at
the colonies in the second week of October. For about
two weeks they remain there to reestablish partner
bonds and nest ownership, clearing away snow,
engaging in courtship and copulating. Towards the
end of October, all birds depart for the long return
flight to open water to replenish their energy reserves.
The colonies are totally deserted during this “pre-
laying exodus.”

But within 3 weeks all of them return. The females
immediately lay the single egg that can not be
replaced if lost. The nest is not more than some rock
fragments and dirt scraped together. Virtually all lay-
ing is synchronized between 20 and 30 November.
Females leave the males behind for the first long
incubation shift, which may last up to two weeks.
The whole incubation takes almost seven weeks in
which males and females alternate incubation duties
in gradually shortening shifts. Chicks hatch in the
second week of January, after which it takes another
seven weeks before they are ready to fledge in late
February to early March. Parents guard the chick for
the first 10-15 days. During this time, failed and
nonbreeders also still attend their nest sites, but to-
wards the end of January all adults leave and only
successful breeders pay short visits to feed the chicks.
After the colony period, adults return to sea to moult
their plumage. Some birds may make short colony
visits in late April to early May, but most probably
stay out at sea until the next spring.
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Under the extreme Antarctic conditions, where
Antarctic Petrels breed earlier than the other petrels,
breeding success is often low, and typically well
under 50% of initial attempts. But the adults are
long-lived (over 97% adult annual survival), so fre-
quent breeding failure can be compensated by high
life expectancies.

As far as is presently known, Antarctic Petrel
populations are currently stable. But on a local
scale, serious effects of climate change have been ob-
served. Increased snowfall in Wilkes Land not only
caused increased egg freezing but made colonies ac-
cessible to predatory southern giant petrels (Macro-
nectes giganteus). Predation strongly reduced breeder
survival and indirectly caused near total breeding fail-
ure as temporarily abandoned eggs were taken by
South Polar skuas (Catharacta maccormicki).

The diet of Antarctic petrels is dominated by fish,
mainly Antarctic silverfish and lanternfishes. Squids
are also a common prey for self-provisioning birds.
Crustaceans such as krill and amphipods are an ex-
tremely common diet item but only occasionally dom-
inate other prey in diet mass. Opportunistic feeding
may include jelly-type prey. This diet of Antarctic
petrels should not lead to a lack of concern about
potential competition with commercial krill harvest-
ing. Indirectly, compared with direct krill consump-
tion, their diet may put heavier demand on krill stocks
because the fish and squid themselves may depend on
krill.

JAN A. vAN FRANEKER

See also Antarctic: Definitions and Boundaries; Cape
Petrel; Northern Giant Petrel; Seabird Conservation;
Seabird Population and Trends; Seabirds at Sea; Snow
Petrel; South Polar Skua; Southern Giant Petrel;
Squid; Zooplankton and Krill
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ANTARCTIC PRION
The Antarctic prion (Pachyptila desolata Gmelin
1789) is a member of the order Procellariiformes or
tube-nosed seabirds—the petrels, albatrosses, and
shearwaters. P. desolata is one of the most ubiquitous
petrels of the Southern Ocean. These birds can often
be seen flying in large, erratic swarms resembling
flocks of pigeons or doves in flight over the ocean.
Perhaps it is this image that suggests their other com-
mon names—dove prion, dove petrel, and whalebird.
Antarctic prions belong to the genus Pachyptila
(pachy, broad; ptila, wing), the taxonomy of which is
still debated. P. desolata are midsize petrels, weighing
between 150 and 160 g with a wingspan of about 65
cm. At sea, these birds can be seen individually, in
small groups, or in flocks of several thousand birds.
Like other prions, P. desolata is a cloudy, blue-gray
color, with a dark “M” mark across the backs of the
wings. The blue-gray on top is contrasted by a white
belly and under parts. The forehead, crown, and nape
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of the neck are also blue-gray color, with a grayish-
black suborbital patch on each side of the head. This
coloration allows them to blend into the backdrop of
the ocean when they are viewed from above or to the
side. Procellariiform aficionados are fond of noting
that prions are so effective at camouflage that navy
ships even co-opted their blue-gray color, presumably
to reduce their visibility to the enemy.

Antarctic prions were also colloquially known as
“scoopers” by whalers because of their unique style of
foraging. These birds capture their prey by hydro-
planing over the surface of the ocean with their
wings extended and their heads submerged. At the
same time, the bill is open exposing an upper mandi-
ble with a set of fringed strainers that are reminiscent
of a whale’s baleen. As the bird flies, water and crus-
taceans are flushed through the strainers, assisted by
the tongue and other muscular movements of the bill,
while, in the meantime, the skin of the bottom man-
dible extends into a pouch to hold the prey items.
Thus, by skimming along the surface of the water,
the bird is able to filter fine crustaceans and other
zooplankton from the ocean’s surface without ever
seeing them at all. Antarctic prions are versatile in
their foraging habits. In addition to filter feeding, they
can also dive to at least 3 m and are capable of
hunting prey by snatching it with their bill. In addi-
tion, detailed sensory studies have shown that Ant-
arctic prions have reduced binocular vision compared
with other petrels, suggesting that visually pinpoint-
ing and grasping prey may not be as essential to their
daily routine as it might be for other tube-nosed
species. These birds also have a remarkable sense of
smell that allows them both to track their prey by
smell like a bloodhound and to detect productive
areas of ocean where prey aggregations are likely to
be found. Results from numerous experiments suggest
that olfaction is critical to their ability to find their
prey, which includes a variety of crustaceans, meso-
pelagic fish, and squid.

Antarctic prions have a near-circumpolar distribu-
tion and are currently not globally endangered. These
birds are currently found nesting on a number of
sub-Antarctic islands including South Georgia, the
South Sandwich Islands, the South Orkney Islands,
the South Shetland Islands, Iles Crozet, Iles Kerguelen,
Heard Island, Macquarie Island, the Auckland
Islands, and Scott Island. These birds breed in a
more southerly range than other prion species, and
historically have nested even on the Antarctic conti-
nent. P. desolata nests underground, either in burrows
or in rocky crevices that can be up to 1 m deep. Birds
tend to nest together in loosely aggregated or dense
colonies, depending on the habitat and location. Ant-
arctic prions are subject to predation by other birds,
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including South Polar skuas (Catharacta maccor-
micki). This threat restricts them to a nocturnal life-
style on land. Prions, in general, are also particularly
vulnerable to rats (Rattus spp.) and feral cats (Felis
catus), which can decimate populations in breeding
colonies.

As with other procellariiforms, Antarctic prions
are long lived and assumed to be monogamous
because they return to the same burrow year after
year to rear their offspring. The breeding season
lasts throughout the summer months from late Sep-
tember through March or early April, depending on
the location. Birds nest annually and rear a single
offspring. Pairs come back to the nesting colony in
spring, mate, and then go back out to sea for a
“honeymoon” period (also known as the pre-egg ex-
odus) while the egg develops. This might be a period
in which the couple explores nearby foraging loca-
tion, but its purpose is still open for speculation.
Once the egg is laid, it must be incubated for at least
42 days, but eggs can also tolerate considerable
neglect if foraging conditions are not good for the
parents. In such cases, incubation can last as long as
50 days. Antarctic prions can recognize the scent of
their burrow, and use olfaction to locate it within the
colony. Recent studies have also shown that these
birds are sensitive to individual-specific odors, and
may even use odor cues to recognize the scent of
their mate. Prions are also noisy in breeding colonies
and pairs can frequently be heard vocalizing to
each other in the burrow during incubation shift
changeovers.

The way in which Antarctic prions provision
chicks has been studied in detail at Iles Kerguelen
and at South Georgia. At Kerguelen, researchers
have shown that Antarctic prions provision chicks
using a dual foraging strategy. Here, parents alternate
long foraging trips of about a week with a cluster of
shorter trips of 1-2 days. The long foraging trips
allow parents to feed themselves while the short for-
aging trip allows them to collect food for the chick.
Food for the chick is regurgitated as concentrated
stomach oil, which is the primary way nearly all pro-
cellariiforms feed their young. Although they are fed
daily, the growth rate of the chicks depends on the
quality of the food available. Thus, if krill (Euphausia
spp.) is farther offshore, chicks may grow more slowly
than when krill is readily at hand. Meanwhile, at
South Georgia, researchers have shown that Antarc-
tic prions can successfully rear young even in low
quality years when other procellariiforms fail. This is
because, unlike many other species, Antarctic prions
have the ability to switch among available food
resources, possibly due to the fact that they can resort
to filter feeding on calanoid copepods close to shore
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during time when a high-quality food resource like
Antarctic krill is not available.

Chicks fledge at about 45 days and adults leave the
colony by late summer, typically at least a week be-
fore their young have fledged. Because Antarctic
prions are too small to carry satellite transmitters,
little is currently known about their behavior once
they leave the nest.

GABRIELLE NEVITT

See also Auckland Islands; Birds: Diving Physiology;
Crozet Islands (iles Crozet); Fish: Overview; Heard
Island and McDonald Islands; Kerguelen Islands (iles
Kerguelen); Macquarie Island; Petrels: Pterodroma
and Procellaria; South Georgia; South Orkney Islands;
South Polar Skua; South Sandwich Islands; South
Shetland Islands; Squid; Zooplankton and Krill
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ANTARCTIC SURFACE WATER

In the Southern Ocean, the strong eastward flow of
the Antarctic Circumpolar Current is characterized
by continuous fronts that circle the globe. These
fronts are readily distinguishable by the isopleths of
properties sloping upward to the south. The fronts
are manifested at the surface as strong horizontal
gradients in temperature, salinity, and other oceanic
properties over distances of ~10 km. These property
gradients form boundaries between water masses,
separating the relatively warmer sub-Antarctic sur-
face waters of the north from the colder Antarctic
Surface Water to the south.

World ocean water masses are typically identified
by distinctive signatures of temperature, salinity, dis-
solved oxygen, and nutrients. Drake Passage is the
narrowest passageway through which the Antarctic
Circumpolar Current must squeeze and therefore pro-
vides a convenient chokepoint where Southern Ocean
water masses and their variations can be readily
measured and studied. The temperature and salinity
data collected in Drake Passage represent one of the
longest, year-round time series for examining proper-
ty characteristics and variability in the upper waters
of the Southern Ocean. At other longitudes there are
likely to be small variations in the horizontal property
distribution of the upper ocean water masses, as the
Antarctic Circumpolar Current meanders north and
south in response to changes in bottom topography.
In Drake Passage the main fronts of the current are
distinct features that divide zones of uniform water
properties, while in other regions the fronts may
split or merge to reveal a more complex, filamented
structure.

Property Characteristics of Upper Ocean
Water Masses in the Southern Ocean

Between 58° S and the continental margin of Antarc-
tica at 62° S, the Antarctic Surface Water (AASW) is
defined by surface waters with subzero temperatures
and salinities fresher than 34 above 150 m. During the
Southern Hemisphere winter, the AASW is colder,
slightly more saline, and extends to the sea surface,
where temperatures can reach as low as —1.9°C, near
the freezing point of water at these salinities. Surface
heating and ice melt during the spring and summer
months warms and freshens the AASW in the upper
50 m. A remnant of the deep winter mixed layer
persists throughout the austral summer and is gener-
ally marked by a subsurface temperature minimum,
typically below 0°C and centered around 100 m. This
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cold subsurface layer is often referred to as Winter
Water (WW). The large temperature change at the
northern extent of the WW marks the position of
the Polar Front, one of the major circumpolar fronts
associated with strong flows in the Antarctic Circum-
polar Current. The Polar Front is dynamically deter-
mined as the region where cold AASW sinks beneath
the warmer sub-Antarctic surface waters to the north,
and can be defined as the northern extent of waters
colder than 2°C at 200 m. The Polar Front can appear
in satellite observations as a strong gradient in sea
surface temperature (SST), particularly in winter
months when the 2°C isotherm outcrops into the
surface layer. Summer heating of the surface layer
results in a more southerly position than that deter-
mined from subsurface temperature measurements. In
Drake Passage the mean Polar Front location is at
58.3° S in both seasons, but its location is more vari-
able during winter. Although Polar Front meanders
at other longitudes result in more seasonal variability,
the dynamic expression of the Polar Front still sepa-
rates the Antarctic and sub-Antarctic surface water
masses.

