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Chapter 1
Exploring the Last Continent

An Introduction to Antarctica
Daniela Liggett, Bryan Storey, and Yvonne Cook

Abstract This brief chapter outlines how Antarctica captured humankind’s imag-
ination over the centuries, culminating in a flurry of expeditions during the Heroic
Age and, more recently, in endeavours to better understand this continent and its
importance for the global system through science.

Keywords Exploration « Imagination * Science ¢ Climate change * Governance

Having crossed the Antarctic Circle for the first time in 1774 and ventured further
south than any of his contemporaries, Captain James Cook painted a bleak picture
of the Antarctic continent and questioned not only the feasibility of exploring it any
further but also its value for humanity.

It is however true that the greatest part of this Southern Continent (supposing there is one)
must lay within the Polar Circile [sic] where the sea is so pestered with ice, that the land is
thereby inaccessible. The risk one runs in exploreing [sic] a coast in these unknown and Icy
Seas, is so very great, that I can be bold to say, that no man will ever venture farther than I
have done and that the lands which may lie to the South will never be explored. (Captain
James Cook, as quoted in Beaglehole 1974:431)

Cook further wrote in his diary:

Should anyone possess the resolution and the fortitude to elucidate this point by pushing yet
further south than I have done I shall not envy him the fame of his discovery, but I make
bold to declare that the world will derive no benefit from it. (Captain James Cook, as quoted
in Frank 1957)
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Despite Cook’s pessimistic assessment of the role Antarctica was to play in
the history of geographic exploration, the unmapped spaces of the Southern
Ocean and its promising bounty of marine wildlife exerted an unmistakable pull on
explorers, sealers, whalers, scientists and cartographers. Sealers soon ventured to the
islands of South Shetland and the Antarctic Peninsula and hunted for fur seals at first
and then, after 1820, when the fur seal colonies around South Georgia were practically
depleted, for elephant seals. Whalers were also drawn to the Southern Ocean, and
whaling dominated human activity in the Antarctic region by the early twentieth
century.

In the meantime, pursuing imperial and resource interests as well as following
the quest of mapping, science and adventure, the United Kingdom, the United
States of America, Russia and France sent expeditions to the Antarctic in the first
part of the nineteenth century (Dodds 2012; Walton 2013). Stimulated by these
early expeditions, scientists around the world began to show increasing interest in
Antarctica. In 1895, Georg von Neumayer, in his position as the director of the
Deutsche Seewarte, called for further Antarctic exploration, which resonated with a
number of governments and individual explorers (Walton 2013). An era of almost
frantic and competitive exploration in the Southern Ocean and beyond the coast-
lines of the Antarctic continent followed and later became known as the ‘Heroic
Age’. In that era (1898-1916), numerous expeditions originating from the Northern
Hemisphere (primarily from Europe and North America but also Japan) were
pushing further inland on the Antarctic continent. Captain Robert Falcon Scott’s
and Roald Amundsen’s race to the South Pole in 1912 are among the expeditions of
the Heroic Age most commonly cited.

The Heroic Age also marked the time when states began manifesting their
interest in Antarctica by colonising parts of the continent. Although Argentina
was the first state to pursue and achieve permanent presence in Antarctica, the
UK was the first state to officially submit a claim to Antarctic territory through a
1908 Letters Patent (Dodds 2012). Encouraged by the UK, New Zealand took on
the administration of the Ross Sea region in 1923, followed by France submitting a
claim to Adélie Land in 1924. Australia was the third Commonwealth state
announcing its claim to a large sector of land, the Australian Antarctic territory;
and Norway put forth a claim to Dronning Maud Land in 1939. Norway was the
only state claiming a section in the Antarctic without following the sector principle.
Argentina and Chile were the last states to make claims to territory in Antarctica
(Argentina in 1940, Chile in 1943). Yet, it was these claims, which overlapped with
the British claim in the Antarctic Peninsula region, that instigated the serious and
expensive ‘Antarctic Problem’. The latter saw subtle and growing agitation by
Argentina, Chile and the UK as well as increasingly blatant statements of ‘owner-
ship’, represented by flag raisings, the installation of plaques, the issuance of
Antarctic stamps along with the establishment of post offices, the erection of
signposts and overall attempts to further the respective titles to territory (Dodds
2012).
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This situation was slightly diffused by the negotiation of a governance agree-
ment for Antarctica. Motivated by the successful scientific collaboration during the
1957/1958 International Geophysical Year (IGY), the USA invited the seven
claimant states as well as the five other states that had established bases in the
Antarctic during the IGY to a Washington-based conference on the future of the
continent. The 1959 Antarctic Treaty was borne out of this conference and entered
into force in 1961. While not solving the sovereignty problem in Antarctica, the
Antarctic Treaty froze all territorial claims and established a platform for the
12 IGY states to peacefully collaborate in the Antarctic. Over the last half century,
the Antarctic Treaty developed into a system of associated conventions, which had
an increasingly conservationist focus, culminating in the 1991 Protocol on Envi-
ronmental Protection to the Antarctic Treaty, which entered into force in 1998.

While systemically unable to dissolve the Antarctic Problem, the Antarctic
governance regime has successfully resulted in higher levels of environmental
protection and has ensured that the main human activity on the Antarctic continen-
tal landmass continues to be science and science support. Increasingly, Antarctica’s
linkages with the global system are one of the focal points of Antarctic science, and
Antarctic science informs, and is at the forefront of, climate change research. The
unique character of the Antarctic continent, which is surrounded by the vast,
nutrient-rich Southern Ocean, plays an important role in its appeal as a climate
change laboratory.

Antarctica is the coldest place on Earth, with average summer temperatures of
0 °C in coastal areas and —30 °C in the interior and average winter temperatures
ranging from —15 °C near the coast and —65 °C in the interior of the continent
(Cassano 2013). Similarly, Antarctica is the windiest place on Earth which, in
conjunction with its remoteness and extremely low temperatures, proved to be a
great challenge to many early explorers as well as modern-day adventurers. A
famous quote by Sir Douglas Mawson (1915, p 88) expressed how destitute a
place Antarctica was considered to be:

We dwelled on the fringe of an unspanned continent, where the chill breath of a vast, polar
wilderness, quickening to the rushing might of eternal blizzards, surged to the northern
seas. We had discovered an accursed country. We had found the home of the blizzard.

The vast Antarctic ice sheets covering approximately 98 % of the Antarctic
continent make Antarctica the highest continent on Earth and contribute to the low
temperatures experienced on the continent. The majority of the sunlight reaching
the Antarctic ice sheets is reflected back into space. Furthermore, the high eleva-
tions of the Antarctic ice sheets in the continent’s interior result in Antarctica being
considerably colder than the Arctic, which is largely situated at sea level at the
highest latitudes (Cassano 2013). The extremely low temperatures in Antarctica
result in the absolute amount of water vapour that can be held in the atmosphere
being very low, making Antarctica the driest continent on Earth, with on average
just over 100 mm of precipitation annually in the continent’s interior (Cassano
2013).
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Approximately 90 % of the world’s ice and 70 % of the world’s freshwater are
stored in the West and East Antarctic ice sheets. The Transantarctic Mountains, one
of the continent’s most dramatic features, separate Antarctica into what is referred
to as East and West Antarctica with their respective ice sheets. Resting on the solid
continental landmass, the East Antarctic Ice Sheet is larger and thicker than the
West Antarctic Ice Sheet, which is grounded below sea level in a rift system that
represents the last stage in the breakup of Gondwana. As the stability of the
Antarctic ice sheets is in part controlled by the underlying bedrock topography on
which they sit, the East Antarctic Ice Sheet is more stable than the West Antarctic
Ice Sheet. In recent years, a significant loss of mass of the West Antarctic Ice Sheet
has been observed and is speculated to be forced by an upwelling of warmer ocean
water leading to melting of the base of floating ice shelves (Thoma et al. 2008). Any
loss in the mass of the Antarctic ice sheets will result in sea level rise.

The effects of climate change in Antarctica have a direct and significant bearing
on the rest of the world. It is now being recognised that Antarctica is not as stable as
it was deemed to be and climate science undertaken on the continent reports rapid
changes in snow accumulation, sea ice extent and ice mass balance every year
(Dodds 2012).

How fast Antarctica will warm and how long the West Antarctic Ice Sheet will
remain in a warming world is very uncertain at present. Our long-term instrumental
climate record, going back to the International Geophysical Year 1957/1958, shows
that Antarctica is not warming in a systematic manner; the Antarctic Peninsula
represents one of the global hotspots, having warmed approximately 3.5 °C over the
past 50 years, whereas other parts of East Antarctica may have been cooling.
Antarctic scientists have suggested that the significant springtime decrease in
stratospheric ozone over the Earth’s polar regions, commonly referred to as the
ozone hole and discovered by systematic ozone measurements undertaken at Halley
Station by British Antarctic Survey scientists (Farman et al. 1985), is the most
important control on Antarctic climate at the present time, resulting in variable
climatic changes across the continent. The thinning of the ozone layer in springtime
is likely to become less pronounced, and potentially stop altogether, in about
50 years due to international agreements that are in place, restricting the release
of chlorofluorocarbons (CFCs) into the atmosphere. As a thinner layer of ozone
over Antarctica allows more of the solar radiation to escape back out to space, a
more systematic warming of Antarctica is anticipated as the effects of ozone
destruction in the stratosphere become less pronounced.

How the currently observed and anticipated changes in Antarctica impact the
rest of our global system is an unanswered scientific question. Based on our
knowledge of the geological evolution of Antarctica, we understand that Antarctica
has not always been the cold isolated polar continent that it is today. It was once part
of the Gondwana supercontinent that drifted south over time, traversing different
climatic belts and inhabited by a diverse range of flora and fauna, before it became
isolated from the once neighbouring Gondwana landmasses of South America,
Africa, India, Australia and New Zealand. The current shape of the Antarctic
continent reflects those geological processes, and the previous connection of



1 Exploring the Last Continent 5

Antarctica to continents that have rich mineral reserves and offshore oil deposits
has led to speculation about the mineral and oil potential of Antarctica. Although
mineral resource activity is currently prohibited under the Protocol of Environmen-
tal Protection to the Antarctic Treaty, Antarctica’s mineral resource potential
remains a contentious issue into the future.

It was the final separation of Antarctica from South America that led to the
development of the circumpolar current, which thermally isolated the continent,
resulting in the cooling of Antarctica and in the subsequent development of unique
ecosystems and species. This thermal isolation is most distinct in the Antarctic
convergence, an approximately 30-50 km wide boundary zone in the Southern
Ocean (between the 48th and 61st southern latitudinal lines), where cold, dense,
northward flowing Antarctic waters push underneath warmer and less saline sub-
tropical waters. Processes of mixing and upwelling of nutrient-rich water within
this zone result in very high marine productivity. Despite its high productivity and
biomass, the marine ecosystem of the Southern Ocean is among the simplest in the
world. Subjected to extensive sealing and whaling exploitation in the past, the
Southern Ocean is now affected by Japanese scientific whaling, commercial krill
extraction and other fisheries (through legal as well as illegal operations). Attempts
to eliminate illegal fishing or to protect certain areas of the Southern Ocean more
comprehensively, e.g. through Marine Protected Areas, are currently receiving
much media and political attention.

In contrast to the high biomass of the marine ecosystem, the terrestrial Antarctic
ecosystem has much more restricted flora and fauna. Although there are no terres-
trial vertebrates, it has become apparent that the soils in the McMurdo Dry Valley
regions of Antarctica contain a large biomass of microorganisms. As is the case
with the marine ecosystems, humankind and climate change pose the greatest risks
to the terrestrial ecosystem. While its flora and fauna are not directly exploited,
human activity on the continent — be it through science, tourism or other activities —
can have significant adverse effects on the environment, from the introduction of
diseases and alien species to the contamination of soils and Antarctic ponds,
streams and lakes, just to name a few. It remains to be seen if the marine and
terrestrial communities can adapt to a changing world and if we can keep invasive
species from becoming established in Antarctica.

The following contributions by eminent Antarctic researchers from a range of
disciplines will shed light on some of these issues. The first part of this book
discusses Antarctica’s physical systems over time — the continent’s geological
evolution, its climate, weather and atmosphere as well as its distinctive oceano-
graphic, hydrographic and glaciological features. In the second part of the book,
authors look at Antarctica’s marine and terrestrial ecosystems. The third part of the
book is devoted to human endeavours in Antarctica over time and the politics
behind human activities in the Southern Ocean and on the continent. The final part
of the book weaves together insights in the physical, social and human sciences to
illuminate a discussion of current issues, such as climate change, bioprospecting,
science collaboration, environmental management and Antarctic politics.
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Chapter 2
A Continent Under Ice

The Geological Setting of Antarctica
Yvonne Cook and Bryan Storey

Abstract Today Antarctica is the stage for active volcanoes, rising mountains and
the formation of deep marine basins. Amidst the arid desert landscape of the
McMurdo Dry Valleys, geological processes operate that are similar to those on
Mars and other planets. Yet entire mountain ranges and one of the world’s largest
volcanic provinces disappear completely under the smooth Antarctic ice sheets, and
geologists need to use geophysical and remote-sensing techniques to visualise the
topography and describe the physical properties of the continent under ice. The
shape of the continent, its mountain ranges and landforms directly reflect
the underlying geology and plate tectonic processes of the past and present. The
Transantarctic Mountains divide the continent into two geological provinces, East
and West Antarctica. Each of these unequal parts has its own geological history
which resulted in distinct crustal properties. While East Antarctica’s crust is thick
and continuous, the West Antarctic crust is thinner and varies in thickness, which
means that a large part of it and the ice sheet that sits above lie below the surface of
the ocean.

Keywords Transantarctic Mountains « Plate tectonics ¢ Seafloor spreading
 Subduction ¢ Continental rifting « Volcanic activity ¢ Extra-terrestrial geology
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2.1 Deciphering the Past

For geologists, rocks are like history books. Each tells a story about Earth’s ancient
past, when tectonic shifts and mountain-building forces worked together to create
unique rock types and landforms. Yet in Antarctica today, exposed rocks are a rare
phenomenon. Thick ice sheets cover most of the continent and create a formidable
barrier to interpreting the geological information preserved underneath.

Less than 1 % of Antarctica is free of ice, but despite this paucity of exposed
rocks, some general topographical and geological features are unmistakable. The
mountains of the Antarctic Peninsula and offshore islands rise shear from the ocean
and have been built by a succession of volcanic eruptions; the collection of
volcanoes that make up Marie Byrd Land represents one of the largest landforms
of this kind in the world. The largely non-volcanic Transantarctic Mountains that
divide the continent into two geological provinces and span the length of East
Antarctica are visible from the moon.

All of these mountain ranges are fundamentally different and, along with the
shape of the continent, directly reflect the underlying geology and plate tectonic
processes. In addition, geophysical and remote-sensing techniques, including air-
borne magnetic and gravity surveys, over-snow seismic techniques and
ice-penetrating radar, help scientists to visualise the topography and describe the
physical properties of the land below the ice.

Water, ice and wind are the main carving tools that shape Antarctica’s surface
landscapes, resulting in unusual features that provide the closest analogue on Earth
of Martian conditions. In turn, Antarctica’s slow-moving ice sheets are one of the
most favourable locations for finding extra-terrestrial material on Earth.

2.2 Antarctica’s Geological Features

The differences in size and shape of the two main geographical domains of the
Antarctic continent, East and West Antarctica (Fig. 2.1), reflect fundamental
differences in their geological histories (Chap. 3) that have resulted in distinct
crustal properties. The crust of East Antarctica is thick and continuous, and much of
East Antarctica sits above sea level. In contrast, the crust of West Antarctica is
thinner and varies in thickness, which means that a large part of this section of the
continent lies below the surface of the ocean (Fretwell et al. 2013) and the West
Antarctic Ice Sheet is grounded below sea level (Chap. 5). Underneath this smaller
ice sheet lies a collage of crustal segments that form a landscape of several
geologically distinct islands, archipelagos and small landmasses (Fig. 2.2).

The Transantarctic Mountains separate East and West Antarctica. Stretching
3,500 km from the northern reaches of North Victoria Land to the western margin
of Coats Land and up to 200 km in width, with peaks as high as 4,500 m, these
mountains are not only the most prominent range in Antarctica but also one of the


http://dx.doi.org/10.1007/978-3-319-18947-5_5
http://dx.doi.org/10.1007/978-3-319-18947-5_3

Antarctic
Peninsula

Weddell
Sea

Fig. 2.1 This Landsat image mosaic shows some significant topographical features of Antarctica:
the Transantarctic Mountains separating East from West Antarctica, Mount Erebus, the Ellsworth
Mountains within West Antarctica, Marie Byrd Land, and the mountainous Antarctic Peninsula
(With kind permission from USGS)

Flevation (m)

- +3933

-/040

Eost
Antarctica

Fig. 2.2 Antarctic sub-ice topography, showing the boundary between East and West Antarctica
and regions below present sea level in blue (With kind permission from Fretwell et al. 2013)
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highest and longest on Earth (ten Brink et al. 1997). East Antarctica features many
other mountain ranges, most of which emerge only as nunataks, or isolated out-
crops, through the East Antarctic Ice Sheet. The Gamburtsev Mountains are
completely covered by ice (Box 2.1, Fig. 2.3).

West Antarctica is persistently mountainous. The spectacular Ellsworth Moun-
tains host the highest summit in Antarctica (Vinson Massif, 4897 m) and the
mountains of the Antarctic Peninsula form the second longest range in Antarctica.
Even under vast areas of ice, such as in Marie Byrd Land, a mountainous landscape
is apparent.

Volcanoes are active in three main areas. Deception Island, off the Antarctic
Peninsula, is the caldera of an active volcano and the seafloor of the Bransfield
Strait is strewn with vents; Ross Island in the western Ross Sea is perhaps best
known for its steaming landmark, Mount Erebus; and on the eastern side of the Ross
Sea, in Marie Byrd Land, a mountain range features several under-ice volcanoes.
Other volcanoes exist elsewhere, but these are either dormant or extinct.

Despite the presence of large mountain ranges, Antarctica is relatively free of
earthquakes. Many tremors detected in Antarctica are caused by movements within
the flowing ice and not the rocks themselves, and other tremors are associated with
volcanic activity rather than with major displacements in the Earth’s crust.

Box 2.1: Subglacial Gamburtsev Mountains

The Gamburtsev Mountains have puzzled geologists for decades. These
jagged peaks lie completely buried under the highest part of the East Antarc-
tic Ice Sheet, known as Dome A. The range is about the same size as the
European Alps, about 1200 km long and 3400 m from the base to the highest
point, but its highest summits remain 600 m beneath the surface of the 4 km-
thick ice sheet.

Major mountain ranges are generally pushed up at the edge of tectonic
plates, but the Gamburtsev Mountains rise from the middle of the Antarctic
plate. The most common explanation for mountain ranges that have formed at
a plate centre is volcanic activity that has been caused by a so-called hotspot.
Yet, there is no evidence of any volcanoes in the Gamburtsev Mountains.
Another possible explanation is that this range might be hundreds of millions
of years old, a remnant from a time when an ancient plate boundary ran
through the continent and gave rise to the mountains. However, if this was the
case, it is unusual that the mountains have not eroded and become rounded
and much smaller. The height of this range and its location in the centre of the
continent, away from warming sea air, suggests that the Gamburtsev Moun-
tains may well be the place where the East Antarctic Ice Sheet first started to
form 35 million years ago. The relationship between mountain formation and
ice development could be crucial to determining the rate and type of glaci-
ation that occurred as the East Antarctic Ice Sheet grew.
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Fig. 2.3 A radar image of the Gamburtsev Mountains showing the jagged mountain range
covered in layers of ice (With kind permission from the AGAP project, Lamont-Doherty Earth
Observatory of Columbia University)

2.3 Antarctica’s Tectonic Environment

Plate tectonics drives processes that give rise to mountains, volcanic activity and
deep-ocean valleys, and generally shapes the Antarctic continent and the surround-
ing Southern Ocean. The entire Antarctic landmass and its associated islands, with
the exception of the South Shetland Islands, are part of the Antarctic plate (Torsvik
et al. 2008). In addition to the thick continental crust material, this plate also
includes the surrounding thin and dense oceanic crust that lies beneath the Southern
Ocean (Box 2.2, Fig. 2.4).

Box 2.2: The Inner Earth

Earth has several distinct layers (Marshak 2011). The outer layer, the crust, is
made up of two components. Continental crust is 35-70 km thick and
relatively buoyant; it forms continental landmasses and tends to sit higher
than sea level. Oceanic crust is 5—10 km thick and dense; it forms depressions
on Earth’s surface that are filled by the oceans, and is usually not exposed
above sea level. The crust is divided into plates that can comprise oceanic or
continental crust, or a mixture of both. The Earth’s plates move apart from

(continued)
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Box 2.2 (continued)
each other, towards each other or slide past each other. In each of these cases,
the geological response is very different and distinctive rocks are produced.
Tectonic plates sit on a layer of semi-molten mantle, where much of
Earth’s internal heat is located. Here, large-scale convection cells circulate
and distribute this heat from the inner core to the crust. These convection cells
are a fundamental part of plate tectonics.
Earth’s inner layer is the core. It is separated into the liquid outer core,
which contains mainly nickel and iron, and the solid inner core, composed of
iron. The liquid outer core drives Earth’s magnetic field.
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Fig. 2.4 The Antarctic continent sits within a large Antarctic plate (shown in grey). The Antarctic
plate is separated by a spreading ridge from the African, Australian, Pacific, Nazca and South
American plates. A series of small plates occurs between the Antarctic plate and the South
American plate (With kind permission from Steven Dutch)
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The Antarctic plate borders five other major plates and four small plates
(Fig. 2.4) and it is undergoing four different types of plate tectonic processes:
seafloor spreading, subduction, back arc extension and continental rifting. These
processes are inherited from a major geological reorganisation of the southern
hemisphere continents that started about 180 million years ago and resulted in the
breakup of the supercontinent Gondwana into the present-day tectonic plates
(Chap. 3). Three of the four tectonic processes acting on the Antarctic plate occur
around its edge, while the fourth happens within the plate itself, between East and
West Antarctica.

2.3.1 Seafloor Spreading: The Southern Ocean

Most of the Antarctic plate boundary is marked by a spreading ridge (Fig. 2.5),
which is generally found where the oceanic crusts (Box 2.2) of two tectonic plates
are moving apart. Magma, or molten rock, sits just below the contact zone between
the two plates and, as the plates move apart, new volcanic rock (basalt) fills the gap
and is added to the edge of the plates, forming new ocean crust. As a result, the
plates grow at their edges, forming what is known as a constructive or diverging
plate boundary. This formation of new ocean crust is known as seafloor spreading.
As it happens at the edge of the plate, a long way from the Antarctic continent itself,
it means that Antarctica experiences fewer earthquakes and little volcanic activity,
with the exception of active volcanoes near the tip of the Antarctic Peninsula, in the
Ross Sea and in Marie Byrd Land.

During seafloor spreading, variable rates of spreading cause differential move-
ment, which results in transform faults that offset the plate boundary. Along the
edge of the Antarctic plate transform faults are often more extensive than sections
of the spreading ridge itself, resulting in parts of the Antarctic plate moving
sideways relative to its neighbouring plate (Fig. 2.5).

2.3.2 Subduction: The Impact on South America

The Antarctic plate is moving towards the South American plate along the Patago-
nian sector of South America (Fig. 2.4). This convergence causes the thin, dense
oceanic crust of the Antarctic plate to be forced down beneath the less dense
continental crust at the edge of the South American plate. The result is what
geologists call a destructive plate boundary. The process is known as subduction,
and the resulting compression pushes the land up into mountain ranges (Fig. 2.5).
The down-going section of the Antarctic plate melts as it is exposed to higher
temperatures and pressures in the Earth’s interior. This molten material is less dense
than the surroundings and rises to the surface, producing volcanoes within the
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Fig. 2.5 This block diagram shows a simple spreading ridge where two plates are moving apart
with offsetting transform faults. The diagram also shows a subduction zone where one plate is
going beneath a continental margin (active margin), and a passive margin where the oceanic crust
is joined to the continent (Adapted from Earth: Portrait of a Planet 2011, with kind permission
from Kurt Joy)

mountain range that tend to have explosive eruptions. The volcanic Andes moun-
tains lie more or less parallel to the subduction zone.

2.3.3 Subduction and Formation of a Back Arc Basin:
The Antarctic Peninsula, South Shetland Islands
and Bransfield Strait

The Patagonia region of South America split from the Antarctic Peninsula during
the last stages of the Gondwanan breakup (Chap. 3), and several new tectonic plates
were produced as a result. Today, near the top of the peninsula, four small tectonic
plates are caught up between the bigger Antarctic and South American plates
(Barker et al. 1991). One of these small plates, the Drake plate, is the last remaining
part of what was once a much larger plate subducting beneath the entire western
margin of the Antarctic Peninsula, in a process that was associated with the earliest
formation of the Patagonian Andes. This subduction built the mountain range on the
peninsula and produced many volcanoes. Today, the Drake plate is being subducted
only beneath the South Shetland Islands (Fig. 2.6) and the only remaining volcanic
activity is steaming fumaroles on Bridgeman Island.

Another tectonic process resulted in the formation of back arc extension to the
east of the subduction zone, and led to the creation of a new plate, the Shetland
plate. The back arc basin formed as extension and splitting of the crust occurred
behind the line of volcanoes that formed during the subduction. The extension
progressed, forming the new plate boundary, and some of the original volcanic
rocks were forced west, away from the remainder of the Antarctic Peninsula. These
now form the South Shetland Islands. During this process, a marine basin, the
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Drake Plate South Shetland Bransfield Antarctic Peninsula
Islands Strait “

Fig. 2.6 (a) This map shows four small plates, Drake, Shetland, Scotia and Sandwich, that exist
between the large South American and Antarctic plates. Spreading ridges are shown by thick black
lines, subduction zones by the toothed symbol and transform margins by the single black lines with
arrows showing the direction of movement in some cases (With kind permission from Kurt Joy).
(b) A cross section showing the subduction of the Drake plate and the resulting back arc basin that
formed Bransfield Strait (Adapted from Earth: Portrait of a Planet 2011, with kind permission from
Kurt Joy)

Bransfield Strait (Fig. 2.6b), formed at the point of extension between the Shetland
plate (containing the South Shetland Islands), and the Antarctic plate (containing
the Antarctic Peninsula). This zone of extension is still active and Deception Island,
the site of one of the two most active volcanoes in Antarctica, sits above it (Smellie
et al. 2002) (Box 2.3).
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Box 2.3: Deception Island

Deception Island is almost crescent shaped, about 13 km in diameter. Its
highest point is more than 500 m above sea level. Most of the island formed
about 10,000 years ago during an explosive eruption. Thirty cubic km of
molten rock was ejected, and the summit of the volcano collapsed to form a
caldera which has since been partially flooded by the sea.

The volcano was particularly active again during the eighteenth and
nineteenth centuries, and also between 1906 and 1910. A 1967 eruption
formed three small new craters and an island, and led to temporary evacuation
of research personnel. In 1969, a fissure erupted in the ice on the caldera wall,
destroying a Chilean base and severely damaging a nearby British base, with
personnel again having to be evacuated by ship. A string of small craters was
formed in a 1970 eruption.

The caldera forms a protected harbour with a very narrow entrance. It has
been used for shelter since the first whalers arrived in the region. Today, it is a
destination for tourists and research personnel.

However, Deception Island is not extinct. In 1992, seismic activity
resulted in ground deformation and increased water temperatures. Currently,
the floor of the caldera is rising by a small but significant amount. It contains
the only geothermal lagoon in Antarctica and extreme microclimates exist
around steaming fumaroles and geothermally heated water (up to 70 °C).
These features make the island a site of interest for geological and biological
research, although the relatively warm microclimate means that introduced
species, inadvertently brought to the island by visitors, have a better chance of
establishing (Chap. 27).

2.3.4 Continental Rifting and Volcanic Activity: The West
Antarctic Rift System

Continental rifting takes place within the Antarctic plate itself, between East and
West Antarctica. On one side of the rift system, in the McMurdo Volcanic Province
in the western Ross Sea, volcanic activity began about 40 million years ago (Kyle
1990; Rocchi et al. 2002). This area hosts Antarctica’s most active volcano, Mount
Erebus (Box 2.4) and several extinct volcanoes, including Mount Terror and Mount
Bird on Ross Island, and Mount Discovery and Mount Morning on the mainland.
Although Mount Erebus does not sit on a plate boundary, the volcanic activity
exists because of tension and extension within the Antarctic plate that remain as a
result of the breakup of Gondwana (Chap. 3). As the Antarctic plate extended,
forming a continental rift (Behrendt et al. 1991), the continental crust gradually
thinned to the point that hot magma from the mantle could rise through and produce
volcanic activity (Fig. 2.7). Associated volcanism has occurred along the
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Marie-Byrd Land Transantarctic Mountains
West Antarctic lce Sheet East Antarctic lce Sheet

Ross Ice Shelf

Fig. 2.7 This block diagram shows the formation of the West Antarctic Rift System and the uplift
of the Transantarctic Mountains on one side of the rift (Adapted from Earth: Portrait of a Planet
2011, with kind permission from Kurt Joy)

Transantarctic Mountains as far north as Victoria Land. Today, the volcanic Mount
Melbourne has warm ground, and an ash layer exposed in ice on the volcano’s flank
suggests an eruption less than 200 years ago. Fumaroles also occur on Mount
Rittmann.
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Box 2.4: Mount Erebus

Mount Erebus (3,794 m) forms part of Ross Island, in the south west corner of
the Ross Sea. The last significant eruption of Mount Erebus occurred in 1985,
but it has been continuously active since at least 1972. Mount Erebus is one of
few volcanoes on Earth to contain a permanent lake of magma in its crater,
and small fountains of lava erupt up to several times a day as gasses
continually escape from the magma lake. Almost always, a plume of water
vapour and other gases rises from a separate vent within the crater, and
fumaroles near the summit are constantly active. Mount Erebus produces an
unusual volcanic rock called kenyte, which is found only in one other place
on Earth, on Mount Kenya in the East African Rift. These two volcanoes
produce the same rock type because they both formed in a similar, continental
rift setting.

Mount Erebus was first climbed by members of Ernest Shackleton’s party
in 1908 (Chap. 15). Ross Island is now home to New Zealand’s Scott Base
and McMurdo Station, one of three United States bases, and Mount Erebus is
relatively accessible for monitoring and research. Any fluctuations, for exam-
ple in the chemistry of gases or in seismic activity, may indicate significant
changes within the volcano, possibly marking the onset of a larger eruption.
Research involves monitoring sulphur dioxide and carbon dioxide emissions,
determining the age and sequence of lava flows, monitoring seismic activity,
using Global Positioning Systems to monitor the shape of the volcano, and
determining the overall impact of the volcano on Antarctica and the global
environment.

Volcanism in Marie Byrd Land (West Antarctica) marks the opposite side of the
continental rift and began at least 36 million years ago (Hart et al. 1995; Kyle 1994).
There are more than 18 large volcanoes and 30 small volcanic centres, but most are
covered in snow with their bases buried beneath the West Antarctic Ice Sheet. Many
more may exist under the ice (Box 2.5). At 4181 m, Mount Sidley is the tallest
volcanic peak. It rises 2200 m above the surrounding ice level.

Box 2.5: Marie Byrd Land Volcanic Province
The craters that emerge from the ice sheet in Marie Byrd Land show distinc-
tive volcanic forms (Fig. 2.8). However, volcanism extends far beyond the
few partially visible summits, and the Marie Byrd Land volcanic province is
one of the largest such landforms on Earth (LeMasurier and Rex 1989; Hart
et al. 1995).

Ice-penetrating radar has shown that a volcano now completely covered by
the West Antarctic Ice Sheet, erupted about 2,300 years ago. The eruption is

(continued)


http://dx.doi.org/10.1007/978-3-319-18947-5_15

2 A Continent Under Ice 21

Box 2.5 (continued)

Fig. 2.8 The Marie Byrd Land volcano Mount Hampton is visible above the West
Antarctic Ice Sheet and the clouds (John Smellie, previously published in Antarctica:
Global Science from a Frozen Continent 2013, with kind permission from Cambridge
University Press) (Walton 2013)

thought to have blown a hole in the ice sheet and produced a plume of ash and
gas 12 km high. It would have covered an area of 20,000 km?”. This is
probably the biggest eruption in Antarctica during the last 10,000 years.
The volcano remains active today and molten rock erupts under the ice.
Mount Berlin is also considered active as it has an underlying ice cave with
higher air temperatures and a steaming fumarole that produces a tower of ice
as the steam freezes on contact with the air. It is not known how many similar
volcanoes exist beneath the ice of Marie Byrd Land.