Below the AASW lies the relatively warmer and
more saline Upper Circumpolar Deep Water mass
(UCDW), which has a temperature maximum near
2°C at 300 m. UCDW displays the least temporal and
spatial variability in temperature of all upper ocean
water masses in the Southern Ocean. In contrast,
salinity increases from 34.0 at the base of the AASW
to 34.7 at 600-700 m at the top of the underlying
Lower Circumpolar Deep Water (LCDW). Salinity
controls the density, and thus the stability, of the
water column at these latitudes. The UCDW is largely
a product of mixing between deep waters formed in
the North Atlantic and in the western Indian and
eastern Pacific sectors of the Southern Ocean, which
gives it low oxygen and high nutrient concentrations.
The UCDW and LCDW shoal poleward beneath
the sea surface, providing a marker for the southern
extent of the Antarctic Circumpolar Current.

The relatively fresh surface water in northern Drake
Passage is Subantarctic Surface Water (SASW), which
is also warmed by heating at the surface during
summer. Its surface temperature and salinity ranges
(4°C-14°C; 33.5-34.0) are larger than in AASW due
to greater variations in solar heating, precipitation
and evaporation at lower latitudes. Below the surface
layer lies the Subantarctic Mode Water (SAMW),
characterized by low variability in temperature and
salinity from 300 to 700 m. SAMW temperatures
range from 4°C-5°C while salinities range from 34.1
to 34.2. The southern extent of the SAMW in this
depth interval, the Subantarctic Front, marks the
northern boundary of the Antarctic Circumpolar
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Current, located near 56° S in Drake Passage. As with
the Polar Front, the Subantarctic Front also mean-
ders and can appear to be filamented with longitude
around the Southern Ocean.

Between the Polar Front and the Subantarctic
Front is a transitional region for Antarctic and Sub-
antarctic surface waters. Though a southward shoal-
ing of isotherms is characteristic, individual vertical
profiles in this zone commonly show water mass inter-
leaving and temperature inversions. Warm-core and
cold-core eddies extending from the surface layer
to depths below 700 m also frequently populate the
region. These eddies may be an efficient mechanism
for the exchange of water mass properties and
biological organisms such as phytoplankton across
the Antarctic Circumpolar Current.

The Role of Surface Waters in the Meridional
Overturning Circulation

The strong westerly winds that encircle the globe in
the vicinity of the Antarctic Circumpolar Current
drive a northward flow, or Ekman transport, in the
surface layers. V. W. Ekman developed a theory in
1905 showing that wind stress acting on the surface
layer is affected by the Earth’s rotation, such that flow
is to the left of the wind in the Southern Hemisphere
(and to the right in the Northern Hemisphere). As the
surface waters move northward, surface temperatures
increase from 1°C to 4°C-5°C, implying an oceanic
heat gain south of the Polar Front. This is also a
“buoyancy” gain and is thought to be achieved by
north-south excursions of atmospheric and oceanic
frontal storms, which provide the heat and fresh
water that reduces the density of the surface waters.
South of the westerly wind stress maximum, the
Ekman transport is divergent, and mass conservation
requires that this northward motion be balanced by
a southward flow. Evidence suggests this compen-
sation can generally be attributed to the southward
shoaling UCDW. Since Drake Passage latitudes have
no topography above 2000 m to support an east-west
pressure gradient to drive a southward geostrophic
flow, the poleward transport and upwelling of the
UCDW is probably accomplished by eddies. North
of the westerly wind maximum, the Ekman transport
is convergent so that the surface waters are driven
down into the ocean interior. In addition, a buoyancy
loss results from air-sea cooling in winter, deepening
the surface layers and leading to the formation of
the SAMW near the Subantarctic Front. While
SAMW s generally characterized by a well-mixed
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layer of high oxygen content, its properties may also
vary due to the north-south meandering of the Sub-
antarctic Front. The coldest, densest SAMW is the
Antarctic Intermediate Water (AAIW), which origi-
nates as a low-salinity layer formed in the region of
deepest mixed layers in the South Pacific just west of
Chile. Uncertainty remains about the role of the north-
ward transport of cool, fresh surface waters in main-
taining the volume and thickness of SAMW, but its
distinctive low-salinity, high oxygen properties pro-
vide a clear signature that can be traced throughout
the global ocean. The intermediate depth water masses
that are formed from these surface waters are known
to ““ventilate” a substantial fraction of the world ocean
volume.

The upper ocean meridional (north-south) circula-
tion described above is historically known as the Dea-
con Cell, after Sir George Deacon who described it in
1937, and in more recent literature as the upper cell
of the Meridional Overturning Circulation. Surface
waters transported northward in the Ekman layer as
part of this circulation play an important role in the
exchange of heat and fresh water with the overlying
atmosphere and sea ice in the Southern Ocean and
beyond. Variability in atmospheric forcing and cli-
mate in this region can be directly communicated via
water properties to the ocean interior and thereby
influence the storage of heat and freshwater at lower
latitudes. Because the solubility of carbon dioxide
increases with colder water, the Antarctic surface
waters and the Meridional Overturning Circulation
are thought to play a key role in regulating the
ocean’s capacity for the uptake of this greenhouse
gas. Temperature and salinity variations in Antarctic
surface waters may thus have important implications
for global climate change.

JANET SPRINTALL

See also Antarctic Intermediate Water; Chemical
Oceanography of the Southern Ocean; Circumpolar
Current, Antarctic; Circumpolar Deep Water; Eddies
in the Southern Ocean; Southern Ocean: Climate
Change and Variability; Southern Ocean: Fronts and
Frontal Zones; Southern Ocean: Vertical Structure;
Thermohaline and Wind-Driven Circulations in the
Southern Ocean
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ANTARCTIC TERN

Breeding populations of this species are distributed
on Tristan da Cunha, Gough Island, Bouveteya, the
Prince Edward Islands, Tles Crozet, Tles Kerguelen, Tle
Amsterdam, Ile St. Paul, Heard Island, Macquarie
Island, the Campbell Islands, Auckland Islands,
Snares Islands, Antipodes Islands, Bounty Island,
and offshore islands of New Zealand. In the region
of the Antarctic Peninsula, breeding populations
reach 68° S. They also breed on the South Shetland
Islands, South Orkney Islands, South Georgia, and
the South Sandwich Islands. The total population
may be 50,000 breeding pairs.

Antarctic terns breed on the coasts and islands of
the Antarctic and sub-Antarctic seas, especially on
cliffs, rocky islets, and beaches with or without vege-
tation, but also on gravel beaches and moraines. In
the northern area of their distribution, they breed in
different places: on Tristan da Cunha they are found
on ledges on offshore islands, and on the Snares and
Bounty Islands they nest solitarily on cliff ledges. In
many of these islands, the original breeding places
have been abandoned following the introduction of
predators, and the birds have moved to safer places
without rats (Rattus spp.) or cats (Felis catus) (e.g.,
on ile Amsterdam, where they are now found on
coastal cliffs inaccessible to cats).

Outside the breeding period, they have been ob-
served to be more oceanic, occurring near ice edges in
Antarctica, and also on rocky headlands and beaches
in South Africa or in the area of the cold-water cur-
rents of South America. Antarctic terns are not ship-
followers. There are few data on the movements of
Antarctic terns, but the species is believed to be only
partly migratory. In the region of the South Shetland
Islands, in the maritime Antarctic, birds have been
observed throughout the year. Large winter flocks
roost in South Africa.

The birds return to breed in loose colonies adjacent
to coastal waters, in some colonies very early (mid-
September in the South Shetlands Islands). Courtship
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behaviours such as courtship feeding and coordinated
flights occur and prospecting for nest sites has been
seen in early spring. The nests are shallow scrapes in
pebbles or shells. Some birds prefer slight depressions
in bare rocks or a thin layer of soil or vegetation. On
sub-Antarctic islands, thin layers of leaves are used
for nest building. Most scrapes contain small stones.
Laying occurs between mid-November and February,
later in more northern areas than in the south. There
are usually no more than forty widely distributed
nests in any one locality. This species is assumed to
be monogamous, and the pair bond may be main-
tained between breeding seasons. The birds defend a
small area around the nest. They lay two to three
mottled eggs in open, shallow, pebble- or shell-lined
scrapes on the ground. Incubation begins when the
first egg is laid. Incubation is by both parents for 23
days, with the chicks hatching from December to late
February. The nests are difficult to see as the eggs and
chicks are well camouflaged. Adult Antarctic terns
cooperate to defend their colonies from predatory
birds and mammals, although skuas (Catharacta
spp.) and kelp gulls (Larus dominicanus) still occa-
sionally manage to take eggs or chicks from unattend-
ed nests. Skuas are the main predators. The high rate
of predation is the reason for frequent re-laying.
Fledging of the chicks occurs from January through
to May, 23-32 days after hatching. The parents at-
tend their young for several weeks after fledging,
occasionally feeding their chicks.

Breeding success fluctuates greatly; on King George
Island, for example, it ranges between 3% and 86%.
The most important factors are human disturbance,
bad weather conditions (especially snow in spring),
and a high predation rate, especially by skuas and, in
northern areas, also by rats. Antarctic terns move their
colony not only from year to year but also during the
breeding season after human disturbance or predation
by skuas.

Antarctic terns feed mainly on small fish like the
Antarctic herring and on crustaceans such as krill,
amphipods, and isopods, and sometimes on molluscs
(limpets), polychaetes, algae, and insects. There are
different foraging methods, the shallow plunge with
full submersion or sometimes only surface plunging
or dipping. This depends on the conditions at sea. If
there is a calm sea, they prefer plunging to catch fish
or dipping to catch crustaceans but, in a rough sea,
surface plunging is the only effective means of obtain-
ing food. They also forage inshore or in lakes.

Their social behaviour has been studied in detail on
King George Island. Agonistic behaviour is the vi-
cious defence of the nesting territory against other
Antarctic terns and other species. There is a very
interesting bill-down threat display with loud calls,
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pressing the body forward with tail up and bill point-
ed down. The wings are away from the body. This
behaviour is also shown by the neighbours, and is
repeated sometimes. A similar behaviour is the bill-
up threat display against overflying birds, where the
bill is pointed skyward. There are some very common
forms of behaviour of varying intensities: crouching,
bowing, the aggressive upright, and the bent posture
for territory defence. Sometimes there are aerial fights
between neighbours. When skuas intrude into a tern
colony, the terns chase and mob the intruders.

Sexual behaviour includes ground courtship,
courtship flights, a greeting ceremony, and courtship
feeding. The courtship flights occur before egg-laying.
The male arrives carrying a small fish, which is offered
to the female. After the female has eaten the fish, the
pair tests several nest sites by pressing their breasts
into the potential scrape and scraping with the feet.
During courtship feeding, the female holds her wings
low and utters begging calls. During parading, the
male makes small steps, with lowered wings and
raised head. The greeting ceremony includes erect
and bent postures, and involves lowering the wings,
raising the tail and tilting the head. Copulation occurs
six days before egg laying.

A chick begs by rubbing its bill against that of its
parent. After this, the chick is fed by the adult, not
necessarily by the parent that has come from the sea.
Normally the foraging adult arrives with a fish and
lands 10-20 m away from the nest. The begging chick
runs out of its shelter (vegetation or stones) to the
adult and is fed the fish. The chick then returns to its
original place and the adult goes foraging again. Hid-
ing in vegetation or behind stones is a very important
antipredator behaviour of chicks.

Hans-ULRICH PETER

See also Algae; Amsterdam Island (ile Amsterdam);
Arctic Tern; Auckland Islands; Birds: Diving Physiolo-
gy; Bouvertoya; Campbell Islands; Crozet Islands (Tles
Crozet); Fish: Overview; Gough Island; Heard Island
and McDonald Islands; Kelp Gull; Kerguelen Islands
(iles Kerguelen); Kerguelen Tern; King George Island;
Macquarie Island; Prince Edward Islands; Skuas:
Overview; South Georgia; South Orkney Islands;
South Sandwich Islands; South Shetland Islands; St.
Paul Island (ile St. Paul); Terns: Overview; Zooplank-
ton and Krill
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ANTARCTIC TREATY SYSTEM

Who governs Antarctica? That was the issue that
faced twelve countries that had been active in the
Antarctic during the International Geophysical Year
(1957-1958). Almost 50 years on, there is still no
answer to that question upon which all parties could
agree other than “the Antarctic Treaty System.”
Practical? Yes. Legally watertight? For as long as
the system exists that question does not need to be
answered—it works.

The Antarctic Treaty System (ATS) is the whole
complex of arrangements made for the purpose of
regulating relations among states in the Antarctic.
At its heart are the Antarctic Treaty itself, numerous
Recommendations, Measures, Decisions, and Resolu-
tions adopted at meetings of the Antarctic Treaty
Parties, and which have become effective in accor-
dance with the terms of the treaty, the Protocol on
Environmental Protection to the Antarctic Treaty,
and three separate conventions dealing with the Con-
servation of Antarctic Seals (London, 1972), the
Conservation of Antarctic Marine Living Resources
(Canberra, 1980), and the Regulation of Antarctic
Mineral Resource Activities (Wellington, 1988). Al-
though the last convention, negotiated between 1982
and 1988, was destined, in the event, not to enter into
force, it marked a considerable advance in the atti-
tude of Antarctic Treaty Parties to environmental
protection. Many of the concepts featured in the
Protocol on Environmental Protection were first ela-
borated in the mineral resources convention.

The ATS also includes the results of Meetings of
Experts and the decisions of Special Consultative
Meetings and, at a nongovernmental level, reflects
the pervasive effects on many aspects of the system
of the work of the Scientific Committee on Antarctic
Research (SCAR) and, since 1989, of the Council
of Managers of National Antarctic Programs
(COMNAP). Measures and actions have been
adopted or taken as and when a present or future
need for them has been perceived. The practice has
been essentially pragmatic, and it was not until the
conclusion of the Protocol on Environmental Protec-
tion in 1991 that there was a systematic attempt to
provide a code for the regulation of all Antarctic
activities other than those covered by the two separate
conventions dealing with the conservation of seals
and marine living resources.



The Antarctic Treaty

The original parties to the treaty were the twelve
nations that were active in the Antarctic during the
International Geophysical Year of 1957-1958, and
then accepted the invitation of the US government
to participate in the diplomatic conference at which
the treaty was negotiated in Washington in 1959.
The treaty entered into force on 23 June 1961 fol-
lowing ratification by Argentina, Australia, Belgium,
Chile, France, Japan, New Zealand, Norway, South
Africa, the Soviet Union (now Russia), the United
Kingdom, and the United States. These countries
have the right to participate in meetings provided
for in Article IX of the treaty (“‘Consultative Meet-
ings””) and are accordingly known as Consultative
Parties. The treaty provides for accession by any
state that is a member of the United Nations, and
for accession by any other state by invitation of all
Consultative Parties. It provides for such states as
have acceded to the treaty and have demonstrated
their interest in Antarctica by carrying out substan-
tial scientific activity there to become Consultative
Parties. Thirty-three states have acceded to the trea-
ty, and of those sixteen states have become Consul-
tative Parties by becoming active in the Antarctic (in
addition to the original twelve).

Every year (before 1991 it was every 2 years) the
Consultative Parties meet “for the purpose of ex-
changing information, consulting together on matters
of common interest pertaining to Antarctica, and
formulating and considering and recommending to
their Governments measures in furtherance of the
principles and objectives of the Treaty.” Since 1983,
those countries party to the treaty that are not
Consultative Parties have been invited to take part
in these meetings as observers. In addition, special
Consultative Meetings are convened as deemed ap-
propriate by the Consultative Parties. Those con-
vened to acknowledge the Consultative Party status
of countries that have acceded to the treaty and have
demonstrated their interest by carrying out sub-
stantial scientific activity in the Antarctic have not
been attended by non-Consultative Parties. The non-
Consultative Parties were invited to take part in the
I'Vth and XIth Special Consultative Meetings, respec-
tively on Antarctic minerals and environmental pro-
tection, as observers. Finally there have been four
meetings of experts to consider questions of Antarctic
telecommunications, one to consider questions of air
safety, one to consider issues relating to environmen-
tal monitoring, one to consider shipping guidelines,
and one on tourism and nongovernmental activities.

ANTARCTIC TREATY SYSTEM
The Purpose of the Antarctic Treaty

The primary purpose of the Antarctic Treaty is to
ensure “in the interests of all mankind that Antarctica
shall continue forever to be used exclusively for peace-
ful purposes and shall not become the scene or object
of international discord.” To this end it prohibits
“any measures of a military nature’” but does ‘“‘not
prevent the use of military personnel or equipment for
scientific research or for any other peaceful purpose.”
The treaty provides for “freedom of scientific inves-
tigation in Antarctica, promote[s] international co-
operation in scientific investigation in Antarctica,”
encourages ‘‘the establishment of cooperative work-
ing relations with those Specialized Agencies of the
United Nations and other international organizations
having a scientific or technical interest in Antarctica,”
prohibits “any nuclear explosions in Antarctica and
the disposal there of radioactive waste material”” and
provides for detailed exchanges of information. “To
promote the objectives and ensure the observance of
the provisions of the...Treaty,” Consultative Parties
“have the right to designate observers to carry out
any inspection of...all areas of Antarctica, including
all stations, installations and equipment, and all ships
and aircraft at points of discharging or embarking
cargoes or personnel in Antarctica.”

The treaty applies to the area south of 60° S,
including all ice shelves, but nothing in the treaty
“shall prejudice or in any way affect the rights, or
the exercise of the rights, of any State under interna-
tional law...with regard to the high seas within that
area.” The broad practical effect of this article has
been that whereas the Consultative Parties have pro-
ceeded by means of measures provided for under
Article IX when dealing with matters pertaining to
land and ice shelves in Antarctica, they have pro-
ceeded by means of separate conventions, with inde-
pendent ratification and accession procedures, when
dealing with matters that affect their rights or the
exercise of their rights with regard to the seas within
the area of application of the treaty—hence the con-
ventions on the conservation of seals and marine
living resources.

The Sovereignty Question

At the root of the Antarctic Treaty lies its fourth
article dealing with territorial sovereignty. It safe-
guards the positions of three groups of states which
are parties to the treaty: those that had “previously
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asserted rights of or claims to territorial sovereignty
in Antarctica” (Argentina, Australia, Chile, France,
New Zealand, Norway, and the United Kingdom),
those that consider themselves as having “a basis of
claim to territorial sovereignty in Antarctica” (Russia
[then the Soviet Union] and the United States), and
those that do not recognize “any other State’s right of
or claim or basis of claim to territorial sovereignty in
Antarctica.” The same article, however, goes on to
provide that “no acts or activities taking place while
the present Treaty is in force shall constitute a basis
for asserting, supporting or denying a claim to terri-
torial sovereignty in Antarctica or create any rights of
sovereignty in Antarctica. No new claim, or enlarge-
ment of an existing claim, to territorial sovereignty in
Antarctica shall be asserted while the present Treaty
is in force.” It is this “no prejudice” that has under-
lain the development of the Antarctic Treaty System
over the years.

The safeguards of Article IV are not, however,
limitless. They might not, for example, protect a
state from consequences of acting in a manner that
was contrary to its known position on the sovereignty
issue. Some parties have attempted to proceed on an
assumption that Article IV had somehow “‘solved”
the sovereignty issue. But they, along with all other
Consultative Parties, have had to recognize that if
they push their view on sovereignty, whether for or
against, to what would in their view be a logical
conclusion, Article IV would not be able to take the
strain. Following recent extensions and definitions of
coastal state jurisdiction in accordance with interna-
tional law, it was recognized that events (e.g., unregu-
lated fishing or prospecting for minerals) could give
rise to such strains. Consultative Parties that assert
territorial claims would not accept that others should
take their fish or minerals without their leave. Neither
would those Consultative Parties that do not recog-
nize territorial claims accept that their access to fish or
minerals in the Antarctic Treaty Area could be denied
on the basis of territorial sovereignty and coastal state
jurisdiction.

Recognition of the potential for dispute inherent in
these issues of economic exploitation, from which,
once embarked upon, there could be no retreat by
either side, gave birth, as an exercise in preventative
foresight, to the living resources convention and then
to the minerals convention. In the negotiation of both
conventions the two sides of the sovereignty argument
fought vigorously for their respective positions. The
resulting conventions are expressions, on the one
hand, of the strength of national interest and, on the
other hand, the accommodations that could be ac-
cepted by both sides within the safeguards provided
for in Article I'V. It is thus that qualities of foresight in
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dealing with issues before they become insoluble, re-
straint in the pursuit of national interest, and recogni-
tion of the national interests of others, have come to
mark the ATS.

The Protocol on Environmental Protection to
the Antarctic Treaty

The publication in 1987 of the discovery of the
“ozone hole” over Antarctica first demonstrated
that humankind really was capable of changing the
environment on the global scale. It acted as a catalyst
for three major Antarctic events: the demise of the
minerals convention four years later, the conclusion
in 1991 of the Protocol on Environmental Protection
to the Antarctic Treaty, and the frustration of
an attempt within the United Nations to overturn
the Antarctic Treaty. The protection of the Antarc-
tic environment became the international political
imperative.

The Convention on the Regulation of Antarctic
Mineral Resource Activities, concluded in 1988 in
Wellington following 6 years of innovative negotia-
tion, was replaced by a ban on all mineral resource
activities (except scientific research) under the terms
of Article 7 of the protocol. But the scope of the
protocol is a great deal wider than was recognised
by those who saw in it only the minerals ban. Its
objective is to ensure that “the protection of the Ant-
arctic environment and dependent and associated
ecosystems...shall be fundamental considerations
in the planning and conduct of all activities in the
Antarctic Treaty Area.”