2.4 The Transantarctic Mountains

The Transantarctic Mountains (ten Brink et al. 1993) are also a product of the
crustal tension that formed the West Antarctic Rift System. During the initial part of
continental extension, Antarctica’s surface bulged upwards, raising elevation over a
wide area before the eventual rift. The Marie Byrd Land sector of West Antarctica
gradually separated from East Antarctica leaving behind the Transantarctic Moun-
tains, which have steep escarpments on the side of the rifting (Fig. 2.9). There is no
corresponding escarpment on the West Antarctica side of the rift because West
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Fig. 2.9 The Transantarctic Mountains formed on the uplifted flank of the West Antarctic rift
system (Bryan Storey, previously published in Antarctica: Global Science from a Frozen Conti-
nent 2013, with kind permission from Cambridge University Press) (Walton 2013)

Antarctica is made of several smaller landmasses, allowing the extension to be
distributed over a much wider area within West Antarctica itself.

2.5 Ross Sea Rift Basins

As the continental crust extended and thinned, it subsided and was flooded by
seawater, resulting in deep marine basins under the Ross Sea (Davey et al. 1983).
The difference in height from the top of the Transantarctic Mountains to the Ross
Sea basins is about 7 km, and a steady supply of sediments, eroded from the
neighbouring Transantarctic and West Antarctic mountains is continually filling
the basins. Geologists have drilled into these thick sequences of sedimentary rock
and retrieved two cores, unearthing a record of the advances and retreats of the
Antarctic ice sheets and the changing Antarctic climate over the past 35 million
years (Chap. 4).

The older deposits in these rift basins date to a period when life was abundant in
Antarctica. Organic matter was transported to the basins and incorporated within
the sediments. Such deposits are a potential source of hydrocarbons, and the
sedimentary basins of the Ross Sea are one location in the Antarctic region where
oil and gas reservoirs might exist (Chap. 23).
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2.6 Consequences of the West Antarctic Rift System

As the continental crust extended and thinned and the various crustal blocks of
West Antarctica separated, some regions sank below sea level. As a consequence,
the base of the West Antarctic Ice Sheet is grounded below sea level and, as ocean
temperatures rise, it is more likely to melt (Chaps. 5 and 25). In contrast, the East
Antarctic Ice Sheet sits on a single, thick landmass, most of which is above sea
level.

The Transantarctic Mountains obstruct the flow of ice from the Polar Plateau to
the coast. The presence of this barrier within the extraordinary Antarctic environ-
ment results in surface processes that have shaped the unique geomorphology of the
McMurdo Dry Valleys, the largest stretch of ice-free land on the continent. This
arid desert landscape provides a range of habitats for terrestrial organisms, but it
also represents the closest analogue on Earth for Martian conditions and geological
processes on other planets.

Some of the rocks found in Antarctica are extra-terrestrial themselves. The
moving ice sheets obscure the mountains of the continent itself but they make
Antarctica one of the best places in the world to find meteorites.

2.7 McMurdo Dry Valleys

Ice-free areas are rare in Antarctica. The largest stretch of bare rock and soil is
found in a sequence of valleys west of McMurdo Sound known as the McMurdo
Dry Valleys (Fig. 2.10). Glaciers advancing from the Polar Plateau to the Ross Sea
originally carved these valleys and filled them with ice, but now much of that ice
has gone, exposing bedrock and moraine. In this region, glaciers now rarely manage
to breach the Transantarctic Mountains and the flow of ice to the Ross Sea is
limited. Dry katabatic winds (Chap. 6) that sweep down from the Polar Plateau
cause glacial ice that has entered the valleys to sublimate (turn directly into water
vapour rather than melting into liquid water). The valleys themselves receive very
little direct snowfall and because of the mountain barrier, the supply of new ice does
not keep pace with sublimation. As a result, the volume of ice decreases.

This process has been occurring for several million years, and during this time,
permanently ice-covered saline lakes, ephemeral summer streams, bare soil, sand
dunes and permafrost features have developed. Collectively, these elements now
form part of a landscape that may be close to 5 million years old, one of the oldest
on Earth. Moraines form part of this landscape (Chap. 5) and indicate that the
McMurdo Dry Valleys have been exposed to the advances and retreats of ice from
three sources. Firstly, the East Antarctic Ice Sheet has thickened and expanded to
produce glaciers extending east into the valleys. Secondly, alpine glaciers that
remain today have advanced and retreated, and lastly, ice from an expanded and
thickened Ross Ice Shelf has been forced to spread inland and upstream, bringing
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Fig. 2.10 The McMurdo WARE. 2
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with it distinctive moraines from the volcanic rocks on Ross Island that lies to the
east. Determining the age and extent of these ice advances is key to understanding
past climate conditions (Chap. 4).

The valleys provide a unique Antarctic environment for studying a range of
physical processes, and local variations in temperature, humidity and soil moisture
provide an array of microclimates that generate extraordinary habitats for terrestrial
life (Chaps. 10 and 11).

2.8 Antarctica and Extra-Terrestrial Geology

Antarctica provides clues about the universe and our solar system for two main
reasons: the extremely cold, dry and ice-free McMurdo Dry Valleys are the closest
analogues we have for surface processes occurring on other planets, and the ice of
the Polar Plateau supplies extra-terrestrial material, in the form of meteorites.
Antarctica and Mars are both dry and cold with low snow and ice accumulation,
slow ice movement, low sublimation rates and little energy for ablation (Chap. 5).
Under these conditions, unique topography can develop. Where the McMurdo Dry
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Fig. 2.11 A large sand dune formed by blowing sand (from right to left) in Victoria Valley,
McMurdo Dry Valleys (With kind permission from Charlie Bristow)

Valleys have sand and gravel on the valley floors, the winds have piled the debris
into scattered sand dunes (Fig. 2.11). These sand dunes contain ice at their centres,
which gives the dunes a distinctive shape and determines how they move across the
valleys as the sand grains are blown by the wind.

Dunes on Mars, which have been studied using remote-sensing techniques, are
also thought to contain ice at their centres. This may have provided a suitable
habitat for life in the past.

Rock weathering is also distinctive in the McMurdo Dry Valleys. Any moisture
in the atmosphere breaks down rock, causing cracks, which are then enlarged by ice
and sand to produce highly cavernous rocks known as tafoni. Wind-blown sand is
instrumental in wearing down and polishing faceted stones known as ventifacts.
The layers of sand and gravel deposited on the floor of the valleys are subject to
permafrost, and the melting and freezing in the active layer produces unusual
patterns known as sublimation polygons. All these features also appear to have
analogues on Mars, and by understanding their formation and comparing them with
Martian images, planetary scientists hope to increase their understanding of extra-
terrestrial processes.
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2.9 Rocks from Outer Space

Meteorites land randomly all over Earth. In Antarctica, however, they are easy to
spot. In the centre of East Antarctica, where the continent’s ice cover is at its
thickest, the closest terrestrial rocks are embedded 3,000 m beneath the ice. Any
rocks found on the surface are likely to have fallen there from space. Meteorites are
dark in colour and prominent on white snow or blue ice, and in Antarctica, they are
not obscured by vegetation. The ice they land on is flowing down from the Polar
Plateau towards the Ross Sea. The Transantarctic Mountains obstruct these glaciers
as they move over or around the mountains. Sometimes, slow-moving eddies are
formed in the glaciers. Meteorites are carried in or on the ice to these slower moving
areas, where dry katabatic winds speed across the surface for long periods of time,
resulting in extensive sublimation. As the ice disappears, the meteorites emerge.

More than 1500 meteorites have been found in a relatively small (3 km by 7 km)
patch of exposed, slow-moving blue ice on the Beardmore Glacier, and in total,
over 16,000 samples have been recovered from Antarctica. Meteorites found in
Antarctica are less weathered than those found in temperate climates and, because
industrial pollution is low, they remain relatively uncontaminated. Even though the
meteorites may have dropped from space tens of thousands or millions of years ago,
they remain fresh and clean.

This large collection of Antarctic meteorites has improved our understanding of
the early history of our solar system and the origin of asteroids, comets, the moon
and planet Mars. Many rare and unusual meteorites have been found which add to
the diversity of known extra-terrestrial rock types.
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Chapter 3
A Long Journey South

Unravelling Antarctica’s Geological History
Bryan Storey and Yvonne Cook

Abstract Millions of years ago, Antarctica broke free from a giant supercontinent
and began its transformation from a land of lush forests that harboured dinosaurs to
a frigid continent at the bottom of the world. Evidence of the geological processes
acting on the continent is preserved in the many different types of rock in Antarc-
tica. The rocks tell a complex tale of a continent that has experienced a wide range
of climates, seen a variety of life forms and hosted mountain ranges that are now
completely eroded away. Although exposed rocks are rare in Antarctica, their
diversity provides enough information to chart the continent’s history from one of
the oldest rocks found on Earth to the present day.

Keywords Rodinia « Gondwana * Ross orogeny ¢ Mass extinction « Gondwanan
breakup ¢ Cooling of Antarctica

3.1 Reading Rocks

When a search party discovered Captain Scott’s final tent in November 1912, some
8 months after he and his four companions had perished on their return journey
from the South Pole, they found meteorological logs, diaries, letters, rolls of film
and 16 kg of fossil-bearing rocks.

Several of the fossils were of a plant with feather-like veined leaves, collected by
Edward Wilson from a coal seam in the Beardmore Glacier. Wilson — doctor, artists
and scientist on the ill-fated Terra Nova expedition — was the first to study these
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coal shales and to recognise them as geological signposts from a time when
Antarctica must have been much warmer and covered in lush vegetation. Scott’s
men didn’t know at the time that they had discovered the first Antarctic specimen of
Glossopteris, an ancient seed fern which had also been found in South America,
Africa and India. But they knew that their find was significant. As they struggled to
make their way back from the pole, they abandoned much of their gear in an effort
to reduce their sledging load, but they continued to carry the rocks to their icy grave.

It was only once the fossils were identified and confirmed as Glossopteris that it
became clear that the men’s final effort had contributed important evidence and
added weight to the idea of a southern supercontinent and the theories of plate
tectonics and continental drift.

Geology works slowly but relentlessly. Evidence of geological processes acting
over billions of years is preserved in the many different rock types in Antarctica,
and geologists have learned to decipher these traces of information, much like
forensic detectives reconstructing a crime from fragments left behind at the scene.
The diversity of Antarctic rocks provides enough information to establish general
and detailed pictures of Antarctica’s history, from a 3.93 billion-year-old mineral,
representing one of the oldest rocks found on Earth, to the present day.

The composition and structure of rocks, and their relative age all indicate the
geographic and tectonic environments that existed when they formed. Sedimentary
rocks are good indicators of geography, pointing to the existence of ancient rivers,
lakes, marine basins, mountains, lowland plains and swamps, and sometimes even
providing enough information to determine temperature and humidity (Box 3.1). In
contrast, igneous rocks are more indicative of past plate tectonic processes
(Box 3.2).

Box 3.1: Sedimentary Rocks (Fig. 3.1)

Sedimentary rocks are made from the eroded fragments of pre-existing rocks.
The pieces are transported by wind and water and as they accumulate and
build up in layers, they are buried and compressed, eventually turning into a
solid rock. The size and shape of the fragments indicate the environment in
which the rocks formed. Sandstone is made of small, rounded fragments that
have been in a high-energy environment, such as a river or a beach, where
constant movement knocks edges off the pieces and makes them rounder and
smaller. Mudstone forms in low-energy environments such as lakes, where
only small particles can be carried in the water and eventually sink and
accumulate. Sedimentary rocks sometimes contain fossils, for example of
marine or freshwater fish, which provide information about environmental
conditions at the time. Occasionally, rocks such as some types of limestone
are made entirely from animal remains and, in some circumstances, sedimen-
tary rocks are not derived from pre-existing rocks but precipitate directly
from water.

(continued)
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Box 3.1 (continued)

Fig. 3.1 The layered sequence of sedimentary rocks shows interbedded pale coloured
sandstones and dark coloured mudstones in the Transantarctic Mountains. Note the people
for scale (© Bryan Storey)

The composition of the rock fragments can also provide geologists with
clues about the tectonic environment at the time the fragments were being
eroded.

Box 3.2: Igneous Rocks (Fig. 3.2)

The word igneous comes from the Latin word ignis for fire. Igneous rocks are
derived from magma, molten rock that forms in the extreme heat in the inner
Earth. The magma gradually makes its way towards the surface where it
erupts from a fissure or vent and forms a volcano. If it reaches the Earth’s
surface, for example as a lava flow, it cools quickly and forms an igneous rock
with small crystals, such as basalt. If it doesn’t, it cools and hardens slowly,
forming an igneous rock with large crystals, such as granite. Granite and
similar rocks can be thought of as the root of a volcano. The chemistry of
igneous rocks holds clues about the tectonic environment at the time they
formed. For instance, magma chemistry differs depending on the location

(continued)
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Box 3.2 (continued)

Fig. 3.2 This photograph shows a columnar jointed basalt unconformably overlying an
eroded pale coloured granite in Marie Byrd Land. The cliff face is approximately 30 m high
(© Bryan Storey)

where it first formed and the extent of contamination by surrounding rocks as
it rose to Earth’s surface. Volcanic rocks formed in areas of plate collision are
chemically different from those that formed in areas of plate divergence.

Sometimes, volcanic rocks also hold information about geographical con-
ditions at the time of their deposition.

The tectonic movement of plates is the main driver for Earth’s complex and
constantly changing topography, which in turn influences circulation in the atmo-
sphere, physical processes on the surface, as well as biological habitats and,
ultimately, the evolution of life.

Ancient rocks that formed on Earth’s surface can be compared directly with
those forming today and the environment in which they were created can be
interpreted with reasonable accuracy. However, some rocks were formed deep
within Earth before being uplifted and exhumed (eroded and exposed at the surface)
and the high temperatures and pressures that created these rocks need to be taken
into account and correlated with processes on Earth’s surface before their origin can
be described with any certainty. The older the rocks, the more opportunity they



3 A Long Journey South 33

have had to be eroded away, metamorphosed (Box 3.3) or covered by younger
rocks, reducing the quality of information they supply.

Box 3.3: Metamorphic Rocks (Fig. 3.3)

Metamorphic rocks are formed from any pre-existing rock that has been
forced below Earth’s surface, where high temperatures and pressures caused
it to change structure and composition. A combination of the original rock
type and the temperature and pressure reached during metamorphism deter-
mines the final metamorphic rock type and gives an indication of the tectonic
environment. Schist and marble are examples of metamorphic rocks.

Fig. 3.3 The granite gneiss at Haag Nunataks is typical of many of the metamorphic
basement rocks in East Antarctica (© Bryan Storey)

Rocks in Antarctica tell a tale of a continent that has experienced a wide range of
climates, has seen a variety of life forms and has hosted mountain ranges that are
now completely eroded away. The rocks of East Antarctica originated in the
Northern Hemisphere and came to be part of a huge supercontinent that moved
across the globe before breaking up and positioning Antarctica as an isolated
continent at the South Pole. The rocks of West Antarctica have a variety of origins
and most of them are relatively young additions to the continent. Those of the
Antarctic Peninsula are related to rocks of Patagonian South America.
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3.2 Antarctica Within Ancient Supercontinents

3.2.1 Rodinia

Scientists speculate that 1100 million to 750 million years ago East Antarctica was
joined to the western side of North America in a continent called Rodinia (Fig. 3.4)
(Moores 1991; Dalziel 1997). This reconstruction is based on the alignment of
rocks of similar composition, structure and age. In particular, a distinctive stretch of
metamorphic rocks, which represents the roots of an ancient mountain range known
as the Grenville belt, is present in North America and East Antarctica. The
configuration of the continents in Rodinia allows for continuity of this ancient
mountain range.