The environmental protection protocol establishes
certain environmental principles; says that nothing in
the protocol ‘“‘shall derogate from the rights and
obligations of Parties to the protocol under other
international instruments in force within the Antarc-
tic Treaty system”; provides that environmental im-
pact assessment shall be the primary mechanism to
ensure that the environmental principles are adhered
to; establishes a Committee for Environmental Pro-
tection, full membership of which is not restricted to
Consultative Parties; provides for annexes on any
matter to do with the protection of the Antarctic
environment to be added to the protocol; and estab-
lishes a procedure for the compulsory settlement of
disputes, arising from the interpretation or applica-
tion of the protocol. So far there have been five
annexes to the protocol, dealing with environmental
impact assessment (I), conservation of fauna and
flora (II), waste disposal and management on land
(III), prevention of pollution at sea (IV), and area



protection and management (V). The primary pur-
pose of distinguishing between the protocol itself and
annexed measures is to provide for “amendments
and modifications [of an annex] to become effective
on an accelerated basis.”

Scientific Committee on Antarctic Research

As befits developments under a treaty dealing with a
part of the world about which comparatively little is
known, and of which one of the main purposes is to
establish and maintain freedom of scientific research,
there is a close relationship between science and the
consultative machinery of the treaty established under
Article IX. Frequently a problem may be identified
about which scientific advice is needed before decid-
ing what, if any, action is required. The channel for
requesting such advice is through the respective gov-
ernments of the Consultative Parties to their National
Antarctic Committees normally established under the
auspices of their national Academy of Science or
National Research Council. These National Antarctic
Committees will, in turn, through their delegates sub-
mit the request for advice to the Scientific Committee
on Antarctic Research (SCAR) established by the
International Council for Science (ICSU).

The primary purpose of SCAR is to formulate and
coordinate Antarctic scientific research programmes.
The Consultative Parties have frequently needed sci-
entific advice on a matter in hand but for the first 30
years there were no formal links between SCAR and
the treaty system: the necessary channels were
through national committees. A request for scientific
advice would emanate from a treaty meeting, it would
be referred to one of the SCAR Working Groups
(now known as Standing Scientific Groups), and the
advice would then be transmitted back through na-
tional committees and treaty governments to a Con-
sultative Meeting for consideration. The advantage of
these arrangements was that it distanced the science
from the politics, ensuring a fair degree of indepen-
dence. But things changed with the adoption of the
Protocol on Environmental Protection. Its Commit-
tee on Environmental Protection implied “hands on”
use of science in pursuit of environmental objectives.
Thus the protocol provides for the president of SCAR
to participate in the Committee on Environmental
Protection, and SCAR has established a Standing
Committee for the Antarctic Treaty System. There is
little else in the way of formal relationship between
the treaty governments on the one hand and SCAR
on the other. But the system allows for the treaty
governments to have access to a wide spectrum of
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independent scientific advice available through the
scientific unions and committees of ICSU. From
time to time the scientists in SCAR may, on their
own initiative, seek to advise treaty governments of
some concern that they feel should be taken up inter-
governmentally within the consultative machinery of
the treaty.

Council of Managers of National Antarctic
Programmes

In the early days of the treaty there were concerns
about the practical way of doing things in the Antarc-
tic—how to design weatherproof buildings or how to
get a tractor out of a crevasse. Meetings were held
under the auspices of SCAR. Proven techniques could
be adopted more widely; dead ends could be avoided.
These meetings developed into the SCAR Working
Group on Logistics. In 1989, a Council of Managers
of National Antarctic Programs (COMNAP) was
established to provide a freestanding forum for con-
sultation and cooperation between countries active in
Antarctica at the practical level. It has a Standing
Committee on Antarctic Logistics and Operations to
provide practical and technical advice. COMNAP is
now less concerned with practical allowances/prohibi-
tions and more with the nuts and bolts of cooperation
on the ground so that the best use is made of costly
Antarctic logistics.

International Organisations

The Consultative Parties, as and when the need has
arisen, have involved other international organiza-
tions in the work of the Antarctic Treaty System.
The World Meteorological Organization and the
International Telecommunications Union have had
representatives at specialist meetings on Antarctic
meteorological telecommunications; the Food and
Agriculture Organization, the International Whaling
Commission, the Intergovernmental Oceanographic
Commission, the International Union for the Conser-
vation of Nature and Natural Resources (IUCN, now
known as the World Conservation Union but, like
ICSU, has maintained its previous acronym) are
among the international organizations participating
in the work of the Commission established by the
Convention on the Conservation of Antarctic Marine
Living Resources. Since the XVth Antarctic Treaty
Consultative Meeting nine intergovernmental organi-
zations (IOC, ICAO, THO, IMO, TUCN, UNEP,
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WMO, WTO, IPCC, and PATA) have been invited
to participate in the work of Consultative Meetings
relevant to their respective interests. In addition,
two umbrella nongovernmental organisations, the
Antarctic and Southern Ocean Coalition (ASOC)
and the International Association of Antarctic Tour
Operators (IAATO), participate in Consultative
Meetings as experts.

Has It Worked?

When the treaty was negotiated at the height of the
Cold War no one knew whether the then-superpowers
would be able to cooperate in the interests of main-
taining the peace in the Antarctic, or whether agree-
ment between states claiming sovereignty and those
that did not recognise such territorial claims would be
possible. Some said that competition for Antarctic
resources would wreck the treaty. The treaty’s genius
was that it said only what it had to be said to provide
a framework within which peace could be maintained
and no more, but how it was to be maintained was left
to the parties. Some thought that it should be put on
the shelf until such time as a problem arose; others
recognised that unless the consultative machinery was
exercised it might not stand the strain when the need
came. Cooperation needed to become the habit rather
than the exception. Much of what the treaty has
achieved over the years has been about the encour-
agement of that habit. The Antarctic Treaty System
will continue for as long as governments maintain
their interest in the Antarctic. The risk otherwise is
that the treaty area might become the ““scene or object
of international discord”—surely unthinkable.

An afterthought: As a consequence of the provi-
sion in the Moon and Celestial Bodies Treaty of an
article derived from Article IV of the Antarctic Trea-
ty, the only part of the universe where humankind can
exercise exclusive jurisdiction on the basis of territori-
al sovereignty is that part of planet Earth outside the
Antarctic Treaty area—no shots have been fired in-
side the Antarctic Treaty area. For almost fifty years
the Antarctic has been a political laboratory where
the respective merits of jurisdiction based on territory
and on nationality have been fought out in debate
marked by forbearance—a tribute to those who en-
gaged in the debates but, more than anything, to the
unique and all-pervading nature and force of the
Antarctic itself.

Joun Heap
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ARCHAEOLOGY, HISTORIC

Historical archaeology in Antarctica and on the con-
tinental and sub-Antarctic islands has been mostly
limited to site surveying to provide basic documenta-
tion of historic sites, the removal of ice within historic
huts, and a few excavations.

There are a wide variety of sites of interest to histor-
ians and archeologists associated with early sealing
and whaling, farming activity, science, shipping, and
exploration. Most are located in coastal areas where
there was ready access from the sea and are generally
of great archaeological significance.



For Antarctica and the continental islands the sites
include:

¢ Evidence of British and American sealers and
whalers, dating back to the late 1700s with
remains of ships; rock and wood huts and occu-
pied caves found in the South Shetland Islands
off the Antarctic Peninsula.

e Industrial sites associated with whaling on the
island of South Georgia and Deception Island.

e Wooden and rock huts, caves, camp sites, mid-
dens, supply depots, message posts, cairns, me-
morial crosses, and graves associated with the
“Heroic Era” of exploration (1895-1917) in the
Ross Sea region, including the Trans-Antarctic
Mountains and Commonwealth Bay; the
remains of two ships, Antarctic and Endurance,
in the Weddell Sea off the Antarctic Peninsula;
and artifacts and a tractor on the sea floor at
Cape Evans, Ross Island.

* Wooden huts, middens, and equipment asso-
ciated with sites occupied during the British
“Operation Tabarin 17 (1943-1944), the United
States Antarctic Service Expedition (1939-
1941), the Finn Ronne Antarctic Research
Expedition (1947-1948), and the former United
States  (1957-1959)/Australian  (1959-1960)
Wilkes Station.

The sub-Antarctic islands, which include six
groups between latitudes 50°-60° S and the more
temperate island groups south of New Zealand
(Campbell, Auckland, Bounty, Antipodes, and the
Snares), all have important archaeological sites asso-
ciated with sealing, whaling, farming, and science.
Included are try works and remains of huts, castaway
depots, cemeteries, and villages. On Auckland Island
is located the extensive Enderby settlement, a ceme-
tery, and sites of military significance, from the
“Coast Watchers” in World War II.

In the 1960s, when New Zealand field parties
removed ice from within three huts associated
with the expeditions of Carsten E. Borchgrevink
(1899-1900), Robert Falcon Scott (1901-1904 and
1910-1913), and Ernest Shackleton (1908-1909 and
1914-1917), there was little emphasis on archaeology
as we know it today. Excavation methods were es-
sentially the use of pick and shovel with the main
emphasis on artifact recovery and making the huts
snow-proof. Only sparse records were maintained and
artifact conservation was not thought of. Subsequent
work also saw considerable information lost during
the clearance of middens about the huts that had the
potential to provide significant knowledge on the
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occupation and privations suffered by early expedi-
tions, and locations of artifacts about the huts was
seldom recorded.

In the late 1970s, however, New Zealand led the
way when for the first time systematic archaeology
was demonstrated outside Scott’s hut at Cape Evans.
This pioneering work, which involved the use of
heavy black polythene to help thaw surface deposits
and the detailed recording of many artifacts located in
the volcanic scoria, was followed closely in January
1978 by Australia, at Mawson’s huts on Cape Deni-
son, Commonwealth Bay. Here artifacts located in-
side the ice-filled huts were carefully documented and
replaced in their original position, and the work was
recorded on plans and with video and still film.

The establishment in New Zealand of a Historic
Sites Management Committee in 1980 led to the com-
pilation of the first Management Plan for the huts
erected by Scott and Shackleton on Ross Island. This
in turn resulted in the formation in 1987 of the Antarc-
tic Heritage Trust and guidelines determining how
future archaeological work should be undertaken. In
the period 1988-1990, archaeologists using a range of
equipment including a small electric percussion drill,
excavated a stores annex and stables at Cape Evans
and the unroofed “‘stores hut” at Cape Adare.

At Cape Denison Australian archaeologists work-
ing alongside artifact conservators in the 1990s intro-
duced an important new phase in the way in which
excavations were undertaken at historic sites. On
Livingston Island, South Shetland Islands, a com-
prehensive survey of early sealing sites and ship-
wrecks was completed in 1957-1958 by scientists
from the British Antarctic Survey and further work
has been done by scientists from Chile. Since 1988,
archaeologists from Argentina have removed ice
from the wooden hut built on Snow Hill Island for
Otto Nordenskjold’s Swedish South Polar expedition
(1901-1904). Further artifacts were removed from
Nordenskjold’s rock hut on Paulet Island; however,
no detailed plans were compiled for either archaeo-
logical site.

Historical archaeology also includes site surveys,
and, with support from the British Antarctic Survey
and the United States National Science Foundation,
artifacts at Port Lockroy on Gauvier Island and at
East Base on Stonington Island have been carefully
documented. With exception of some recording with-
in the remains of a hut at Port Lockroy built for
Operation Tabarin 1, no archaeological excavations
have been carried out.

On the sub-Antarctic islands, extensive recording
of historic sites associated with sealers and some
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archaeological work on hut remains has been done by
Australian scientists on Macquarie Island and on
Heard Island. Field work on New Zealand’s sub-Ant-
arctic islands has been mostly concerned with site
surveys and documentation.

In contrast to work done at temperate latitudes,
field work in Antarctica is restricted to a few weeks
each summer and is reliant on fine weather. While
much has already been achieved at the key historic
sites, there is still potential for further work; howev-
er, sites such as Cape Adare, Cape Denison, and
Cape Evans (the largest site from the Heroic Era)
must each be treated differently. They have a variety
of problems that determine how archaeology can be
done and these range from the effects of penguin
guano and fungi on artifacts and the huts to metal
corrosion, the effects of ultraviolet light, high relative
humidity, damage by wind, and unknowing damage
by visitors from tour ships and national pro-
grammes. Recent sites such as East Base and the
former Wilkes Station also offer great possibilities
for historic archaeology.

Strict controls are now in place for any work
through national programmes, and all archaeology
at historic sites, whatever it may be, must be weighed
against the relevant conservation plans for the sites,
formally sanctioned, and subject to permits. In Ant-
arctica all historic sites are protected by the 1991
Protocol on Environmental Protection to the Antarc-
tic Treaty, while historic sites on sub-Antarctic islands
are protected by legislation of the country responsible
for the islands. In the case of New Zealand this is by
the Department of Conservation, which limits num-
bers of visitors and also issues permits for any archae-
ology. It is vitally important that all archaeological
work, including excavation, takes into consideration
the ICOMOS 1990 Charter for the Protection and
Management of the Archaeological Heritage.

Historical archaeology in Antarctica and the sub-
Antarctic can provide a better understanding of
the cultural heritage and while there is a great future
for the discipline, it can be argued that this may
always remain second to such sources as published
works, diaries and other manuscripts, and museum
collections.

Davip L. HARROWFIELD

See also Antarctic Peninsula; Protected Areas Within
the Antarctic Treaty Area; Australasian Antarctic Ex-
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pedition (1907-1909); British Antarctic (Southern
Cross) Expedition (1898-1900); British Antarctic
( Terra Nova) Expedition (1910-1913); British Antarc-
tic Survey; British National Antarctic (Discovery) Ex-
pedition (1901-1904); Deception Island; History of
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ARCTIC AND ANTARCTIC RESEARCH

INSTITUTE, RUSSIA

The Arctic and Antarctic Research Institute (AARI)
in St. Petersburg originated as the Northern Scientific
Commercial Expedition on March 4, 1920. In 1925,
the Expedition became the Institute of Northern
Studies, and in 1930 the All-Union Arctic Institute.
In 1939, it was renamed the Arctic Research Institute.
In 1958, by the decision of the government of
the USSR, it was entrusted with organization and
coordination of national studies and operations in
the Antarctic, after which it received its present
name. In 1963, AARI was placed under the control
of the Main Administration of the Hydrometeo-
rological Service of the country (present Federal
Service for Hydrometeorology and Environmental
Monitoring).

AARI is one of the world’s largest centers of polar
scientific research. It became widely known in the
1930s after conducting numerous successful Arctic
expeditions in the marginal Siberian shelf seas and
the central Arctic Basin. These include the first voyage
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of the icebreaking vessel Sibiryakov (1932) in one sum-
mer navigation period from Arkhangelsk to Vladivos-
tok, organization of the first drifting North Pole
station (1937-1938), and an airborne expedition to
the area of the Pole of Relative Inaccessibility (1941).
One of the major directions in AARI’s activity since
the 1930s has been providing scientific-operational
information and forecasts on the state of water, ice,
and atmosphere along the Northern Sea Route. In the
1970s, such navigation on some segments of this route
was year-round. In support of shipping, detailed inves-
tigations were made on the peculiarities of ice regimes,
tides, sea-level oscillations, currents, waves, physical
and mechanical ice properties, and characteristics of
the ice performance of different types of ships in the
Siberian shelf seas and river mouths.

Full-scale materials for scientific studies of the In-
stitute were collected by means of numerous drifting,
marine, airborne, river, and land expeditions over the
entire far north of the country and in the near-pole
areas of the Arctic. In addition, data of coastal and
island polar stations and transport vessels and ice-
breakers were subjected to scientific analysis and gen-
eralization. In the 1970s and 1980s, the Arctic region
covered by scientific studies by AARI was significantly
expanded when a fleet of seven research vessels was
built for the Institute. The Greenland and Norwegian
seas and the North Atlantic were a major study area
at that time. Comprehensive large-scale experiments
were conducted throughout the entire Arctic aiming
to reveal the natural ocean—atmosphere interaction
mechanisms in the region. These studies were called
the Polar Experiment—North. As a result, the process-
es of genesis and transformation of water masses,
specific features of water circulation and ice, and
their seasonal and interannual variability were inves-
tigated. Main regularities and types of the atmosphere
circulation, their relations to the helio-geophysical
processes, characteristics of the Arctic Ocean fresh-
water balance, etc., were determined.

Modern scientific studies of AARI in the Arctic are
conducted within a wide range of Earth sciences:
climatology, meteorology, oceanography, land water
hydrology, geophysics, ecology, glaciology, geomor-
phology, sea-ice/offshore structure interaction, and
polar medicine.

The AARI staff began regular studies in the Ant-
arctic in 1956 within the framework of the national
Arctic expeditions of the USSR Academy of Science.
Since 1958, the activities of the Russian (Soviet) Ant-
arctic Expedition (RAE) have been organized and
coordinated directly at AARI. These functions are
fulfilled by the departments of logistics support and
perspective planning of RAE activity. The AARI spe-
cialists participated directly in the discovery and

study of many geographical features of East Antarc-
tica. When the geographical stage of studies of Ant-
arctica was replaced by investigations of the regular
features of formation and variability of natural pro-
cesses, the Institute’s scientific programs began to
play the leading role in the national Antarctic pro-
gram of the country. Studies in meteorology, aerol-
ogy, oceanography, geomagnetism, structure and
dynamics of the ionosphere and ozonosphere, limnol-
ogy, glaciology, geomorphology, paleoclimatology,
and polar medicine that were mainly performed by
AARI staff allowed a detailed investigation of the
main environmental compartments of the region.
The results of these studies were published in two
volumes of the Atlas of the Antarctic (1966 and
1969), which received wide recognition among scien-
tists in many countries.

The AARI staff has become most renowned for the
results of the cycle of studies of structure and dynam-
ics of geomagnetic processes in polar caps when a
specially developed PC index was proposed as an
integral numerical indicator of the magnetic pertur-
bation state. Another example is a wide known curve
of four paleoclimatic cycles obtained from the ice core
data at Vostok station for the last 420 kyr. Studies
of crystalline composition and gaseous content of
congelation ice from the lower horizons of Vostok
ice core formed of frozen water of the subglacial
Lake Vostok have won worldwide recognition. Mod-
ern AARI research in the Antarctic is carried out
within the framework of the subprogram “Study
and Research of the Antarctic” of the Federal Pro-
gram “World Ocean” where the Institute is a princi-
pal executor in fourteen of nineteen projects in the
direction “Fundamental studies.” These are studies of
the processes of current climate formation and its
future changes, determination of the climate-forming
role of the Southern Ocean, studies of paleoclimatic
changes based on ice-core data from deep boreholes
and bottom sediments of the water bodies, study of
the subglacial Lake Vostok, assessment of the struc-
ture and dynamics of geophysical processes in polar
caps, mechanisms of impact of helio-geophysical
perturbations on living organisms, study of aerosol-
optical properties of the atmosphere, and generation
of the geoinformation system of Antarctic data.
The activities in the direction of the subprogram
“Scientific-applied studies and developments,”
“Monitoring of natural media of the Antarctic,” “En-
vironmental protection” and ‘“‘Logistics support for
operation of the Russian Antarctic Expedition™ are
carried out by AARI staff in the RAE structure.

At the present time, the AARI staff numbers
880 specialists, among which 330 work at seventeen
scientific departments of the Institute. In addition
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to scientific departments, the Institute’s structure
includes RAE, Fleet Department, and Center of Ice
and Hydrometeorological Information “Sever.”” The
AARI runs the R/V Akademik Fedorov and Professor
Multanovsky.

The experimental ice tank operates at the Institute
testing models of ships and engineering structures.

AARI has wide international relations actively
cooperating with research institutions of Australia,
Germany, Norway, the United States, France, and
Japan. The Institute’s structure includes the Rus-
sian-German and the Russian-Norwegian Scientific
Laboratories where joint studies are conducted and
where young scientists of these countries work under
special grants.

In 1994, AARI was assigned the status of the State
Research Center—the highest level of recognition of
research institution in Russia regardless of its agency
affiliation.

In different years, such prominent polar explorers
as Rudolf Samoilovich, Vladimir Viese, Viktor Bui-
nitsky, Georgy Vangengeim, Alexander Girs, Pavel
Gordienko, Mikhail Somov, Aleksey Treshnikov,
and Yevgeny Korotkevich worked at AARI.

VALERIE LUKIN

See also Climate Change; Ice Core Analysis and Dating
Techniques; Lake Vostok; Russia: Antarctic Program;
Sea Ice: Types and Formation; Sea Ice, Weather, and
Climate; Subglacial Lakes; Vostok Station
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ARCTIC TERN

The Arctic tern (Sterna paradisaea) has a circumpo-
lar distribution, breeding abundantly in the Arctic
and sub-Arctic regions of Europe, Asia, and North
America in colonies on coastlines, islands, and occa-
sionally inland on tundra near water. During the
nonbreeding period, Arctic terns migrate annually to
as far south in the Southern Hemisphere as the edges
of the Antarctic pack ice.

This species is highly migratory, flying from its Arc-
tic breeding grounds to its wintering areas in the Ant-
arctic. This migration ensures that this bird sees more
daylight than any other creature on the planet. The
journey, of at least 19,000 km one way, is the longest
known migration of any species. One particularly
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spectacular example was of an Arctic tern banded as
a chick, not yet able to fly, on the Farne Islands off
the Northumberland coast of eastern England in the
summer of 1982. This bird reached Melbourne, Aus-
tralia, in October of the same year, having flown over
22,000 km in just 3 months from fledging—an average
of over 240 km per day and one of the longest
journeys ever recorded for a bird. The length of this
migration suggests that in its lifetime an average
Arctic tern will travel a distance equal to going to
the moon and back.

The nonbreeding areas in the Antarctic pack-ice
zone are mainly between 55° E and 155° E in the
Indian Ocean sector, but the species has been seen
all around the Antarctic continent. There are two
main migratory routes: from breeding sites in Siberia
and Alaska southward along the Pacific coasts of
North and South America (in limited numbers also
across the central Pacific) between August and
December, then across the Drake Passage to Antarc-
tica. Birds from Atlantic breeding places in North
America, Greenland, islands in the Northern Atlantic
Ocean, Europe, and coastal Siberia migrate over the
Atlantic Ocean near western Europe and West Africa,
partly in a broad front or crossing the Southern
Ocean. Few birds have been reported in the Indian
Ocean. Circumnavigation of the Antarctic continent
has been reported, and some of the nonbreeders re-
main in the Southern Hemisphere and do not migrate
to the north.

Breeding Behaviour

Egg laying takes place from May to July, depending
on the latitude of the breeding locality, air tempera-
ture, and food availability, in colonies ranging in size
from just a few to 300 pairs. Two to three eggs are laid
and incubated for 22-27 days. The chicks fledge after
21-24 days. The Arctic tern is the most aggressive
tern, fiercely defensive of its nest and young. It will
attack humans and other large predators, usually
striking the top or back of the head. Although it is
too small to cause serious injury, it is capable of
drawing blood.