North America is thought to have split from East Antarctica in a continental rift
(Chap. 2) approximately 750 million years ago. As the two parts separated, ocean
crust started to form along a spreading ridge, resulting in the formation of the
earliest, or proto, Pacific Ocean.

| PLATES/ UTIG

Fig. 3.4 This reconstruction shows East Antarctica (EAT) and Australia (AUS) joined to North
America (Laurentia, LAU) in an ancient supercontinent called Rodinia. The Grenville belt of
metamorphic rocks is coloured grey in this figure (Adapted from Antarctica: Global Science from
a Frozen Continent 2013, with kind permission from Cambridge University Press)
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3.2.2 Gondwana

As these newly formed continents continued to move, North America rotated away
from East Antarctica and collided with the western margin of South America
(Dalziel 1997). This collision caused scattered continental blocks, including the
rocks of East Antarctica, to come together to form another supercontinent called
Gondwana, about 550 million years ago (Fig. 3.5).

Where the continental blocks collided, Himalayan-sized mountain ranges arose.
In Antarctica, these have now been eroded, exposing their roots, which are found in
the scattered nunataks protruding through the East Antarctic Ice Sheet. The fossil
record built up during the formation of Gondwana indicates a time of rapid
evolution of multi-cellular plants and animals. When Gondwana eventually broke
apart (Torsvik et al. 2008), the continents and landmasses of Antarctica, South
America, India, Africa, Australia and New Zealand were formed (Fig. 3.6).

Fig. 3.5 The continents of South America, Africa, India, Australia and New Zealand were joined
together in a supercontinent called Gondwana from about 550 to 180 million years ago (Bryan
Storey, previously published in Antarctica: Global Science from a Frozen Continent 2013, with
kind permission from Cambridge University Press)
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Fig. 3.6 By 100 million years ago, South America, Africa and India had separated from Antarc-
tica. Australia and New Zealand rifted away from Antarctica soon after. The red dot shows the
location of a possible mantle hot spot that may have contributed to the separation of New Zealand
from Antarctica (Bryan Storey, previously published in Antarctica: Global Science from a Frozen
Continent 2013, with kind permission from Cambridge University Press)

3.2.3 An Active Tectonic Environment

From 550 to 450 million years ago, during the Cambrian and Ordovician periods,
the Pacific Ocean subducted (Chap. 2) beneath Gondwana along what is now the
edge of East Antarctica, resulting in a volcanic mountain range 3000 km in length.
This mountain-building episode is known as the Ross Orogeny (Stump 1995) and
ended most likely because a mass of continental crust on the subducting plate
collided with East Antarctica and stopped the subduction process.

The Ross Orogeny brought deep-level rocks to the surface, including granite, the
solidified roots of volcanoes, and metamorphic rocks, the roots of mountain ranges
formed deep in Earth’s crust during subduction. Once subduction had stopped,
erosion of the mountains produced an extensive flat surface, known as the Kukri
Peneplain, which cuts through the igneous and metamorphic roots of the Ross
Orogeny (Fig. 3.7).
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Fig. 3.7 This photograph shows the horizontal erosion surface called the Kukri Peneplain that is
underlain by igneous rocks formed by subduction during the Ross Orogeny and overlain by
sedimentary rocks after subduction ceased (With kind permission from Margaret Bradshaw)

3.3 Geography and Biology of Gondwana

Over 300 million years of Gondwana’s history, a 2.5 km thick sequence of
sedimentary rocks known as the Beacon Supergroup (Barrett 1991) was deposited
on the Kukri Peneplain in Antarctica. During that time, Gondwana experienced
climatic variations that affected the whole globe, and which are reflected in the
fossil record and the rock compositions. In addition, Gondwana crossed different
climatic regions as it moved from the equator towards the South Pole, which led to a
constantly evolving flora and fauna.

3.3.1 Rivers, Shallow Seas and Fishes

The oldest rocks at the base of the Beacon Supergroup show that the East Antarctic
segment of Gondwana supported large meandering rivers and was partly covered in
lakes and shallow seas during the Silurian and Devonian periods. The Devonian
period saw rapid evolution of fishes across the world and the rivers of Antarctica
were no exception. Fossils of various fishes, including primitive lungfish and the
armour-plated Placoderm fish, are preserved in sedimentary rocks throughout the
Transantarctic Mountains (Fig. 3.8a, b).
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Fig. 3.8 (a, b) Mid-Devonian Antarctic fish. (a) The fossilised lower jaw of the large
Notorhizodon mackelveyi and (b) a reconstruction of Donnrosenia based on fossilised skeletal
remains (With kind permission from Stilwell and Long 2011)

3.3.2 A Temporary Polar Landscape

The Beacon Supergroup rocks also suggest that about 300 million years ago the
climate changed and Gondwana became partially covered by a large ice sheet
during the Carboniferous period (Fig. 3.9). This ice sheet advanced and retreated,
depositing glacial moraines that are now solidified and preserved in the
Transantarctic Mountains as large thicknesses of till. As the ice moved, boulders
frozen within it cut furrows and grooves in the underlying rock surface that are still
visible today and record the passage of the ice sheet.
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Fig. 3.9 An ice sheet covered part of Gondwana about 300 million years ago, forming a
temporary polar landscape during the Carboniferous period (Bryan Storey, previously published
in Antarctica: Global Science from a Frozen Continent 2013, with kind permission from Cam-
bridge University Press)

3.3.3 Swamps, Coal and Conifers

After the Carboniferous glaciation, the climate warmed gradually and plants that
thrived in extensive cool-temperate swamps evolved quickly during the Permian
period. This swamp vegetation eventually turned into coal deposits, now seen as
thick seams at several places in the Transantarctic Mountains (Fig. 3.10).

Edward Wilson was the first person to study these coal seams, as he climbed the
Beardmore Glacier on his way to the South Pole with Captain Scott in 1911. He
noticed fossil leaves in the coal, which showed that Antarctica had not always been
the barren, icy place he was experiencing. The most characteristic fossils were later
identified as Glossopteris (Fig. 3.11), the largest and best-known genus of an extinct
order of seed ferns.

During Scott’s time, the idea that crustal fragments should move around on the
surface of the globe was far from accepted, and the discovery of Glossopteris in
East Antarctica as well as South America, Africa, Australia and India added weight
to the concept of Gondwana and the theories of plate tectonics and continental drift.
Other plant fossils identified in East Antarctica include Ginkgo and conifer species,
which colonised the drier hillsides, and tree ferns similar to those alive today.
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Fig. 3.10 A 4-5 m thick coal bed within sedimentary rocks in the Transantarctic Mountains
(Bryan Storey, previously published in Antarctica: Global Science from a Frozen Continent 2013,
with kind permission from Cambridge University Press)

3.4 Mass Extinction, Renewed Evolution

Approximately 250 million years ago, at the end of the Permian period, up to 96 %
of all marine species, and 70 % of land vertebrate species died out during Earth’s
most extreme extinction event. Many plants were also affected, including
Glossopteris. The initial triggers of the extinction were probably gradual environ-
mental changes such as dropping sea levels, the development of anoxic conditions
in the oceans, and increased aridity on land. A later catastrophic event, such as a
large meteor impact (Kaiho et al. 2001) which would have led to increased
volcanism or a sudden release of methane hydrates from the seafloor, may have
acted on this already stressed ecosystem and made the extinction so devastating.

Certain groups, including some conifers, ferns and ginkgos, survived the extinc-
tion. They became part of the next burst in evolution during the warm and wet
Triassic period which produced many plants that are widely represented in South
America, Australia and New Zealand today. This new flora was characterised by
Dichroidium, a seed fern with forked fronds, podocarps and horsetails. As the
Triassic progressed, the climate became increasingly hot and dry and many plants
evolved drought-resistant adaptations.

Reptiles were common (Vickers-Rich and Hewitt Rich 1999). Lystrosaurus was
a vegetarian mammal-like reptile, with two tusks, which fed on fluvial flood plains
across Gondwana (Fig. 3.12).
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Fig. 3.11 Fossil Glossopteris leaves approximately 10 cm long (With kind permission from
Margaret Bradshaw)

Myosaurus was a very small, rare mammal-like reptile found only in
South Africa and Antarctica, and Thrinaxodon was a stoat-sized carnivore that
also lived in South Africa. This was the time when the first primitive ancestors of
modern lizards evolved. The Temnospondyls were semi-aquatic amphibians the
size of a large crocodile with skulls nearly 1 m in length.

As dinosaurs evolved and spread across the world during the Jurassic period,
they also colonised the East Antarctic sector of Gondwana. Cryolophosaurus
ellioti, known as the frozen crested reptile, was unique to Antarctica, 7 m long
and carnivorous with an unusual bony display crest on top of its skull (Fig. 3.13).
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Fig. 3.12 A Lystrosaurus murrayi skeleton, at the Museum national d’histoire naturelle, Paris.
Fossils of this 1 m long reptile were found within sedimentary rocks in the Transantarctic
Mountains. The reptiles roamed the river banks during the Triassic period, 250 million years
ago (With kind permission from Wikimedia Commons)

Fig. 3.13 A cast of the
head of Cryolophosaurus
ellioti, Royal Ontario
Museum, Toronto, Ontario,
Canada (With kind
permission from D. Gordon,
E. Robertson, Wikimedia
Commons)

Large, long-necked reptilian herbivores such as Apatosaurus and Brachiosaurus,
and flying reptiles, the Pterosaurs, were also present. This rapid success of dino-
saurs is associated with a change in climate and with vegetation dominated by
conifers (Rich and Rich 1993).
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3.5 Breakup of Gondwana and Isolation of Antarctica

3.5.1 Ferrar Large Igneous Province

Gondwana started to break into smaller fragments about 183 million years ago,
during the Jurassic period. The breakup was marked by intensive volcanism that
lasted less than a million years. The volcanic activity spanned Gondwana from what
is now Africa, through East Antarctica along the Transantarctic Mountains, and into
Tasmania and New Zealand, a distance of over 4000 km. Most volcanoes and vents
that formed during this period have since been eroded. However, just below Earth’s
surface a network of vertical sheets (dykes) and horizontal layers (sills) of igneous
rock formed that originally supplied magma to the volcanoes. This structure is now
solidified and preserved, and has been uplifted to Earth’s surface and exposed by
erosion. It is known as the Ferrar Dolerite (Elliot 1992) and the wider volcanic
activity across East Antarctica as the Ferrar Large Igneous Province (Storey and
Kyle 1997) (Fig. 3.14). Similar volcanic rocks in southern Africa are known as the
Karoo Province (Cox 1988) and are similar to those found in Dronning Maud Land
in East Antarctica.

The Ferrar and Karoo igneous rocks may have been derived from an abnormally
large, hot part of Earth’s mantle, called a plume. Plumes appear to be associated

Fig. 3.14 The prominent black layers are basalt sills, crystallised from hot liquid magma that was
injected into sedimentary rock along the Transantarctic Mountains 183 million years ago just prior
to the initial breakup of Gondwana in the Jurassic period (With kind permission from Antarctica
New Zealand)
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Fig. 3.15 This figure illustrates a plume of hot magma that may have originated from the Earth’s
core beneath Gondwana and contributed to its breakup, forming the large volume of igneous rocks
across Gondwana (Bryan Storey, previously published in Antarctica: Global Science from a
Frozen Continent 2013, with kind permission from Cambridge University Press)

with unusually large-volume volcanic events and can also be linked with continen-
tal rifting (Storey 1995). The location of the Karoo Province coincides with the
point where East Antarctica split from Africa during Gondwana’s breakup. Several
plumes may have been associated with the splitting of Gondwana (Fig. 3.15), but all
of the Ferrar magma may have come from just two plumes found in what is now the
South Atlantic.

The volcanic islands of Marion and Bouvet may be their present-day expres-
sions. If this is the case, magma has flowed for thousands of kilometres through the
dykes and sills that are preserved today.

In southern South America, geologists have identified a large area of volcanic
rocks that are of a similar age, but differ in composition from those of the Ferrar and
Karoo provinces. However, these are also related to the breakup of Gondwana. The
difference in their composition most likely means that the magma came from a
different location in the Earth’s mantle and was exposed to other processes as it rose
to the surface.

The extensive volcanic activity associated with the breakup of the Gondwanan
supercontinent had a major effect on other Earth systems, influencing atmospheric
composition, climate, flora and fauna.
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3.5.2 Stages of Gondwana Breakup

The breakup of Gondwana (Storey 1995) started either at the same time or just
after the outburst of Ferrar volcanic activity in the Jurassic period and led to
a thinning of the continental crust and the sea encroaching between West Gond-
wana (South America and Africa) and East Gondwana (East Antarctica, Australia,
India and New Zealand). As rifting progressed, new tectonic plates formed in what
are now East Africa and the Weddell Sea, ocean crust formed and seafloor spread-
ing developed.

The second stage of the breakup happened about 130 million years ago (early
Cretaceous), when the South American plate separated from a combined
African-Indian plate, which in turn was splitting from the combined
Antarctic-Australian plate (Lawver et al. 1998). From 90 to 100 million years ago
(late Cretaceous), New Zealand and Australia started to separate from Antarctica,
and by approximately 32 million years ago the breakup of Gondwana was almost
complete. The final stage was the separation of the tip of South America from the
Antarctica Peninsula, which opened up the Drake Passage (Fig. 3.16).

Isolation of Antarctica
35 Ma

Fig. 3.16 The final separation of South America from Antarctica lead to the opening of the Drake
Passage, the formation of the circumpolar current and the final isolation of Antarctica (Bryan
Storey, previously published in Antarctica: Global Science from a Frozen Continent 2013, with
kind permission from Cambridge University Press)
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3.5.3 The Pacific Ocean and the Antarctic Peninsula

As Gondwana was breaking apart, the Pacific Ocean floor was continually being
subducted beneath the supercontinent in the regions that are now New Zealand, the
Antarctic Peninsula and the west coast of South America. This resulted in the
formation of a volcanic mountain chain and also in sedimentary material being
scraped off the subducting Pacific plate and accreted (added) to the western margin
of Gondwana. This subduction was the first stage in the emergence of the Antarctic
Peninsula (Storey and Garret 1985). The eroded remnants of these volcanoes and
the accreted sediment remain today.

The subduction process has now ceased along most of the peninsula region of the
Antarctic plate because the spreading ridge between the Antarctic and Nazca plates
collided with the subduction zone and brought the process to a halt (Larter
et al. 2002). However, in a small region in the northern part of the Antarctic
Peninsula, the subduction that was initiated during the breakup of Gondwana
continues today (Chap. 2).

3.5.4 The Cooling of Antarctica

By approximately 45 million years ago, Tasmania had moved northward, away
from East Antarctica, creating a significant seaway. This seaway initiated the
thermal isolation of Antarctica and resulted in the cooling that produced, through
feedback mechanisms, the first ice sheets on the continent. The separation of the tip
of South America from the Antarctica Peninsula and the opening up of the Drake
Passage completed this isolation process when the Antarctic Circumpolar Current
formed (Barker and Thomas 2004) (Chap. 7). This massive current encircles
Antarctica and provides an effective barrier to the transfer of heat from more
northerly latitudes. Ultimately, this contributed to the extensive cooling of Antarc-
tica and the growth of the major ice sheets (Chap. 4).

3.5.5 Rotated Microplates and East Antarctica

The formation of new tectonic plates and the large southern hemisphere continents
were not the only results of the Gondwanan breakup. Some small fragments, or
microplates, (Fig. 3.17) were also created, particularly in the South Atlantic region,
and their movements help explain some apparently anomalous geological features
of Antarctica (Dalziel and Elliot 1982; Grunow et al. 1987). The Ellsworth Moun-
tains of West Antarctica consist of Ross Orogeny and Gondwanan rocks like those
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Fig. 3.17 A sub-ice topography map of West Antarctica showing the Haag and Ellsworth
Mountains microplates, which formed during the breakup of Gondwana. The areas in blue are
below sea level and indicate that deep marine basins separate the microplates (Chap. 2) (© Bryan
Storey)

of the Transantarctic Mountains, rather than like the younger volcanic rocks typical
of the rest of West Antarctica. These rocks form the Ellsworth microplate, which
was part of East Antarctica but has now moved some distance away from the
Transantarctic Mountains and is oriented more or less at a right angle to them.
The Haag Nunataks are also a microplate of 1200-million-year-old metamorphic
rocks from East Antarctica, which now forms part of West Antarctica.
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3.5.6 Rotated Microplates and West Antarctica

Displaced microplates are also a significant component of the final separation of the
South American plate from the Antarctic Peninsula and the creation of the Drake
Passage. The South Georgia block (now part of the South American plate) moved
from a location much closer to southern South America to its present position, and
the South Orkney block (on the Antarctic plate) moved away from the northern tip
of the peninsula to form Powell Basin (Chap. 2, Fig. 2.6a). The South Shetland
Islands (on the Shetland plate) are now separated from the peninsula by the
Bransfield Strait (Chap. 2).