Like all Sterna terns, the Arctic tern feeds by
plunge-diving for fish, usually from the sea, although
occasionally also fishing in coastal freshwater
lagoons. It often dives from a ‘“‘stepped-hover.” The
offering of fish by the male to the female is part of the
courtship. In the Antarctic, Arctic terns feed in water
near the edge of pack ice, especially between ice floes.
They mostly take food from just below the water
surface by dipping. They feed on fish, crustaceans



(copepods, amphipods, and also krill), and, in the
Arctic, on insects.
Hans-ULRICH PETER

See also Antarctic Tern; Kerguelen Tern; Terns: Over-
view
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ARGENTINA: ANTARCTIC PROGRAM
Argentine Antarctic activities started early in the
nineteenth century when sealers and whalers sailed
south of South America looking for new hunting
areas. Scientific activities started at the beginning of
the twentieth century when José Maria Sobral (later
PhD in geology from the Uppsala University in
Sweden) joined the Swedish South Polar Expedition
(1901-1904) commanded by Otto Nordensk;jold,
which wintered two years in Antarctica. Around the
same time, W. S. Bruce, leader of the Scottish Nation-
al Antarctic Expedition, turned over to Argentina the
meteorological and geomagnetic observatory (today
Orcadas Station) located on Laurie Island, South
Orkney Islands; this observatory continues to run at
the start of the twenty-first century, having run with-
out interruption for more than a century. In 1951,
Argentina set up the first worldwide institution fully
dedicated to Antarctic research: the Instituto Antdr-
tico Argentino (IAA). Logistic operations started with
the rescue of the Nordenskjold expedition carried out
by the Argentine Navy’s corvette Uruguay under the
command of Lieutenant Julian Irizar in 1903.

The Argentine Antarctic Program is composed of
several organizations forming the highest levels of the
National Government. Logistics are provided by the
Argentine Army, under the Defense Ministry, whereas
all other activities are ruled by the Direccion Nacional
del Antartico-Instituto Antartico Argentino of the
Ministry of Foreign Affairs. The program spends ap-
proximately the equivalent of $10 million to $12 mil-
lion US each year for Antarctic activities. The purpose
of the Argentine Antarctic Program is to support,
strengthen, and increase the Argentine sovereign
claims over the portion of the Antarctic continent
and surrounding seas from 25° W to 74° W and from
60° S to the Pole (“Sector Antartico Argentino”).

ARGENTINA: ANTARCTIC PROGRAM

Argentina is the closest country to Antarctica and
runs six permanent scientific stations, the most of any
country. They are Orcadas (60°44’ S, 44°44' W), Laurie
Island, South Orkney Islands; Jubany (62°14’ S 58°4(/
W), King George (25 de Mayo) Island, South Shetland
Islands; Esperanza (63°24" S, 57°00' W), Hope Bay,
northern tip of the Antarctic Peninsula; Marambio
(64°14" S, 56°38' W), Seymour (Marambio) Island,
northwestern Weddell Sea; San Martin (68°08’ S,
67°06’' W), Barry Island, Margarite Bay, and Belgrano
11(77°52' S, 34°37 W), Bertrab Nunatak, southeastern
Weddell Sea. Additionally, Argentina maintains seven
seasonal (nonpermanent) stations: Brown (64°53" S,
62°53' W), Paradise Cove; Primavera (64°09’ S, 60°58'
W), Danco Coast; Decepcion (62°59' S, 60°41’ W), 1° de
Mayo Bay, Deception Island; Melchior (64°20° S,
62°59" W), Observatory Island, Melchior Archipelago;
Matienzo (64°59’ S, 60°07° W), Larsen Nunatak, Wed-
dell Sea; Camara (62°36' S, 59°56' W), Half Moon
Island, South Shetland Islands; and Petrel (63°28" S,
56°12" W), Welchness Cape, Antarctic Strait.

Orcadas Station is the oldest Argentine station in
the Antarctic, and Marambio the newest and the only
one built after the Antarctic Treaty was signed. It has
a dirt airstrip that allows year-round landing of
heavy-duty planes with conventional wheels (C-130
Hercules) carrying up to 12 tons of cargo. Belgrano
IT is the southernmost active station in the Weddell
Sea area and the departure and return point of the
two land-traveled Argentine expeditions to the South
Pole carried out up to now.

The logistic support for Antarctic activities is
provided by the Argentine Army. The Argentine
Navy runs Orcadas Station and operates a large ice-
breaker named A/mirante Irizar, built 25 years ago in
Finland specially for the Argentine Antarctic Pro-
gram; an oceanographic vessel (Puerto Deseado);
and several smaller patrol vessels. The icebreaker
brings two heavy-duty Sea King-type helicopters.
Air operations from South America and within Ant-
arctica is provided by the Argentine Air Force
through several C-130 Hercules planes, a small
DHC-6 Twin Otter plane year round based on Mar-
ambio Station, and Bell 212 helicopters deployed in
Marambio Station during the summer. The Argentine
Army provides support running three permanent sta-
tions (including the two southernmost ones) and sup-
porting scientific land expeditions. The Direccidén
Nacional del Antartico operates Jubany Station and
provides logistic support to the scientific field camps
and refugees. Jubany Station holds the Argentine-
German Dallmann Laboratory dedicated to marine
biology and geological studies.

The science program is run by the Instituto Antar-
tico Argentino (IAA). The scientific priorities were set
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according to the National Antarctic Policy to investi-
gate, understand, and preserve natural resources, to
protect the environment, and to maintain the histori-
cal monuments. Accordingly, the main research lines
are focused on fisheries, marine ecosystems, mineral
resources, climate change, environmental protection,
and history of human activities in Antarctica. To
accomplish this task the IAA is comprised of scientific
departments (biology, geology, glaciology, oceano-
graphy, etc.) grouped into three major areas: life
sciences, Earth sciences, and ocean and atmospheric
sciences. The research programs, run by members of
the TAA permanent staff, are open to any scientist
from Argentina. Presently the IAA scientific program
consists of more than thirty research projects and
fifteen scientific activities carried out in cooperation
with other national (mainly universities and the Ar-
gentine National Council of Sciences) and interna-
tional (US, France, Germany, Italy, Spain, Japan,
Canada) scientific institutions.

SERGIO A. MARENSSI
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ART, ANTARCTIC
Because the physical environment of the Antarctic is
so foreign to human experience, most of the art made
about it by the fewer than two hundred artists to have
visited the continent has been landscape work with a
strong topographical nature, in particular panoramic
views. In addition there have been various records of
the expedition activities as well as some important
natural history illustrations recording new species.
The first artist to cross inside the Antarctic Circle
was William Hodges (1744-1797), a classically trained
British landscape painter who sailed on Captain
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James Cook’s second voyage to the Pacific Ocean in
1772. Although they never sighted the continent itself,
Hodges painted the panoramic coastal profiles re-
quired by the Royal Navy as far as the island of
South Georgia, as well as images detailing ships
among icebergs.

During the nineteenth century expedition leaders
such as the Frenchman Jules-Sébastien-César Dumont
d’Urville and the American Charles Wilkes made
paintings and drawings, as did their artists, who in-
cluded Louis Le Breton and Alfred Agate, the latter
being the first to picture the continent itself in 1840.
J. E. Davis, sailing under James Clark Ross into the
Ross Sea during 1841, made views of the Great Ice
Barrier, Mount Erebus, and Ross Island. The first
significant Antarctic artist, however, was Dr. Edward
Wilson, who served as physician to both of Scott’s
expeditions. A self-trained artist strongly influenced
by J. M. W. Turner, he created extensive topographical
profiles in the Ross Sea region, but also more than 400
finished natural history and landscape paintings.
There have been several other talented amateurs over
the last century.

Photography was first used in the Antarctic in
1874, and by the turn of the century was extensive.
Photographers Herbert Ponting with Scott’s second
expedition and Frank Hurley with Shackleton defined
the Heroic Age of Antarctic exploration with roman-
tic images of ships frozen into the ice. Swiss photog-
rapher Emil Schulthess brought modern photography
to the continent during the International Geophysical
Year (1957-1958), and was followed by noted color
photographer Eliot Porter in 1975.

Edward Seago, better known for his British land-
scapes and circus paintings, visited the Antarctic Pen-
insula in 1956. During the 1960s, two Australian
painters broke away from the topographical style of
earlier artists. Sydney Nolan introduced expression-
ism as a way of interpreting the Antarctic, and Nel
Law produced abstractions of ice patterns. Visiting
artists programs administered by national Antarctic
programs subsequently broadened the aesthetic
range. Although landscapes by painters such as
David Robertson (US), David Smith (UK), and
Keith Grant (UK), and photographers Neelon Craw-
ford and Jody Forster (US) continue to dominate
Antarctic art, more contemporary painters such as
Nigel Brown, Margaret Eliot (NZ), and John Jacob-
sen (US) have expanded the expressive interpretation
of the continent. Panoramic photographs by Stuart
Klipper (US) and minimalist studies by Anne Noble
(NZ), the modernist sculptures of Gabriel Warren
(UYS), installation work of Virginia King (NZ), and
mixed-media work by Stephen Eastaugh (AUS) and
John Kelly (UK) have created an Antarctic art that is
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less representational and more symbolic, an aesthetic

evolution that demonstrates increasing familiarity

with the continent by both artists and audiences.
WiLLiam L. Fox

See also Fiction and Poetry; Film; Music, Antarctic;
Photography, History of in the Antarctic
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ASTRONOMICAL OBSERVATIONS
FROM ANTARCTICA

Astronomy is the study of the universe in which
we live. In recent years there has been rapid progress
in the understanding of the cosmos, with the first
detections of planets around other stars, of a black
hole in the centre of our own galaxy, and of a myste-
rious ‘“‘dark energy” that appears to be repelling
galaxies. However, many important questions remain,
ranging from fundamental questions about the origin,
structure, and evolution of the universe to perhaps the
most exciting question of all: Are we alone in the
universe, or do some of the recently detected planets
around other stars harbour alien life?

In the quest to provide answers, astronomers ob-
serve over the full range of the electromagnetic spec-
trum, from radio waves to high-energy gamma rays.
Astronomy has traditionally progressed by building
bigger and better telescopes and deploying them to
the best observing sites known. Antarctica—and par-
ticularly the high Antarctic Plateau—offers many
advantages to astronomy. Many of these advantages
are associated with minimising the corrupting effects
of the Earth’s atmosphere. The atmosphere does three
undesirable things. First, it absorbs some of the radi-
ation from the astronomical object, reducing its inten-
sity and, at some wavelengths, rendering the object
completely unobservable. Second, it emits its own
radiation, particularly in the infrared, creating an
unwanted background signal. Finally, the fluctua-
tions in the refractive index of the air, principally as
a result of turbulent cells of differing temperature,
cause blurring and other unwanted effects on the
images.

Placing a telescope in space has the obvious advan-
tage that there is no atmosphere. For some observa-
tions, for example in the study of x-rays and gamma
rays, there is no alternative to a space-borne observa-
tory. However, the cost of a space observatory is ten to
one hundred times that of a ground-based one,
providing a powerful incentive to astronomers to take
advantage of the best ground-based sites available.

Although the South Pole was recognised as a po-
tentially useful observing site for many years, it was
not until 1979 that the first optical observations were
carried out there, by a US/French team. This re-
search, led by the US astronomer Martin Pomerantz,
took advantage of the continuous daylight at the
South Pole during the summer to study the sun for
long, unbroken periods.

A few years later, a pioneering experiment to
study submillimetre wavelength emission from the
Galactic Plane was set up at the South Pole. In the
years that followed a gradual buildup of astronomical
facilities took place, largely as a result of the activities
of the US Center for Astrophysical Research in
Antarctica (CARA), which established telescopes
spanning the spectrum from millimetre waves to the
infrared.