A further consequence of the breakup was the initiation of the West Antarctic
Rift System. The rifting is thought to be part of a process that initially led to the
separation of New Zealand from Antarctica but which continues today with the
separation of East and West Antarctica. The mountain ranges and volcanoes arising
from this rifting are described in Chap. 2.

3.6 Consequences of Antarctica’s Gondwanan Heritage

For close to 300 million years the southern hemisphere continents shared part of
their geological history as components of the Gondwana supercontinent. Regions of
volcanic activity, mountain ranges, rivers, flora and fauna may not have been
universally distributed across Gondwana but their boundaries crossed what are
now the margins of continents and tectonic plates. As a result there are fundamental
geological similarities between Antarctica and its immediate Gondwanan neigh-
bours. These similarities have not only led to the recognition of Gondwana, which
in turn led to the theory of plate tectonics, but also have implications for targeting
geological research in regions of Antarctica that are hidden by ice. These similar-
ities also encourage speculation when discussing the potential economic resources
Antarctica might contain (Chap. 23).
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Chapter 4
Looking Back to the Future

Palaeoclimate Studies in Antarctica
CIliff Atkins

Abstract Antarctica has not always been a frozen continent covered in large ice
sheets. It has experienced vastly different climates, ranging from tropical to polar,
over hundreds of millions of years. As climate changed, so did the types of plants and
animals, the amount of ice, the composition of the air and water, and the geological
processes depositing sediments. Traces of these changes became preserved in layers
of rock and ice that accumulated over time. Detailed studies of these layers allow
scientists to produce a picture of, or to reconstruct, environments and climate
conditions that existed in the past and piece together how and why they changed.

Keywords Palaeoclimate ¢ Climate proxies ¢ Isotopes ¢ Fossils ¢ Greenhouse ¢
Icehouse « Milankovitch cycles » Climate models * Groundtruthing

4.1 Modelling the Past

Palaeoclimate studies show a long-term progressive cooling of Antarctica from a
generally warm ‘greenhouse’ climate without ice sheets that existed before 35 mil-
lion years ago, to the colder ‘icehouse’ conditions that we see today. Superimposed
on the overall cooling trend are many shorter-term fluctuations in climate. These
glacial-interglacial fluctuations occurred over tens to hundreds of thousands of
years, causing large changes in Earth’s temperature, albedo and the size of ice
sheets, which in turn affected global sea level and ocean circulation, highlighting
the complex but important role Antarctica plays in the global climate system.
Sophisticated computer programmes can be used to model how the various com-
ponents of the climate system such as oceans, atmosphere and ice interact to produce
different climate conditions through time. The models use information on the timing
and scale of past climate changes derived from palaeoclimate studies. Furthermore, the
accuracy of the models is assessed by using the palaeoclimate evidence to evaluate or
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‘groundtruth’ how well a model simulates past climates (Box 4.1). Some climate
models are now used to predict future climate change scenarios and include indications
of how the large ice sheets in Antarctica will respond. Predicting future scenarios is
becoming important as levels of greenhouse gases and global temperatures rise, and as
scientists become increasingly concerned about the stability of the Antarctic ice sheets.

Box 4.1: Groundtruthing

Climate models contain many assumptions and estimates about the components
of the climate system and how they interact. These can produce uncertainties or
errors in the model. Groundtruthing is the process of using direct scientific
evidence such as fossils, rocks or sediments (rather than assumptions and esti-
mates) to provide real measured data, or ‘truth’, which can be used to constrain
the uncertainties in the models. For example, certain plant fossils may indicate a
specific temperature or rainfall that existed at a point in the past, or sediments and
marine fossils may indicate water depth and chemistry of ancient oceans. The
climate conditions predicted by the model can then be compared to the
‘groundtruths’ to test how well the model simulates what actually happened.

4.2 Studying Palaeoclimate: The Proxy

The term palaeoclimate refers to the study of climate during the geological past,
before the instrumental record, and examines evidence preserved in natural
archives (Bradley 1999). Natural archives are the traces of a wide range of natural
occurrences that are influenced by climate and have become preserved in the
geological record (Shuman and Scott 2007). Examples include plants and animals
preserved as fossils in sedimentary rocks, or bubbles of air frozen in layers of ice.
Although natural archives do not directly record climate, they reflect biological,
chemical and geological responses to climate which vary as the climate changes,
providing a substitute measure, or proxy record.

Proxies provide information about the patterns, magnitude, timing and mecha-
nisms of climate change. The relationship between climate and the response of the
proxy is determined by comparing and calibrating the proxy with the equivalent
modern processes. For example, fossil plants are compared with related modern
plants to determine their likely environmental and climate preferences and toler-
ances. Statistical methods are used to interpret the proxy and provide measurable
data such as temperature or precipitation. This provides a view of the past at the
time the proxy formed and enables a detailed picture of the climate conditions to be
reconstructed. There are several commonly used proxy records in Antarctica.

4.2.1 Isotopes

Isotopes are variations of the same chemical element. Elements are made up of atoms
and each atom has a nucleus containing protons and neutrons. Although an atom
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always has the same number of protons (atomic number), some elements, such as
oxygen, can have a variable number of neutrons (Box 4.2). This results in various
isotopes of an element each having a slightly different atomic mass. The different
isotopes of an element can co-exist but the ratio of one isotope to another is often
determined by characteristics of the physical environment, such as temperature. As
temperature changes, the ratio of one isotope to another also changes. The isotopic
ratios can be preserved in the fossil record in various ways, such as in fossil shells or
bones of animals. Measuring the ratios of different isotopes incorporated into fossil
material provides a proxy measure of the climate when the organism lived (Jansen
et al. 2007).

Box 4.2: Oxygen Isotopes

Oxygen atoms have eight protons, but the number of neutrons can be eight,
nine or ten, resulting in three isotopes with different mass numbers of 16O,
70 and '®0. This difference in atomic mass means that water vapour (H,0)
evaporated from the oceans has a slightly higher amount of the lighter '°O
isotope relative to '%0. As the water vapour rises and is transported toward the
poles, it cools and the heavier '®O precipitates out as rain at mid-latitudes
while the '°0 is transported farther, precipitating as snow at high latitudes.
During colder climates such as glacials, there is a larger volume of snow and
ice on land at the poles, trapping the '°O in the snow, effectively raising the
ratio of the heavier '®0 in the oceans. During warmer interglacials, the ice and
'°0 is released back to the oceans, balancing the ratio (Fig. 4.1). Although
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Fig. 4.1 This illustration shows how the differentiation of oxygen isotopes in the oceans and
ice sheets occurs. The different ratios can be used in palaeoclimate studies to estimate past
temperatures and ice volume (With kind permission from Robert Simmon, NASA GSFC)

(continued)
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Box 4.2 (continued)

this description is somewhat simplified, it illustrates how oxygen isotopes
provide a proxy measure of global ice volume and temperature through time.
This relationship can be used for palacoclimate studies by analysing the shells
of microscopic marine creatures called foraminifera. Oxygen is precipitated
from seawater into the calcium carbonate (CaCOj3) shells of the foraminifera.
The ratio of '°O to '®O reflects the temperature of the water at the time of
precipitation, so by analysing the oxygen composition in the shells, fossil
foraminifera from ancient sediments can be used to measure the temperature
of the water and also the relative volume of polar ice at the time they lived.

4.2.2 Sedimentary Rocks

Layers of sedimentary rock provide a proxy record of past environments. Sedimen-
tary layers contain rock fragments that have been transported and deposited by
rivers, glaciers and ocean currents. The size and shape of the fragments, the pattern
of structures such as ripples and cross bedding combined with the type of fossils in
the rock reflect the processes that occurred during deposition. For example, thick
deposits of angular boulders with scratched surfaces mixed with finer sediment are
characteristic deposits of glaciers, whereas layers of mudstone with marine fossils
indicate the slow settling out of sediment in the ocean. Geologists can therefore
interpret the environment that each layer of sediment was deposited in and quantify
conditions such as water depth or proximity to glaciers. The associations of
different layers in the rock record then allow geologists to estimate how the
depositional processes and environmental conditions changed through time.

4.2.3 Fossils

A wide variety of plant and animal fossils are preserved in Antarctic sediments.
These include large fossils like wood, leaves, animal bones and shells, but also
extremely small microfossils like pollen grains and plankton. Features of individual
fossils, such as leaf size and shape or the assemblage of different fossils from a
particular sedimentary layer, can be compared with modern examples. This gives
an idea of past environmental and climate conditions that existed when the organ-
isms were alive and can provide very specific palaeoclimate data, including past
precipitation or temperature ranges (Box 4.3).
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Box 4.3: Fossil Case Study

Outcrops of sedimentary rock on Alexander Island on the Antarctic Peninsula
contain a rich record of fossil material including leaves, pollen, wood and
flowers that existed about 85 million years ago during the Cretaceous Period.
The assemblage of fossils and sediment types allowed scientists to recon-
struct an accurate picture of a forest environment that existed on a river
floodplain at the time. Statistical analysis of the number of fossil plant
types identifies a forest canopy comprising mainly conifer, ginkgos and
podocarp trees with an understory of ferns, liverworts, mosses and shrubby
angiosperms. An artist’s impression of this environment is shown is Fig. 4.2.
A comparison of fossil leaf size and shape with related modern species
indicates mean annual temperatures of up to 20 °C and rainfall greater than
2500 mm during the growing season, i.e. the fossil plants lived in a warm and
humid sub-tropical climate (Francis et al. 2008).

\ &

Artwork by Riobert Nicholis www. paleccreations.com

Fig. 4.2 A reconstruction of the forests on Alexander Island, Antarctica, 100 million years
ago during the warm climate of the Cretaceous Period based on the analysis of plant fossils.
The reconstruction is based on the work of Jodie Howe (University of Leeds) and Jane Francis
(formerly University of Leeds, now BAS) and geologists from the British Antarctic Survey
(With kind permission from the artist Robert Nicholls, © 2009, of Paleocreations.com)
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4.2.4 Ice Layers

Cores of ice retrieved from ice sheets in Antarctica provide an important climate
proxy. As annual layers of snow become buried and compressed into ice, air in the
snow becomes trapped in gas bubbles within the ice. These bubbles provide a
precise record of past atmospheric compositions, including greenhouse gases such
as carbon dioxide (CO,) and methane (CH,), global dust levels, volcanic aerosols
and also isotopic ratios of oxygen and deuterium (Chap. 5), which provide proxy
measures of past temperatures. Ice cores provide high-resolution records — some-
times annual variation can be determined — but ice cores are limited because they
extend back in time by only about 800,000 years.

4.3 Past Antarctic Climate

4.3.1 Greenhouse Conditions

Sedimentary rock in the Transantarctic Mountains and on the Antarctic Peninsula
contains evidence of climate change over millions of years as the Antarctic plate
drifted from equatorial latitudes toward the South Pole (Chap. 2). Reconstructions
based on this evidence reveal that shallow seas, rivers, lakes and forests existed in
warm climates during the Devonian to Early Carboniferous (400-340 million years
ago), followed by cold conditions and wide-spread glaciation during the Carbonif-
erous to Early Permian (340-280 million years ago). After the glaciation, warmer
climates created extensive swamps, river systems and forests supporting a wide
range of flora and fauna, culminating in a sub-tropical climate at polar latitudes in
the Cretaceous (85 million years ago) (Box 4.3, Fig. 4.2) (Francis et al. 2008). The
Cretaceous warm period in Antarctica’s history is commonly referred to as the
greenhouse climate.

4.3.2 Greenhouse to Icehouse

Isotope records from sedimentary rocks retrieved in deep-sea drill cores far from
Antarctica show long-term changes in global temperature and carbon dioxide (CO,)
levels. Oxygen isotopes preserved in calcareous (CaCO3) fossils in the sedimentary
rock provide a proxy for past ocean temperatures. Similarly, carbon isotopes from
marine plankton fossils reflect past CO, concentrations of the water and this can
then be used to infer the CO, concentration in the atmosphere (e.g. Pagani
et al. 2005). The level of CO, in the atmosphere is important because it is a
major greenhouse gas and is closely linked to temperature. The isotope record
shows a progressive decline in global temperature and atmospheric CO, from the
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Fig. 4.3 A time-temperature graph for the last 80 million years showing: (a) an irregular global
cooling curve and the development of Antarctic ice sheets; (b) vertical colour bars indicating time
intervals represented in drill cores recovered from the deep sea, Antarctic margin (Cape Roberts
Project-CRP, ANDRILL) and ice cores. Collectively, the drill-core records contain palaeoclimate
evidence of the transition from warm greenhouse conditions prior to 35 million years ago through a
transition to cold icehouse conditions we see today (Temperature curve reprinted from Crowley
and Kim 1995, modified from Barrett 2009, with kind permission from Elsevier)

warm greenhouse climates before 35 million years ago, through a transition period
to cold icehouse conditions after 15 million years ago, when ice sheets became
more persistent in Antarctica. Further global cooling intensified the icehouse
conditions leading to the continental-scale Antarctic ice sheets we see today and
the development of ice sheets in the Northern Hemisphere over the last 2.5 million
years (Fig. 4.3).

The cause of the global cooling has been the subject of much research. Several
reasons for the change have been suggested including continental drift and changes
in the ocean circulation around Antarctica, fluctuations in solar energy input, the
amount of aerosol in the atmosphere, and changes in greenhouse gas concentra-
tions. The answer may be a combination of several factors, but the close
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relationship between temperature and CO, records indicates that the fall in CO,
levels was a major factor (e.g. DeConto and Pollard 2003; IPCC 2013).

The geological record of the transition from greenhouse to icehouse conditions is
only exposed in a few outcrops on the Antarctic Peninsula and the Transantarctic
Mountains. However, a more complete record is well preserved in layers of
sedimentary rock that accumulated in marine basins around the margin of the
continent. Much of this record has been recovered through a series of drilling
projects such as the Cape Roberts Project (CRP) and ANDRILL (Fig. 4.3).

4.3.3 Into the Icehouse

Drill cores from the Victoria Land Basin in the western Ross Sea record the time
period between 34 and 1 million years ago (Barrett 2009; Hodgson et al. 2009).
Sedimentary rock layers and fossils from the drill cores provide proxy records of
past climate conditions, such as temperature, ice volume and sea level, close to
Antarctica. These records confirm the overall global climatic cooling with the first
continental-scale ice sheets appearing at about 34 million years ago, and the
establishment of permanent ice sheets at about 15 million years ago. The data
also reveal many shorter-term changes in ice sheet size and global sea level
superimposed on the overall cooling trend, and these short-term changes are related
to alternating glacial-interglacial climate conditions (Naish et al. 2001, 2009).
Each sediment layer represents a specific depositional environment. Layer by
layer analysis reveals a cyclic pattern, reflecting changes in the depositional environ-
ment and climate through time. Typically, each sedimentary cycle shows the follow-
ing: a layer of coarse-grained, poorly-sorted sediment (diamictite) deposited directly
by glaciers, overlain by layered sandstone with pebbles that have melted out of ice
floating in the ocean, overlain by mudstone or fine-grained sediment made up
exclusively of marine diatom fossils (diatomite) deposited in deeper, open ocean.
The diamictite layers represent colder glacial climates when sea level fell and the ice
sheets expanded onto the exposed continental shelf, depositing glacial debris as
moraines over the area which is now the drill site. The overlying layered, pebbly
sandstones formed in warming climates. As the ice sheets and ice shelves began melting,
sea level rose over the shelf and floating ice bergs dropped stones to the seafloor. The
mudstones and diatomite formed in open ocean conditions, indicating retreat of the ice,
higher sea level and warm interglacial climates. Each cycle of sediments represents the
advance and retreat of Antarctica’s ice sheets and ice shelves in conjunction with rises
and falls in sea level, as a result of global-scale, glacial-interglacial cycles (Fig. 4.4).
Dating the drill cores using microfossils, palacomagnetic signals in the sediment
and volcanic ash layers shows that the sedimentary cycles usually occurred on
40,000-year and sometimes 100,000-year timescales (Naish et al. 2001, 2009). This
periodicity closely matches the timing of cyclic variations in Earth’s rotation on its
axis and its orbit around the sun, called Milankovitch cycles. These orbital varia-
tions influence the amount of solar radiation received at different latitudes and are
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Fig. 4.4 This diagram of the AND-1B drill core recovered from beneath the Ross Ice Shelf shows:
1 various sediment types found in repeated sedimentary cycles (diamictite, stratified pebbly
sandstone and diatomite); 2 associated environment and climate reconstructions (ice sheet over-
riding, ice shelf retreat and open ocean); 3 modelled ice sheet-climate interpretations, (full glacial,
intermediate and full interglacial). Ice sheet and ice shelf thickness in meters indicated on the
coloured scale and drill core location is marked by the black dot on the maps (Modified from
ANDRILL flexibit poster, climate models from Pollard and DeConto 2009, with kind permission
from ANDRILL/University of Nebraska State Museum)

widely accepted as the primary mechanism of triggering a change in climate
between glacial to interglacial conditions (Box 4.4).