Optical

For optical astronomers the main advantage of
Antarctica is the extreme stability of the atmosphere.
The high plateau of Antarctica has the lowest wind
speeds on earth, in stark contrast to the coast where
winds can exceed 300 km/hr. Low surface wind speeds
allow a simple telescope and dome structure to be
constructed. More important, however, is that the
wind speed above the Antarctic Plateau is usually
very low throughout the entire thickness of the atmo-
sphere. It is the turbulent mixing of air of different
temperatures that the wind inevitably creates that
leads to a degradation of image quality.

This image degradation, known as “‘seeing,” sets a
limit to the resolution of an optical telescope. Mea-
surements of the atmospheric turbulence above the
Antarctic Plateau site, Dome C, by groups from
France and Australia have shown that the seeing is
substantially better than anywhere else on Earth—a
factor of 2-3 times better than at the best observatory
sites in Chile, Hawaii, and the Canary Islands. On
some occasions, the atmosphere becomes so stable
that images comparable to those from the Hubble
Space telescope should be obtainable.

An effect related to seeing, but dependent more on
the amount of high-altitude turbulence, is the constant
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fluctuation in the observed intensity of a star, known
as scintillation. This familiar “twinkling” of stars is
greatly reduced in Antarctica, making it an ideal loca-
tion for precision measurements of stellar brightness.

A recent development in astronomy is the use of
adaptive optics. In this technique the shape of a flexi-
ble mirror is altered at high speed in response to
atmospheric fluctuations. By reflecting the light from
the star from this adaptive mirror, the effects of at-
mospheric turbulence can be at least partially elimi-
nated. Only with the help of an advanced adaptive
optics system will astronomers be able to take full
advantage of the next generation of extremely large
telescopes (ELTs). The low wind speeds throughout
the Antarctic atmosphere, combined with the already
very stable turbulence structure, imply that the
Antarctic Plateau may be the best location for these
huge telescopes.

One of the most advanced of the ELT designs is a
21-metre diameter optical telescope called the Giant
Magellan Telescope, to be built in northern Chile. A
second version proposed for Antarctica would be
easily the most powerful telescope in the world, with
a unique ability to detect Earth-like planets around
other stars and probe the earliest stages of the uni-
verse.

Infrared

Infrared astronomy, where the heat radiation from a
star is observed, is extremely difficult from a ground-
based site. This is not only because large regions
of the infrared spectrum are blocked by absorption
in the Earth’s atmosphere, but because the atmo-
sphere (and even the telescope itself) emits strongly
in the infrared. This additional “background” emis-
sion reduces the sensitivity of the telescope to the true
astronomical signal. For infrared astronomers the
Antarctic Plateau has the advantage that it is very
cold and exceedingly dry. Both of these things con-
tribute to better atmospheric transmission and to a
lowering of the background emission from the tele-
scope and the sky by as much as a factor of 100. The
first infrared telescope to explore these conditions was
SPIREX (South Pole Infrared Explorer), a 60 cm
infrared reflector that operated at the South Pole
from 1993 to 1999.

Submillimeter

Submillimeter astronomy, in the frequency range
0.3-10 THz (wavelengths of 1 mm-30 microns) is
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extremely difficult from a ground-based observatory
because of absorption by water vapour in the Earth’s
atmosphere. For this reason, almost all submillimeter
astronomical research to date (especially at frequen-
cies above 1 THz) has been from high-altitude bal-
loons, from stratospheric aircraft, or from space. The
air above the Antarctic Plateau is extremely dry, con-
taining one tenth to one one-hundredth as much
water as the air at temperate sites. This opens up
new observing “windows” at wavelengths opaque
from other sites. Dome A, at 4100 m the highest
point of the plateau, is expected to be the best observ-
ing site on Earth for terahertz astronomy.

The Antarctic Submillimeter Telescope and
Remote Observatory’s (AST/RO) submillimeter tele-
scope, with a 1.7 m diameter off-axis dish, has oper-
ated at South Pole since 1995.

Microwave and Millimetre Waves

Studies of the cosmic microwave background (CMB)
give information about the early universe. This all-
pervasive radiation, discovered by Penzias and Wilson
in 1965, gives a unique view of the universe when it
was a mere 400,000 years old. Although remarkably
uniform in distribution and appearing to have a sin-
gle, well-defined temperature of 2.7 K, the CMB
shows minute deviations from uniformity and from
a pure blackbody spectrum. Studying these deviations
requires an observing site that is clear, transparent,
and extremely stable.

The Degree Angular Scale Interferometer (DASI)
experiment at the South Pole is one example of how
the improved observing conditions in Antarctica can
lead to crucial breakthroughs: DASI was the first
experiment—ground-based or in space—to detect po-
larization in the CMB.

Yet another way of studying the CMB is with a
long duration balloon (LDB), which takes advantage
of the stable and predictable high-altitude winds that
circulate around the coast of Antarctica. Launched
from an appropriate site such as McMurdo, an LDB
can travel around the continent before returning to
the launch site some two weeks later. In this way
astronomers can obtain hundreds of hours of data
from a single flight. The BOOMERanG experiment,
a collaboration between Italian and US teams, has
shown how effective this technique can be for CMB
studies, producing the important result (subsequently
confirmed by the space mission WMAP), that the
universe is geometrically “flat.” This result implies
that 90% of the universe consists of something we
currently know almost nothing about, while the
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observable universe of stars, gas, and dust accounts
for a mere 10% of its mass.

An important future development for CMB studies
is the South Pole Telescope (SPT), currently under
construction. The telescope is a 10 metre diameter
off-axis paraboloid dish optimised for cosmological
studies.

Particle Astronomy

Another tool available to astronomers is particle
astronomy, which studies cosmic rays and elusive
subatomic particles such as neutrinos. Cosmic ray
research was amongst the first scientific studies to be
carried out in Antarctica. Neutron and muon detec-
tors have operated continuously at the coastal station
of Mawson since 1956. For the most part, it is Ant-
arctica’s geographic location that is favoured. How-
ever, at the South Pole the vast volume of pure ice has
been put into service as AMANDA (Antarctic Muon
and Neutrino Detector Array). This project, which
has operated now for a decade, consists of hundreds
of photomultiplier tubes lowered into bore holes in
the ice. AMANDA detects the Cerenkov radiation of
relativistic muons created when neutrinos interact
with matter. An even more ambitious neutrino detec-
tor, IceCube, will place photomultipliers into the ice
throughout a volume of 1 cubic kilometre, giving a
major increase in sensitivity.

Meteorites

Meteorites, preserved where they fall in the pristine
snow of Antarctica, can be used to trace the chemical
and physical history of the solar system. The first such
meteorite was discovered by members of Douglas
Mawson’s Australasian Antarctic Expedition in 1912.
More recently, astrogeologists have taken advantage
of the concentrating effect of ice movement and subli-
mation to find accumulations of meteorites in particu-
lar locations. It was in the Allan Hills meteorite field
that the Martian meteorite ALH 84001 was discovered
in 1984. Microscopic structures within the meteorite
led to speculation, still not fully resolved, that they
represented an ancient form of Martian bacteria.

Disadvantages

Operating an astronomical observatory in Antarctica
is more difficult than at a temperate or tropical site.

Special measures are required to allow the telescope
to operate reliably at the very low temperatures. Ant-
arctic stations, although operated year-round, are cut
off from the rest of the world for six months or more
each year. As well as logistic difficulties there are also
some astronomical limitations. Less of the sky is visi-
ble from Antarctica than from sites closer to the
equator. In addition, there is less truly “dark” time,
as the sun spends a smaller fraction of the time well
below the horizon. Aurora and other forms of airglow
are detrimental to optical astronomy, although their
impact has yet to be properly quantified.

Observing Sites

The US-operated Amundsen Scott Station at the
geographic South Pole is currently host to Antarcti-
ca’s most comprehensive astronomical observatory.
Viewed from the South Pole, all celestial objects be-
yond the solar system move across the sky at constant
elevation. This is particularly advantageous for stud-
ies of the CMB and for detailed studies of how the
light from individual stars varies over time.

Concordia Station, at Dome C, was opened for
year-round operation in 2005. This joint French/Ital-
ian facility will support a variety of research pro-
grams, including astronomy. Already proposals have
been made to construct optical telescopes there of
over 2 metre diameter, as well as submillimeter tele-
scopes and interferometers. At 3250 m elevation,
Dome C is higher, colder, and drier than the South
Pole. In addition, the wind speed and the low-altitude
turbulence is significantly lower.

Other potential observing sites include the Russian
station at Vostok, the Japanese station at Dome F,
and the highest point on the plateau, Dome A.

JoHN STOREY

See also Amundsen-Scott Station; Astronomy, Infra-
red; Astronomy, Neutrino; Astronomy, Submillimeter;
Aurora; Australasian Antarctic Expedition (1911-
1914); Cosmic Rays; Mawson, Douglas; Meteorites;
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ASTRONOMY, INFRARED

In order to learn as much as possible about astro-
nomical objects such as planets, stars, and galaxies,
astronomers observe them at a variety of wave-
lengths. Infrared radiation is invisible to the unaided
eye, but carries a wealth of information about objects
in the universe. However, observing in the infrared
from ground-based telescopes is challenging, for the
simple reason that the Earth’s atmosphere and the
telescope itself both emit copious quantities of infra-
red radiation that can overwhelm the small signals
from space; an analogy is attempting optical astron-
omy in broad daylight with a telescope that is made
from fluorescent light tubes. The obvious solution to
this problem is to take the telescope to a very cold
observing site, such as Antarctica.

While the potential benefits of Antarctica for infra-
red astronomy were realised by the 1980s, it wasn’t
until the early 1990s that US and Australian astron-
omers deployed experiments to test the quality of the
sites, and to ascertain the practical difficulties of
operating telescopes there. The first infrared telescope
in Antarctica was the 0.6 meter South Pole Infrared
Explorer (SPIREX), which operated at the US
Amundsen-Scott South Pole Station from 1993 until
1999. From 1994 to 1996, the IRPS experiment
measured the near-infrared sky brightness at the
South Pole; later in the 1990s NIMPOL (for N-band
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Imaging Polarimeter), SPIRAC (for South Pole In-
frared Array Camera), and AASTO (for Automated
Astrophysical Site-Testing Observatory) extended
this data to longer wavelengths. These experiments
showed that Antarctica offers factors of at least 10,
and up to 100, reduction in the infrared signal from
the Earth’s atmosphere when compared with temper-
ate latitude observing sites. Furthermore, the atmo-
spheric signal is very constant with time, making it
much easier to correct for.

SPIREX and other experiments also showed that
the turbulent layer of air in the lowest 200 meters at
the South Pole results in star images that are some-
what blurrier than those taken from temperate obser-
vatories. This fact effectively thwarted plans for
building a large infrared telescope in Antarctica, and
it wasn’t until 2004 that enthusiasm was rekindled
following the confirmation by French and Australian
astronomers of spectacularly low levels of turbulence
at the Franco-Italian Concordia Station at Dome C, a
location on the high Antarctic Plateau at a latitude of
75° S. The next step in the development of infrared
astronomy from Antarctica may well be a 2 meter
aperture telescope at Dome C, followed by a 4 meter
and then an 8 meter. Other sites on the Antarctic
Plateau, such as Dome A and Dome F, are also
potentially excellent, although they currently lack
the infrastructure to support an observatory.

The unique atmospheric conditions above the Ant-
arctic Plateau also offer exciting advantages for infra-
red interferometry. An interferometer consists of two
or more telescopes separated by perhaps 100 meters,
and could be used to directly image planets orbiting
around stars other than the Sun. Interferometers can
also detect planets indirectly by observing the very
small changes in the relative positions of stars as
planets orbit around them. This latter technique ben-
efits greatly from the stability of the atmosphere
above high plateau sites such as Dome C.

MICHAEL ASHLEY

See also Amundsen-Scott Station; Astronomical Ob-
servations from Antarctica; Astronomy, Submillimeter

References and Further Reading

Indermuehle, B. T., M. G. Burton, and S. T. Maddison.
“The History of Astrophysics in Antarctica.” Publica-
tions of the Astronomical Society of Australia 22 (2005):
73-90.

Lawrence, J. “Infrared and Sub-millimetre Atmospheric
Characteristics of Antarctic High Plateau Sites.” Publi-
cations of the Astronomical Society of the Pacific 116
(2004): 482-492.

Lawrence, J. S., M. C. B. Ashley, A. Tokovinin, and T.
Travouillon. “Exceptional Astronomical Seeing Condi-
tions above Dome C in Antarctica.” Nature 431 (2004):
278-281.



Lloyd, J. P., B. R. Oppenheimer, and J. R. Graham. “The
Potential of Differential Astrometric Interferometry
from the High Antarctic Plateau.” Publications of the
Astronomical Society of Australia 19 (2002): 318-322.

Phillips, A., M. G. Burton, M. C. B. Ashley, J. W. V.
Storey, J. P. Lloyd, D. A. Harper, and J. Bally. “The
Near-Infrared Sky Emission at the South Pole in Win-
ter.” Astrophysical Journal 527 (1999): 1009-1022.

Smith, C. H., and D. A. Harper. “Mid-infrared Sky Bright-
ness Site Testing at the South Pole.” Publications of the
Astronomical Society of the Pacific 110 (1998): 747-753.

Swain, M. R., C. K. Walker, W. A. Traub, J. W. V. Storey,
V. Coude de Foresto, E. Fossat, F. Vakili, A. A. Stark,
J. P. Lloyd, P. R. Lawson, A. S. Burrows, M. Ireland, R.
Millan-Gabet, G. T. van Belle, B. Lane, G. Vasisht, and
T. Travouillon. “The Antarctic Planet Interferometer.”
SPIE 5491 (2004): 176-185.

ASTRONOMY, NEUTRINO

The Universe is the site of nuclear processes more
violent than those created by earthbound particle
accelerators. Nature accelerates cosmic elementary
particles to energies in excess of 10%° electron volts,
a macroscopic energy of 50 joules carried by a single
elementary particle. It is not known where these
particles originate or how they are accelerated. Be-
cause such “cosmic rays” are electrically charged,
their paths are scrambled by galactic and, in some
cases, intergalactic magnetic fields so their arrival
directions at Earth do not reveal their origin. The
puzzle persists almost a century after the discovery
of cosmic radiation. Cosmic rays are poor astronomi-
cal messengers for another reason—they self-destruct
in collisions with microwave photons to vanish into
electrons and positrons. They therefore only reach
Earth from the nearby cosmic neighborhood. They
share this problem with photons, the particles of light,
thus essentially eliminating conventional astronomi-
cal techniques. The Universe, as revealed by photons
and protons, is mostly obscured from view at these
high energies.

Since its discovery in the 1950s in the radiation of
nuclear reactors, the neutrino has been recognized as
the ideal particle for this “extreme’ astronomy. With
essentially no mass and no electric charge it matches
the photon as a cosmic messenger. It differs in one
important attribute, however: Its interactions with
matter are extremely feeble, even allowing high-energy
neutrinos to reach Earth unscathed from the edge
of the universe and the inner neighborhood of black
holes and, hopefully, from the nuclear furnaces where
cosmic rays are born. They may give information
about cosmic sites never ‘“‘seen.”

In summary, neutrinos can reach Earth unde-
flected and unabsorbed, even from optically shrouded
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sources. Unfortunately, their feeble interaction with
matter makes cosmic neutrinos also very difficult to
detect; trillions fly through every individual’s body
every second, at most a few will stop in a lifetime.
Immense particle detectors are required to collect
them in sufficient numbers to do science. One possi-
bility has been to transform the deep Antarctic ice
sheet below the South Pole into a neutrino telescope.
Even extreme neutrinos will routinely stream through
the detectors without leaving a trace; the unlucky one
that makes a direct hit on a nucleus in the ice will
blow it to pieces creating secondary particles of all
kinds. The key is that these will radiate a glow of blue
light, dubbed Cherenkov radiation, which will spread
through the incredibly transparent natural ice over
hundreds of meters. The origin of this radiation is
the same as the blue glow shining from the water
shielding nuclear rectors. Neutrino astronomers
embed optical sensors into Antarctic ice to detect
the faint light from a nuclear reaction initiated by a
single neutrino.
In general, a neutrino telescope must be:

¢ Kilometer-size, to detect the low fluxes of neu-
trinos over cosmic distances;

e Transparent enough to allow light to travel
through a widely spaced array of optical sensors;

e Deep, in order to be shielded from surface light
and radiation; and

e Affordable.

Only dark oceans and deep glaciers of ice satisfy
these constraints. Pure, highly transparent, and free
of radioactivity, Antarctic polar ice has turned out to
be an ideal medium to detect neutrinos. The difficulty
of the remote site has been overcome by exploiting the
infrastructure of the US Amundsen-Scott South Pole
Station.

An international collaboration has constructed a
first-generation neutrino telescope called AMANDA
(Antarctic Muon and Neutrino Detector Array). It is
the proof of concept for a kilometer-scale neutrino
observatory, IceCube, now under construction. Its
basic detector component is a photomultiplier
housed in a glass pressure vessel, somewhat larger
than the size of a basketball. Photomultipliers trans-
form the Cherenkov light from neutrino interactions
into electric signals by the photoelectric effect. The
signals are captured by a computer chip that digitizes
the shape of the current and sends the information to
the computers collecting the data, first by cable to
the “counting house” at the surface of the ice sheet
and then via satellite to the scientists’ office compu-
ters. One can think of IceCube as 5,000 freely run-
ning computers sending information that allows the
scientists to infer the arrival directions and energies
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of the neutrinos. The detector components trans-
form a cubic kilometer of ice at a depth of 1450-
2450 meters into a neutrino detector (i.e., one mile
below the surface and one quarter mile above
bedrock).

Optical sensors produced at collaborating institu-
tions in the United States, Sweden, and Germany are
shipped to the international Antarctic center in
Christchurch, New Zealand. These are subsequently
transported to the South Pole via McMurdo Station.
Drillers use a five megawatt jet of hot water to melt a
hole in the ice, roughly half a meter wide and 2.5 km
deep. Because ice is an excellent insulator, the water
does not freeze for several days, ample time to deploy
the optical sensors attached to cables that will power
them and will also transmit their digital signals to the
surface. Each of eighty holes will hold sixty sensors
evenly spread over one kilometer between depths of
1450 and 2450 meters.

With some 650 optical sensors in place since Feb-
ruary 2000, the AMANDA detector has been collect-
ing neutrinos at a steady rate of four per day. These
“atmospheric neutrinos’ are the byproduct of colli-
sions of cosmic rays with the nitrogen and oxygen in
the atmosphere at the North Pole. Note that at the
South Pole one observes neutrinos that originate in
the Northern Hemisphere, using the Earth as a filter
to select neutrinos. No photons, or any other particles
besides neutrinos, can traverse the whole planet to
reach the detector. The signals from the atmosphere
are not astronomy yet, but they are calculable and can
be used to prove that the detector performs as
expected.

As in conventional astronomy, AMANDA will
have to look beyond the atmosphere for cosmic sig-
nals. AMANDA data is now scrutinized for hot spots
in the northern sky that may signal cosmic sources. In
the south, meanwhile, in 2006, the initial IceCube
deployments began augmenting AMANDA. Data
obtained less than two weeks after deployment
showed that everything was working immediately. A
key part of IceCube was IceTop, a surface cosmic-ray
air-shower detector array, which was the first part of
the project to be installed and will eventually consist
of 160 ice-filled tanks distributed over 1 km?. IceTop
will tag IceCube events that are accompanied by cos-
mic-ray showers, study the cosmic-ray composition
up to 10'® eV, and serve as a calibration source to tag
directionally the cosmic-ray muons that reach iceCube.

Francis L. HALZEN

See also Amundsen-Scott Station; Cosmic Rays;
McMurdo Station; South Pole
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ASTRONOMY, SUBMILLIMETER
Submillimeter (also known as microwave) radiation
has a longer wavelength than visible light and occu-
pies the position between the infrared (IR) and radio
parts of the electromagnetic spectrum. As the name
suggests, this radiation has wavelengths somewhat
less than one millimeter (mm): Its range traditionally
extends from 1 mm down to around 0.3 mm. It is
produced predominantly by atoms and simple mole-
cules inside cool, dense clouds of gas and dust found
in between the stars (the interstellar medium) in our
own Milky Way as well as external galaxies. These
clouds are very important since they represent the raw
material from which stars and planets form. It is
virtually impossible to study these objects at visible
wavelengths since the radiation is almost completely
blocked by dust. However, at these longer wave-
lengths the clouds are more transparent so we are
able to study directly the processes occurring inside
them.

Submillimeter telescopes look very similar to radio
telescopes in that they most commonly use parabolic
dishes to collect and focus the radiation. However,
due to their shorter wavelengths, the surfaces of the
dishes have to be made to much higher accuracies
(often to within a few millionths of a meter) compared
with the dishes used in radio telescopes. There are two
main methods for detecting submillimeter radiation:
bolometers, which measure the total intensity of the
radiation over a wide range of wavelengths by con-
verting the radiation into heat that is then registered
as a corresponding temperature change; and hetero-
dyne receivers, which mix the astronomical signal
with an artificially generated signal (the local oscilla-
tor or LO) to produce an intermediate frequency (IF),
which is then amplified and detected. From this signal



a plot of intensity against wavelength (a spectrum)
can be extracted over a narrow range of wavelengths.
The special mixers used in these receivers employ
superconducting junctions that have to be cryo-
genically cooled to a few degrees above absolute
zero (—273°C) with liquid helium (at —269°C).
Submillimeter radiation is very effectively
absorbed by water vapor in the lower atmosphere,
so it is virtually impossible to detect from sea level.
Therefore, submillimeter astronomy can be underta-
ken only from high and dry observing sites. Good
examples are the Caltech Submillimeter Observatory
(CSO), the James Clerk Maxwell Telescope (JSMT),
and the Submillimeter Array (SMA) facilities, all on
the 4000-meter summit of Mauna Kea in Hawaii.
However, even at this location observations at these
wavelengths are not always possible. An even better
place for submillimeter astronomy is the high Antarc-
tic Plateau, where the cold temperatures and dry con-
ditions allow routine observations year round
(although observing conditions are best during the
long, cold, dark winter months). The 1.7 m Antarctic
Submillimeter Telescope and Remote Observatory
(AST/RO), located at the Amundsen-Scott South
Pole Station, has been surveying the submillimeter
radiation from neutral carbon atoms and carbon
monoxide molecules in the interstellar medium con-
tinuously since its installation during the austral
summer of 1994. In addition to making the most
comprehensive submillimeter observations of the
southern sky to date, the data from this pioneering
instrument is greatly increasing our understanding of
the role of atomic and molecular gas in the interstellar
medium. After nearly a decade of observations it is
becoming increasingly clear that the Antarctic Plateau
is probably the prime location for submillimeter as-
tronomy on the Earth’s surface.
SmmoN P. BALM

See also Amundsen-Scott Station; Astronomical Ob-
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