The palaeoclimate record from drill cores at Cape Roberts shows that from 34 to
15 million years ago, Antarctica’s ice sheets waxed and waned on predictable
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Milankovitch controlled timescales (Naish et al. 2001). After 15 million years ago,
global temperature and CO, continued to fall, resulting in Antarctica’s ice sheets
becoming permanent. However, the ice sheets and global climate continued to
oscillate on 40,000-year Milankovitch timescales. This is well recorded in a drill
core (AND-1B) recovered from beneath the floating Ross Ice Shelf by the
ANDRILL project.

The Ross Ice Shelf is the world’s largest ice shelf and is fed by glaciers draining
from the West Antarctic Ice Sheet, which is considered to be inherently unstable
because much of the ice rests on a downward sloping seafloor well below sea level.
Importantly, the floating Ross Ice Shelf provides a buttressing effect for the ice
sheet, preventing it from expanding outward and disintegrating. Therefore, if the
Ross Ice Shelf melts, it has a major impact on the stability of the West Antarctic Ice
Sheet (e.g. Jenkins et al. 2010; Pritchard et al. 2012). At the AND-1B drill location,
the diatomite layers in each cycle indicate that during the warmest interglacial
conditions, open ocean existed and the Ross Ice Shelf had completely disappeared.
This occurred several times during the Early Pliocene (5-3 million years ago). The
important palaeoclimate implication is that the Ross Ice Shelf and possibly the
whole West Antarctic Ice Sheet disappeared in the past, raising global sea level,
when temperatures were known to be only 2-3 °C higher than present (Naish
et al. 2009; McKay et al. 2012).

Box 4.4: Milankovitch Cycles and Climate Change

Milankovitch cycles are periodic variations in the spin of Earth on its axis and
the orbit of Earth around the sun. These variations change the amount of solar
radiation (insolation) reaching different latitudes on Earth and therefore
influence climate (Fig. 4.5). Three principle cycles occur on different
periodicities:

1. A 100,000-year cycle, referred to as eccentricity, which relates to the
variation of Earth’s orbit around the sun.

2. A 40,000-year cycle known as obliquity, which occurs due to Earth’s tilt
on its axis varying between 22 and 24°. This influences the contrast
between seasons.

3. A 21,000-year cycle called precession caused by Earth wobbling on its
axis, altering the orientation of the hemispheres in relation to the sun and
changing the timing of the seasons.

The change in solar insolation caused by the interplay of the three
Milankovitch cycles is small, but it is enough to trigger changes in the climate
(e.g. Zachos et al. 2001). Complex feedback mechanisms within the climate
system then amplify the changes and cause climate to vary between glacial
and interglacial conditions.

(continued)
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Box 4.4 (continued)

Fig. 4.5 This diagram illustrates Earth’s various orbital cycles (Milankovitch cycles) that
influence the amount of solar radiation reaching different latitudes. E refers to the eccen-
tricity of Earth’s orbit around the Sun (100,000-year period), T’ denotes obliquity caused by
the changes in the tilt of Earth’s axis (40,000-year period) and P refers to precession due to
wobbles in the tilt of the axis (21,000-year period) (Adapted from Rahmstorf and
Schellnhuber 2006, with kind permission from IPCC 2007)

For example, cooler temperatures at polar latitudes due to obliquity cause a
slow build-up of ice over tens of thousands of years, increasing the albedo of
the Earth and reflecting more solar radiation, which in turn contributes to
further cooling. A lower water temperature allows the oceans to absorb more
CO,, reducing the greenhouse effect and generating further cooling.

The change from glacial to interglacial climate is faster, typically occur-
ring over thousands of years. As CO, is released from warming oceans, the
greenhouse effect is increased, resulting in further temperature increases, a
reduction in ice volume and rising sea levels.

4.3.4 Climate Change Over Last 800,000 Years

Overlapping with the youngest part of the sediment drill-core record is the ice-core
record. Ice cores recovered from Antarctica’s ice sheets provide a continuous, high-
resolution record of global climate over the last 800,000 years (Jouzel et al. 2007,
Bertler and Barrett 2010 for review). Analysis of gases trapped in bubbles in the ice
shows a clear record of glacial-interglacial cycles and a strong relationship between
greenhouse gases and temperature (e.g. Petit et al. 1999; Jansen et al. 2007)
(Chaps. 5 and 8). The record shows that the periodicity of the climate cycles
changed from 40,000-year obliquity to 100,000-year eccentricity controlled
Milankovitch timescales about 700,000 years ago. The climate cycles show an
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asymmetric saw-tooth pattern indicating a slow fall in CO, levels, temperature and
sea level as ice sheets build up over tens of thousands of years, followed by
relatively rapid warming, along with a rise in CO, and sea level as ice sheets
melt over thousands of years. During interglacial conditions temperatures were 2—
5 °C warmer and sea level 4-6 m higher than present. During glacial conditions,
temperatures were about 5 °C colder and sea level was up to 120 m lower than
present (Jansen et al. 2007). The large change in sea level was primarily due to the
expansion and contraction of the large Northern Hemisphere ice sheets, whereas
Antarctica’s ice sheets likely contributed only 10-20 m of the global sea level
change (Hodgson et al. 2009).

4.4 Climate Models

Palaeoclimate studies have provided a large amount of the proxy data used in
detailed reconstructions of past climates. In the last three decades, the numerical
data have been used in increasingly sophisticated computer models of ice sheet
configuration and climate conditions. The models examine the interaction between
the various components of the climate system such as ocean temperature, sea ice
conditions, ice sheet size, land-ice albedo, atmospheric greenhouse gases, solar
radiation and orbital forcing (Milankovitch cycles) (Bartlein and Scott 2007). By
altering one or more of these variables, the models can simulate different climate
regimes and help identify cause and effect relationships between the different
variables. The degree of fit between the model simulation and the reconstruction
based on proxy records provides the groundtruthing, or test, of how well the model
simulates the conditions that actually existed and how well it might predict future
changes.

4.4.1 Ice Sheet Behaviour

Modelling the behaviour of the Antarctic ice sheets is important for understanding
global climate. Early models clearly showed the link between temperature, ice
volume and changes in sea level (e.g. Huybrechts 1993) but did not have fine
enough resolution to model specific regions or timeframes. As palaeoclimate
reconstructions improved and computer technology increased, larger datasets
have been used in models. These can now simulate key climate events hundreds
to millions of years ago (Mock and Scott 2007). For example, DeConto and Pollard
(2003) used a climate-ice sheet model to show that atmospheric CO, helped control
air and ocean temperature and therefore the inception and size of Antarctica’s early
ice sheets. More recently, Pollard and DeConto (2009) constructed a model of the
growth and decay of the Ross Ice Shelf and the closely related West Antarctic Ice
Sheet over the last 5 million years. Their model used changes in solar radiation
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caused by Milankovitch cycles, global CO, levels derived from deep-sea isotope
records, and proximity of the ice derived from the sedimentary layers in the AND
1B drill core. The model simulations suggest that the Ross Ice Shelf repeatedly
retreated under conditions only slightly warmer than today, removing its buttressing
effect on the West Antarctic Ice Sheet, and leading to a near complete melting of the
West Antarctic Ice Sheet in only a few thousand years, contributing up to 7 m of
global sea level rise. This scenario was verified (groundtruthed) by the
palaeoclimate record in the AND-1B drill core which confirms that the Ross Ice
Shelf did collapse as indicated in the model (Fig. 4.4) (Naish et al. 2009; McKay
et al. 2012). The implication is that the Ross Ice Shelf (and therefore the West
Antarctic Ice Sheet) is sensitive to small changes in temperature of the order likely
to be reached this century.

4.4.2 Modelling the Future

Palaeoclimate studies and climate modelling have improved our understanding of
how the climate system works on a range of timescales. In particular they have
established the links between atmospheric greenhouse gases, orbital variations,
global temperatures, ice sheets and sea level, and have highlighted the importance
of Antarctica in the global climate system. The insight gained from looking back at
the past is now providing the knowledge to begin looking forward into the future. In
view of rapidly rising levels of greenhouse gases, several ocean-atmosphere-ice
climate models are being used to produce scenarios of future climate change. Some
of these scenarios are presented in the report of the Intergovernmental Panel on
Climate Change (IPCC 2013). These scenarios all predict increases in CO, and
average global temperature along with rising sea level over the coming decades and
centuries. For the Antarctic region, specific predictions are still limited by sparse
data and uncertainties regarding ice sheet dynamics. The various models produce a
wide range of predictions but indicate there will be an average continental warming
of about 2 °C and sea surface temperature warming of about 1 °C by the year 2100,
which is slightly less than the global mean rate of increase. This is likely to be
associated with an increase in precipitation, but the magnitude and spatial distribu-
tion is uncertain. There is also likely to be changes in the dominant atmospheric
circulation patterns such as the Southern Annular Mode and El Nino Southern
Oscillation impacting the extent of sea ice and the strength of the circumpolar
westerlies. Such changes will affect both marine and terrestrial environments and
ecosystems. Although the increase in precipitation will cause net snow accumula-
tion in some areas of East Antarctica, it is outweighed by the outflow of ice,
primarily from West Antarctica, therefore contributing to a sea level rise. However,
a major limitation of the predictions is that they are only beginning to account for
the possibility of accelerated melting due to a rapid retreat of the ice shelves that
buttress the continental ice sheets, as suggested by some palaeoclimate studies and
models (e.g. Pritchard et al. 2012; Pollard and DeConto 2009). This dynamic
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behaviour is known to have occurred in the past when temperature was not much
higher than today, indicating that the model predictions may seriously underesti-
mate the potential ice loss and sea level rise from Antarctica. Further high-
resolution palaeoclimate studies on a range of geological timescales from key
locations in Antarctica are needed to constrain the uncertainties in the models and
to provide more accurate predictions of likely future climate changes.
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Chapter 5
An Ice-Bound Continent

Antarctica’s Cryosphere and Hydrological Systems
Kate E. Sinclair

Abstract In the introduction to his epic The Ice, Stephen Pyne describes Antarctica
as “a maelstrom of ice . .. fused together, as a continent, by ice”. Indeed, ice covers
99.6 % of the continent and this immense ice cap is the single largest solid object on
the surface of Earth. Antarctic snow and ice, the cryosphere, contain around 90 % of
the world’s ice and around 80 % of all freshwater, which is frozen in the East and West
Antarctic ice sheets and the ice caps and glaciers of the Antarctic Peninsula. It has
grown and diminished over ice ages and warm periods, but is currently about twice as
big as Australia, and makes Antarctica the highest, driest, coldest and windiest
continent on Earth. Up to 4800 m thick in places, the weight of the ice sheet is enough
to deform Earth’s crust below. Every year new snow accumulates on the surface of the
continent, and due to the very low annual temperatures, this does not melt. Instead, it
builds up over time and is compressed by the weight of new snowfall and turns into
ice, preserving a rich and detailed climate record spanning nearly a million years.

Keywords Ice sheets ¢ Ice caps ¢ Ice sheet mass balance ¢ Ice cores « EPICA
Roosevelt Island ice core project « Ice streams * Glaciers « Subglacial hydrology *
Ice shelves ¢ Sea ice

5.1 Ice in Motion

Antarctica’s ice flows relentlessly from the interior of the continent towards the coast,
channelled by glaciers and ice streams. This glacial conveyor belt transports 200 bil-
lion tonnes of ice per year to the continental margin, where ice flows into floating ice
shelves. Once part of an ice shelf, the ice travels across the ocean surface, eventually
breaking off as icebergs and drifting away from the continent into the currents of the
Southern Ocean. Every year, during the winter, when the ocean around Antarctica
congeals into frozen sea ice, the continent becomes virtually inaccessible.
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The freshwater stored in, and released from the Antarctic cryosphere, is in
delicate balance between accumulation from snowfall and loss of ice into the
Southern Ocean (Chap. 7). The release of this freshwater plays a major role in
controlling the world’s oceans and climate, and the way that these systems respond
to future warming will profoundly affect all physical and biological systems.

5.2 Antarctic Ice Sheets

The ice sheets that cover Antarctica currently have an area of 13.7 million square
kilometres. Their average thickness is 2.3 km and, in some areas, the ice is more
than 4 km above sea level, making Antarctica the highest continent on Earth
(Vaughan 2007). The Transantarctic Mountains stretch from the Ross Sea to the
Weddell Sea and separate the East Antarctic and West Antarctic ice sheets. The
geological record from the continent, and from offshore marine sediments, shows
that these ice sheets not only have contrasting physical characteristics, but that they
respond to climate change in very different ways (Chap. 4).

5.2.1 East Antarctic Ice Sheet

The East Antarctic Ice Sheet (EAIS) contains around 88 % of Antarctica’s ice and
mostly lies above sea level (Fig. 5.1). In some deep basins, however, the underlying
continental crust is pressed below sea level by the weight of the ice above, and if the
ice sheet were removed, this underlying rock would slowly rebound over thousands
of years. In many areas, the ice of East Antarctica is frozen at the base to the
underlying rock, so its flow towards the coast is slow relative to other parts of the
continent where there is a layer of water at the ice-rock boundary that lubricates the
ice and accelerates the flow rates.

5.2.2 West Antarctic Ice Sheet

The West Antarctic Ice Sheet (WAIS) is much smaller than EAIS and, instead of
sitting on a single piece of continental crust, it covers a series of islands that are
made of rock thinner and younger than that of East Antarctica (Chap. 2). Most of
the ice sheet sits on rock that is below sea level and reaches a depth of more than
1000 m in places (Fig. 5.1). Unlike EAIS, the bedrock beneath WAIS would not
rebound if the ice were removed and, for this reason, the West Antarctic Ice Sheet is
known as a marine-based ice sheet (Alley and Bindschadler 2001). Due to its low
elevation and position below sea level in many areas, the WAIS is generally warmer
than EAIS, and the base of the ice is at melting point across large areas.
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Fig. 5.1 Cross sections through the (A-B) West and (C-D) East Antarctic Ice Sheets (With kind

permission from Rob DeConto)

Box 5.1: West Antarctic Ice Sheet Disintegration
As most of the West Antarctic Ice Sheet (WAIS) sits below sea level, any
thinning of the ice could cause it to float and quickly melt as the relatively warm
ocean water is allowed access to the base of the ice. This makes WAIS more
sensitive to climate change than its East Antarctic counterpart and geological

(continued)



Box 5.1 (continued)
records and climate models show that the WAIS has in fact grown and shrunk
many times in the past (Pollard and DeConto 2009) (Chap. 4). However, current
ice sheet models and computer simulations are not yet able to predict the rate at
which any future ice sheet collapse could occur, and uncertainties about future
projections of greenhouse gas concentrations and temperature rise make this
very difficult to predict. It is known, however, that if the WAIS were to
disintegrate, that this would raise global sea level by 4.8 m (Bamber et al. 2009).
The WAIS has warmed by more than 0.1 °C per decade in the last 50 years.
This trend is strongest in winter and spring and the greatest warming has been
observed on the Antarctic Peninsula (Steig et al. 2009). Indications that the
WAIS is losing mass at an increasing rate in response to this warming come
from the Amundsen Sea sector. Glaciers such as the Pine Island, Thwaites and
Smith Glaciers are thinning and losing more ice than is being replaced by
snowfall (Pritchard et al. 2009, Fig. 5.2). There is growing evidence that this
trend is accelerating, and there has been a 75 % increase in Antarctic ice mass
loss in the 10 years from 1996 to 2006 (Rignot et al. 2008).
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Fig. 5.2 Rate of ice loss around the Antarctic coastline in giga-tonnes per year (Gt year ).
The size of the dots in the legend shows the equivalent of 10 Gt year ' and the colour bar
shows the ice flow speed in km per year (km year ') (Reprinted with kind permission from
Macmillan Publishers Ltd: Nature Geoscience, Rignot et al. 2008)
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5.2.3 Ice Caps

The ice on the Antarctic Peninsula consists of smaller, thinner ice caps than either
EAIS or WAIS. Covering the length of the mountainous spine of the Peninsula, and
extending north into the circumpolar westerly winds, these ice caps and glaciers are
fed by marine weather systems and receive high volumes of snowfall. Recent
warming of the Peninsula has led to rapid retreat of these ice caps, and dramatic
collapses of the ice shelves into which they flow (see Sect. 5.8).

5.2.4 Ice Sheet Mass Balance

The mass balance of the two Antarctic ice sheets is a fundamental indicator of the
response of the continent to climatic changes. It is a measure of how much ice mass
is gained or lost from the ice sheet over a given time period. If completely in
balance, the ice sheet would be in equilibrium; neither growing nor shrinking.

The ice sheet gains mass from snow accumulation, and loses mass mainly from
iceberg calving, although other contributing factors are melt from the base of ice
shelves and the loss of snow from the surface due to sublimation (direct evaporation
of the snow into the atmosphere). The ice sheet mass balance is positive if the
amount of ice accumulating on the continent exceeds the amount of ice that is lost at
the coastal margins. If the reverse is true (the amount lost at the coast exceeds
accumulation), the mass balance is negative. The mass balance of Antarctica is
closely linked to global sea level because the loss of ice into the Southern Ocean can
result in large volumes of freshwater being released from the continent. Monitoring
Antarctic mass balance is therefore crucial for predictions of future sea level rise.

It is almost impossible to measure the mass balance of the entire continent
simultaneously because of the variability in the behaviour of individual drainage
basins and glaciers. However, estimates of the mass changes from satellite data
have revolutionised our ability to monitor the Antarctic cryosphere (Box 5.2). Since
the launch of satellites in the 1960s, surface elevation, surface temperature, ice flow
rates and surface properties have been monitored, so that patterns of change are
beginning to emerge.

Box 5.2: ICESat and Cryosat

The Ice, Cloud and Land Elevation Satellite (ICESat) was launched by the
United States National Aeronautics and Space Administration (NASA) in
2003. This satellite used lasers to measure small changes in surface elevation
of ice in Greenland and Antarctica, with accuracies better than 1 cm per year
(Zwally et al. 2002). Alongside ice sheet mass balance, it also measured sea
ice thickness, cloud and aerosol heights, as well as land topography and

(continued)
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Box 5.2 (continued)

vegetation characteristics. ICESat gathered data for 7 years before being
retired after the last of three lasers on the satellite’s Geoscience Laser
Altimeter System (GLAS) ceased emitting light in October 2009. NASA is
planning to launch a follow-on mission, ICESat-II, to continue studying polar
ice changes from 2015. For the period of time in between the two satellites
NASA'’s operation ICE Bridge is using a DC-8 aircraft to measure ice
thickness over Antarctica.

The European Space Agency (ESA) also began monitoring Antarctic mass
balance changes in April 2010, with the launch of CryoSat-2. From an
altitude of just over 700 km and reaching latitudes of 88°, the CryoSat-2
satellite uses radar to monitor precise changes in the thickness of the polar ice
sheets and floating sea ice. This provides valuable information about the
behaviour of coastal glaciers around Antarctica that are experiencing rapid
thinning.

5.3 Snow Accumulation

The ice that covers Antarctica has been formed from the gradual build-up of snow.
Moisture that evaporates from open water is carried in the atmosphere to the
continent, where it cools, condenses and freezes on tiny nuclei, such as rock dust
or organic matter. The frozen particles gather more water droplets, and form
snowflakes that fall to the surface and settle.

Coastal areas are regularly battered by storms from a band of large low-pressure
systems. These systems track around the continent in the circumpolar westerly winds,
and sweep marine moisture on to coastal areas (Chap. 6). As this moisture reaches
higher-elevation areas, such as the Transantarctic Mountains, the air is forced to rise
and cool and snow is formed. Some parts of coastal Antarctica consequently receive
more than 2 m of snow per year. The storm tracks rarely penetrate into inland
Antarctica, and instead, across much of EAIS, moisture falls as tiny granules of
ice, known as diamond dust, that drift down through the atmosphere and settle on the
surface of the ice sheet. At the South Pole, only 2-5 cm of snow accumulates each
year, which is equivalent to the amount of rainfall in the Sahara desert.

5.4 Ice Formation

Across most of Antarctica, summer temperatures remain below zero, which means
that snow does not melt, but becomes buried and compacted by new snow above.
As it moves further below the surface, the snow gradually turns into ice due to the
weight of new snow pushing down from above. As the snow becomes compacted,
in a process known as sintering, the individual crystals become more rounded and
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spherical and the air that was trapped in their structure is squeezed between them.
At this stage, the snow is known as firn.

When the firn is compressed even more, the snow loses most of its original
structure, the rounded crystals are pressed together, and the air is sealed into
individual pockets, or pores. This forms bubbly ice at the firn-ice transition,
which occurs somewhere between 50 m (near the coast) and 110 m depth (inland),
depending on the density (weight) of the snow above (Craven 2007). Containing
about 10 % air, the bubbly ice seals in tiny samples of the atmosphere at the time it
was frozen into the ice.

Box 5.3: Why Is Ice Blue?

As with water, the blue colour associated with compressed glacial ice is
caused by the absorption of both red and yellow light. This only leaves
light at the blue end of the visible light spectrum to be reflected back to our
eyes. From the surface, snow and ice seem uniformly white. This is because
almost all of the visible light striking the surface is reflected back. As this
light travels into the snow or ice, it is scattered and, as it moves deeper into
the ice, most colours are filtered out so that only the blue light can be
transmitted.

5.5 Ice Cores

By drilling down vertically into ice sheets and ice caps, scientists can extract a
record of past climates (Box 5.4; Fig. 5.3). As scientists drill deeper, they extract
older ice that contains a record of past climates from air trapped in tiny bubbles and
from the chemistry of the frozen water in the ice core (Chap. 7). This is a crucial
part of understanding climate change; by unravelling past climates, we can begin to
understand how the current rate of global warming compares to past cycles of
warming and cooling. Some of the deepest ice cores retrieved from Antarctica, such
as the Vostok Ice Core and the EPICA (Dome C) Ice Core, are over 3000 m long
and cover up to 800,000 years of climate history (Jouzel et al. 2007).

Box 5.4: The EPICA/Dome C Ice Core

The European Project for Ice Coring in Antarctica (EPICA) was a multi-
national drilling project, based on the EAIS at the Franco-Italian Concordia
research station Dome C. The site at Dome C was chosen for its exceptionally
thick ice and is a bitterly cold environment, with temperatures ranging from
—50 °C at the start of the season to —25 °C in the middle of the Antarctic
summer. Over eight consecutive seasons the team drilled further into the ice
and completed the core extraction in 2004. At 3190 m, this ice core reveals a
climate history that spans more than 800,000 years (EPICA 2004).

(continued)
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Box 5.4 (continued)

The time period covered by the EPICA core spans eight full glacial-
interglacial cycles and confirms that Antarctica has seen recurring warm
and cold phases at about 100,000-year intervals (Chap. 4). These results
confirm the climate discoveries made from the Vostok ice core (Petit
et al. 1999), drilled about 500 km from the Dome C site, which covered
four glacial cycles (about 400,000 years). Both cores highlighted the link
between historical greenhouse gas concentrations and temperature
variability.

Although the EPICA core was a huge success, the project was not without
problems. In the 1998-1999 drilling season, ice chips formed in the drilling
mechanism, jamming it in place. This forced the team to abandon the hole and
start again. At depths of more than 3 km, the drill took more than an hour to
haul to the surface, making the final stages of the drilling extremely time
consuming (Walker 2004).

Box 5.5: Roosevelt Island Ice Core

The New Zealand Ice Core Programme is focused on extracting ice cores
from areas of very high snow accumulation in the coastal Ross Sea region.
These cores cover much shorter time periods than the deep cores extracted
from the EAIS, but due to the high rates of snowfall, they give a very detailed
view of climatic variability in this region. From the ice-core geochemistry,
scientists have been able to reconstruct not only temperature change but also
learn more about such things as sea ice, phytoplankton productivity in the
southern Ross Sea and storm tracks across the region.

The most recent and ambitious ice core extraction project has been on
Roosevelt Island in the Ross Sea. This is a small island embedded into the
Ross Ice Shelf with an ice cap that is approximately 750 m thick. In late 2012,
after two drilling seasons, the team was finally able to drill through the full
depth of the ice cap. The core will give an unprecedented record of past
fluctuations of the Ross Ice Shelf, a major drainage pathway from the WAIS.
It is expected to cover approximately 20,000 years and will therefore extend
back to a time when global temperatures were about 6 °C higher, global sea
level rose by approximately 120 m and the ice shelf retreated more than
1000 km. Knowledge of the past response of the ice shelf to global warming
will therefore provide unique insights into the way that temperature change
may affect this region and global sea level in the future.
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Fig.5.3 A team from the New Zealand Ice Core Programme working in the Roosevelt Island drill
trench (With kind permission from Nancy Bertler)
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5.5.1 Dating Ice Cores

A range of chemistry measurements are made in order to interpret the climate
history preserved in ice cores. The most common measurements are the stable
isotopes of oxygen and hydrogen, which can be used as indicators of past temper-
atures. They can also show changes in atmospheric circulation, such as changes in
storm tracks, and the effects of climate phenomena such as El Nino on the climate
of Antarctica.

Oxygen has two common isotopes, 80 and 16O, and the stable isotopes of
hydrogen are 'H and *H (°*H is deuterium, also referred to as D). The heavier
isotopes, 80 and 2H, contain extra neutrons, which makes them react differently in
the hydrological cycle. As temperature decreases, there is more separation between
the isotopes; the heavier isotopes are removed more quickly so that the moisture in
the atmosphere contains more light isotopes. This ratio of heavy to light isotopes is
recorded in snow as it falls on the surface of Antarctica, and is compared to an
international standard for ocean water, to give 8'80 and 8D values. Because of the
direct relationship between these delta values with the temperature of the atmo-
sphere when the snow was formed, scientists can use the isotopes as a proxy for past
temperatures.

Stable isotopes can also be used to help identify summer (relatively warm) and
winter (relatively cold) layers in an ice core and this is one of the simplest ways to
mark out individual years and date the ice.

Layers of volcanic ash, carried high in the atmosphere to Antarctica from major
volcanic eruptions, are also used to help date the age of ice in an ice core. The layers
of ash are identified either visually (because they appear as dark bands in the ice
core) or by measuring sulphates, nitrates and electrical conductivity (or acidity) in
the ice and then correlated with known volcanic eruptions.

5.5.2 Chemistry and Dust Measurements in Ice Cores

Measurements of trace elements (such as sodium, aluminium, magnesium etc.),
major ions (such as nitrates and sulphates) and the dust that is trapped in ice cores
preserve information about many types of environmental indicators. These include
marine biological productivity and sea ice extent, atmospheric circulation and
industrial pollution (Legrand and Mayewski 1997). Many trace elements also
have a seasonal cycle. Sodium trapped in Antarctic snow, for example, usually
increases in summer months because of the open water around the continent. For
this reason, looking at the record of trace elements over time can help scientists find
annual layers in the ice-core record. It can also show differences between marine
elements, such as sodium, and terrestrial (land-based elements), such as aluminium.
The relative changes between these elements can then show shifts in dominant
weather patterns that brought moisture to an ice-core site.
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Extracting dust from melted water samples from an ice core is a powerful
indictor of windiness. There is a direct relationship between the dust record from
ice cores and cold/warm climate episodes (glacials and interglacials). In glacial
times, more freshwater is locked up in ice caps and glaciers, so that the remaining
land tends to be relatively dry and arid. Winds also tend to be stronger because of
the larger temperature difference between the equator and the poles. This results in
more dust (with larger grain sizes) being swept up and deposited in ice-core records.

5.5.3 Greenhouse Gases

It is also possible to extract greenhouse gases trapped in tiny air bubbles within the
ice to give us a precise picture of how greenhouse gas concentrations have varied
over time (Chap. 8). Ice-core records have shown us that cycles of increasing and
decreasing greenhouse gas concentrations correspond directly with changes in the
Earth’s surface temperature. They have also shown us that greenhouse gas concen-
trations have not exceeded the present day values for hundreds of millennia (Petit
et al. 1999). These measurements give us baseline information to help predict how
human emissions of greenhouse gases will affect the temperature and climate of the
planet in the future (Chap. 8).

5.6 Ice Streams and Glaciers

5.6.1 Ice Flow

Viewed from space, the ice that covers Antarctica looks permanent and static. It is,
however, a very dynamic and fluid system that changes rapidly and flows much like
a river system that drains an upstream basin. Ice flows mainly by deforming
plastically downslope under its own weight in the direction of maximum slope
(Paterson 1994). Plastic deformation occurs at a microscopic scale due to individual
ice crystals sliding past each other. On a larger scale, the ice appears to flow and,
somewhat like pouring sauce over a pudding, it spreads outward from the centre of
Antarctica and thins as it flows downslope. The highest part of the ice sheet, about
4100 m above sea level, is not at the South Pole but in the middle of EAIS at about
latitude 80 S and longitude 77°E. This is the major drainage divide and from here
ice flows out radially towards the coast (McGonigal and Woodworth 2001).
Moving relatively slowly near the centre of the ice sheet, the ice accelerates as it
flows towards the edge of the continent guided by the topography of the underlying
drainage basins. The ice also moves fastest at the surface, and more slowly in
deeper layers near the bedrock due to the friction produced by ice shearing against
the underlying topography. For this reason, horizontal layers in the ice sheet move
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past each other at different rates, and range in speed from a few metres to several
hundred metres per year. The ice that is lost from the edges of the ice shelves and
glaciers is constantly replenished by ice flowing from the interior of the continent.

5.6.2 Ice Streams

Ice streams were discovered only recently when satellite images of the surface of
the ice sheet became available. Scientists studying these images noticed that giant
rivers of ice cut through the ice sheet, fringed on each side by wide zones of
crevasses. These fractured zones represent areas of ice extension, or shearing,
which indicate that the ice streams flow much faster than surrounding ridges of
ice. This was one of the biggest glaciological discoveries in the history of Antarctic
science and these ice streams have since become one of the most studied features of
the Antarctic cryosphere.

Ice streams can flow 10-100 times faster than the surrounding ice. Like a river,
they flow fastest in the centre and more slowly at the edges, where the ice is
impeded by the slow-moving ice sheet. The flow rates in ice streams are too rapid
to be explained by plastic deformation alone, and so glaciologists drill bore holes
and send cameras and instruments to the base of the ice streams to monitor
processes beneath the ice and determine the basal conditions. They have found
that the ice is underlain by water-saturated sediment, known as till. The water at the
base is produced by pressure melting, which occurs when the weight of the
overlying ice is sufficient to cause melting at the base. This melt water flows into
the sediment, creating a slurry that increases the water pressure and lubricates the
base of the ice streams.

The basal conditions beneath ice streams play a fundamental role in the future
stability of the West Antarctic Ice Sheet by governing the amount of ice that can be
funnelled away from the interior of the continent. Ice streams, such as those around
the Siple Coast in the Ross Sea (Fig. 5.4), appear to respond very rapidly to
changing ice thickness, along with pressures and temperatures beneath the ice,
although rapid ice-stream flow is still not fully understood and streams can start and
stop for reasons that are unclear. About 150 years ago, Kamb Ice Stream simply
switched off and became dormant probably due to a change in subglacial water
pathways, but the nearby Whillans Ice Stream still flows at rates of about 600 m per
year near the entry to the Ross Ice Shelf (Joughlin et al. 2002; Pritchard et al. 2009,
Fig. 5.5).

Discharge through the ice streams on the Amundsen Sea Coast of West Antarc-
tica is strongly out of balance with the rest of the ice sheet. Ice thinning and
acceleration have resulted in the rapid loss of mass from some of the largest
glaciers, such as Pine Island Glacier and Thwaites Glacier. These ice streams
have grounding lines (see below) much closer to the ocean than the Ross Sea ice
streams, and are vulnerable to rapid melting (Wingham et al. 2009).
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Fig. 5.4 Velocity map for ice streams on Siple Coast of West Antarctica (With kind permission
from Ian Joughin)

5.6.3 Glaciers

Glaciers in Antarctica can be classified as outlet, alpine or dry-based glaciers.
Outlet glaciers behave in a similar way to ice streams and can drain vast quantities
of ice from the interior of the ice sheet (Fig. 5.6). In fact, more than 40 % of the ice
that is lost from the continent flows through the 20 largest outlet glaciers and ice
streams (Vaughan 2007). Unlike ice streams, which cut a path through the ice sheet,
outlet glaciers flow through mountain ranges, where the valley topography channels
ice into distinct flow paths. Many of the largest outlet glaciers flow through the
Transantarctic Mountains, and allow ice to escape from the East Antarctic Ice
Sheet. One such glacier, the Lambert, is one of the world’s largest glaciers; about
400 km long and 200 km wide where it meets the ocean, it drains an area of
approximately 1 million square kilometres and flows into the Amery Ice Shelf.
Early explorers such as Captain Robert Falcon Scott, travelling via the Beardmore
Glacier on his bid to reach the South Pole, used these outlet glaciers as a means to
cross the Transantarctic Mountains en route to the Polar Plateau.

Dry-based glaciers have no subglacial water and are frozen to the rock and
sediment beneath them. Although they make up a very small proportion of the
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Fig. 5.5 The rate of change of ice thickness (in metres per year) of the Kamb and Whillans Ice
Streams, Siple Coast, Antarctica. The Kamb Ice Stream has stagnated and is thickening, while the
neighbouring Whillans is flowing rapidly and thinning (Reprinted with kind permission from
Macmillan Publishers Ltd: Nature, from Pritchard et al. 2009)

Antarctic cryosphere, dry-based glaciers are some of the most unique features on
the continent because they owe their existence to a specific set of environmental
conditions, such as extremely low annual temperatures and precipitation.

The McMurdo Dry Valleys contains numerous dry-based glaciers, many of
which drape down valley walls and terminate in near-vertical ice cliffs (Fig. 5.7).
Some of the larger glaciers, such as the Commonwealth and Taylor Glaciers, extend
out on to the valley floors. They move very slowly, due to the lack of basal sliding,
but contain very old ice and sediment-rich basal ice layers that have been inten-
sively studied by glaciologists to learn more about their unusual behaviour and
dynamics.
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Fig. 5.6 A satellite (RADARSAT) image of the Lambert Glacier (With kind permission from the
National Snow and Ice Data Center, University of Colorado, Boulder)

Glaciers on the Antarctic Peninsula behave more like alpine glaciers in other
parts of the world. They have shaped the topography of this mountainous region and
now occupy valleys and cirques. Most of these glaciers have been retreating rapidly
in recent decades in response to the temperature increase along the Peninsula.

5.7 Subglacial Hydrology

There are five major drainage basins in Antarctica, and each is made up of a
complex network of ice streams, glaciers, subglacial drainage systems and lakes
(Fig. 5.8). The existence of lakes beneath the ice was discovered by scientists in the
late 1960s. These liquid bodies of water exist just above freezing point due to the
input of geothermal heat from the continent below and the pressure from the weight
of the overlying ice (Siegert 2000).
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Fig. 5.7 View of the dry-based Stocking Glacier in the Taylor Valley, Antarctica (With kind
permission from Hinrich Schaefer)
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Fig. 5.8 An artist’s representation of the drainage systems beneath the Antarctic ice sheet (With
kind permission from Zina Deretsky/NSF)
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There are more than 150 subglacial lakes in Antarctica and scientists think that
they are connected, at least temporarily. Differences in water pressure between
individual lakes mean that large sub-surface rivers may form quickly and allow
water to discharge from one lake to another. For example, during a period of
16 months on the EAIS, 1.8 km?> of water was transferred over 290 km from lake
to lake (Wingham et al. 2006). If large lakes, such as Lake Vostok (Box 5.5) or Lake
Concordia, are under sufficient pressure, this water may flow as far as the Antarctic
coast. This has implications for ice sheet velocities and mass balance because the
movement of this water may reduce the pressure at the base of the ice sheet, and
trigger accelerated ice flow (Bell 2008).

Box 5.6: Lake Vostok

Lake Vostok is about 250 km long and up to 50 km wide and sits in a giant
subglacial trench 4000 m beneath the East Antarctic Ice Sheet (Fig. 5.9).
Russian and British scientists mapped the outline of the lake in 1996 using
airborne ice-penetrating radar imaging and spaceborne radar altimetry
(Box 5.2). In the 1990s, the Vostok ice core was drilled above the lake and
came within 200 m of the lake surface. Further coring stopped while scientists
tried to develop a way of investigating the lake without contaminating the water.

Fig. 5.9 An artist’s cross-section of Lake Vostok, the largest known subglacial lake in
Antarctica. Liquid water is thought to take thousands of years to pass through the lake,
which is the size of North America’s Lake Ontario (With kind permission from Nicolle
Rager-Fuller/NSF)

(continued)
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Box 5.6 (continued)

The water in the lake has been isolated from Earth’s atmosphere for up to
35 million years and is divided into two deep basins. The northern basin is
about 400 m deep, the southern basin is about 800 m deep and the average
water temperature is around —3 °C. The water remains liquid below the
normal freezing point (0 °C) because of high pressure from the weight of
the ice above it. Geothermal heat from Earth’s interior also warms the bottom
of the lake and the ice sheet itself insulates the lake from cold temperatures on
the surface.

The water is not as old as the lake itself; it is continuously being recycled
by freezing on to the base of the ice. This refrozen ice is then carried away by
the flow of the ice sheet above. Based on an analysis of the buckling patterns
in the ice, scientists have been able to reconstruct the pattern of ice flow
across the lake and estimate the average residence time of the water to be
13,300 years.

Analysis of the ice from the base of the Vostok core revealed a high
number of microbes. This suggested that the lake water itself supports simple
but ancient life forms that have been isolated from the Earth’s atmosphere for
perhaps 500,000 years. The oxygen levels in the lake are about 50 times
higher than Earth’s atmosphere due to the pressure of the ice above. Any
organisms that exist in this environment would therefore need to have devel-
oped specialised adaptations to survive. In early 2012, a Russian team was
able to drill close to the surface of the lake. Once the drill was removed, this
lowered the pressure of the hole so that water from the lake moved upwards
and froze. In this way, the team was able to extract the first samples from
Lake Vostok. Analysis of the samples has so far identified more than 3500
unique gene sequences mostly from bacteria.

5.8 Ice Shelves

Ice shelves are floating rafts of ice that fringe about 45 % of Antarctica. They fill
coastal embayments, and so generally are connected to the coast with one seaward
margin. Ice shelves appear to be flat and featureless but, although their surface
slopes at a very low angle, they also have very little friction at their base where they
are in contact with the ocean. For this reason, they are the fastest moving compo-
nent of the Antarctic cryosphere, reaching speeds of several kilometres a year in
places.

The largest ice shelves are the Ross, the Ronne-Filchner and the Amery, but
there are many other smaller ice shelves around the coast of the continent. They are
fed by the flow of ice from inland, and also gain mass by seawater freezing on to the
base and from snowfall above. Ice shelves lose mass mainly by shedding icebergs
off their seaward margins into the ocean, in a process known as calving. This
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Fig. 5.10 The main features of an Antarctic ice shelf (Reprinted with kind permission from
Macmillan Publishers Ltd: Nature, from Huybrechts 2009)

creates near-vertical cliffs at the seaward edge of ice shelves. Around the Ross Ice
Shelf these impenetrable cliffs are about 50 m high, which prompted early explorers
to name it the Ross Barrier.

Ice shelves originate on land and connect with the seafloor until the grounding
line, at which point they gain enough buoyancy to begin to float on the ocean
surface (Fig. 5.10). The thickest ice is generally found at the grounding line, and the
ice thins as it spreads out over the ocean. The position of the grounding line is
sensitive to climate change; in cold climates, when the ice sheet expands, the
grounding line will move further into the ocean, and the reverse occurs when the
climate warms and the ice retreats. Any ice inland of the grounding line will
contribute to sea level rise if it is lost to the ocean. Ice that is seaward of the
grounding line is already floating, so does not contribute to sea level rise, but may
play a crucial role in slowing down the loss of ice through ice shelves by obstructing
the flow of the inland ice as it moves towards the ocean.

Spectacular collapses of ice shelves around the Antarctic Peninsula are driven by
warmer ocean waters and surface melt water and have sparked much discussion in
the scientific community and media. Ice shelves are fed by glaciers and ice streams
flowing from the interior of the continent so the loss of the barrier provided by the
ice shelf has allowed rapid acceleration of the tributary glaciers as they adjust to the
new conditions (Rignot et al. 2004). If this is an analogue for the processes that
would take place if ice shelves disintegrated around the entire continental margin of
West Antarctica, it is possible that there would be a runaway release of ice from the
continent. The role of the ice shelves as an obstacle to ice movement is still poorly
understood and is the focus of much current glaciological research in Antarctica.
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5.9 Icebergs

Icebergs are formed at the edge of ice shelves along lines of weakness, where
stresses from ocean currents and waves cause large areas of ice to fracture away
from the edge of the floating ice shelf. The largest bergs are tabular icebergs that
may be greater than 300 m thick and contain enough frozen water to supply a city of
a million people for 3 years. Tabular icebergs have characteristically flat surfaces
and are carried across the ocean surface by ocean circulation. They tend to follow
westerly currents around coastal Antarctica before moving north and getting caught
in the easterly flow (West Wind Drift) further out to sea. By the time icebergs meet
the Antarctic Convergence, stress fractures from waves and warmer temperatures
generally cause them to disintegrate quickly, although on rare occasions they have
travelled as far north as 35° into the Indian and South Atlantic Oceans.

Box 5.7: Antarctic Iceberg Off the New Zealand Coast

In the summer of 2009, large tabular icebergs that had drifted north from
Antarctica were sighted off the southern coast of New Zealand. The largest
was about 2 km long and about 50 m above sea level, which implies a total
thickness of about 350 m. It is unclear where they originated from exactly, but
they were likely to be part of a much bigger iceberg that had calved off the
Ross Ice Shelf. The last time a large Antarctic iceberg travelled this far north
was after large calving events in the Ross Sea in 2000 and 2002. Typically,
these bergs can take 2 or more years to work their way out of the Ross Sea
circulation and into the Southern Ocean, so there is a large time lag before
they travel as far north as New Zealand.

The world’s largest recorded iceberg, B-15, calved off the Ross Ice Shelf
in 2000. With an area of over 11,000 kmz, it was larger than the island of
Jamaica, but broke into several pieces in 2002 and 2003. The largest of these
pieces, B-15A, was 122 km long, and on 10 April 2005 it impacted the
Drygalski Ice Tongue, breaking off an 8 km” section and changing the
shape of the Ross Sea coastline. This giant iceberg prevented ocean currents
and winds from breaking up summer sea ice in McMurdo Sound, causing not
only an obstacle to the annual return of icebreakers that resupply research
stations, but also a decline in penguin populations due to the extra distances
that parents had to cover to reach their chicks from open water.

5.10 Sea Ice

In winter, the surface of the ocean around Antarctica freezes as far as 1000 km from
the coast over an area of about 20 million square km. In May and June, the sea ice
front advances outward from the continent by up to 4 km a day. As it develops
outward it also thickens by the addition of new snowfall on the surface and the
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refreezing, or accretion, of water at the base. The maximum sea ice extent occurs in
September and October, when the ice can be 3—4 m thick. It then thins and recedes
to a minimum of around 3 million square km by the end of February each year.

The sea ice surrounding Antarctica is not continuous, but instead groups into
floes. The floes move and join at pressure ridges, or are rafted over each other as
ocean currents and winds move them across the surface of the ocean. The ice floes
are separated by open water areas know as polynyas, which are semi-permanent
features that tend to occur in the same location for long periods of time. They are
kept open by surface ocean circulation, water upwelling from the ocean below and
katabatic winds that blow from the continent out to the ocean. Polynyas are zones of
intense biological productivity. The Ross Sea Polynya, for example, is the most
southerly location in the Antarctic where phytoplankton growth is initiated in early
summer (mid-November), and it supports the largest production of phytoplankton
biomass of any region in the Southern Ocean (Smith and Gordon 1997).

The yearly cycle of sea ice formation and decay has a dramatic effect on the
Antarctic climate. In spring, when the sun returns to the southern polar regions, the
brightness, or albedo, of the surface of the sea ice reflects much of the incoming
solar radiation back into the atmosphere. This cools the surface and slows the rate of
warming and sea-ice melt. The ice also acts like a blanket over the ocean and
prevents the evaporation of moisture into the atmosphere. This is one of the key
reasons why the Antarctic continent is so dry, especially in winter months. In
summer, when the sea ice has retreated, the atmosphere around Antarctica is
more humid, and coastal regions receive more snowfall from the marine moisture
that is swept inland from the ocean. The increased open-water area also allows more
light to penetrate into the water column. This increases biological productivity in
the oceans and phytoplankton growth, which is a crucial building block in the
Antarctic food chain (Chap. 12).

Sea ice formation around Antarctica also plays a critical role in ocean circula-
tion. Large ocean currents that circulate around the globe, often referred to as the
ocean conveyor belt, are partly driven by the formation of Antarctic bottom water.
This dense, cold and salty water is produced when less saline, relatively fresh water
is frozen into the sea ice. The saltier, denser water is pushed below the surface and
sinks deep into the Southern Ocean where it is transported away by ocean currents
(Chap. 7).

Recent temperature data from the Southern Ocean has shown that the ocean
around Antarctica has warmed (Boning et al. 2008). This could have a major effect
on sea ice formation and ocean circulation in the future. If less sea ice forms, the
albedo of the Southern Ocean will also decrease, meaning that less solar radiation is
reflected. This, in turn, will accelerate warming of the ocean surface and further
slow the formation of sea ice and Antarctic bottom water.
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Box 5.8: Types of Sea Ice

Sea ice takes many different physical forms, but the most basic distinctions
are between new, first-year and multi-year ice. New ice has relatively high
salinity, but as the ice ages, the salty brine trapped between crystals drains
down through the ice structure and increases the salinity of the sea water
below. Multi-year ice, or ice that has survived more than one winter, therefore
has a lower salinity and can even be melted for drinking water. It also has the
lowest density because of the empty brine pockets near the surface.

The first ice to form every winter season is known as frazil ice. This begins
as small needles, which then become a delicate layer of tiny ice plates. When
this thickens, it resembles an icy sludge that is known as grease ice. If
conditions are calm, this ice can grow rapidly into solid sheets called nilas,
but this can be rapidly broken up in stormy seas and rammed together into
pancake ice. Once the pancake ice solidifies and thickens it forms floes, which
eventually thicken and grow into first-year sea ice. If ice is frozen to the
continent, it is known as fast ice, but if it rests on open ocean it is called
pack ice.

5.11 Conclusions

The ice in Antarctica plays a crucial role in Earth’s physical environment. It is a
major link in the ocean circulation system and affects the climate of the entire
planet. The giant Antarctic ice sheets are over 4 km thick in some parts and contain
most of Earth’s freshwater resources. This ice also contains an unprecedented
history of the Earth’s climate over the past 800,000 years, with secrets still to be
discovered from the depths of subglacial lakes, such as Lake Vostok. The relentless
flow of ice towards the coast from the interior makes the continent a dynamic and
continually changing environment. Vast ice streams and outlet glaciers feed ice
shelves, which eventually shed ice into the Southern Ocean. The ice lost from this
glacial conveyor belt is replaced by new snowfall in inland areas, which is
compacted into glacial ice. The way the ice in Antarctica responds to climate
change in the future will have a profound effect on all life on Earth, and it is crucial
that we continue to study and monitor the rapid changes taking place on the
continent.
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Chapter 6
Weather and Climate

Antarctica’s Role in the Global Atmospheric System
Ian Owens and Peyman Zawar-Reza

Abstract The difference between weather and climate is time. Weather refers to
the atmospheric conditions over a short period of time, from hours to a few days,
whereas climate is the long-term pattern or average of weather in an area, region or
across the globe. The weather and climate of Antarctica play an integral part in the
global atmospheric system. This system produces a wide belt of low pressure
surrounding Antarctica, which creates the westerly winds that drive atmospheric
circulation over the Southern Ocean. Global circulation also produces a region of
high atmospheric pressure over the South Pole, which leads to East Antarctica
being dominated by cloudless skies and very little snow fall. By contrast, the coastal
regions of Antarctica are relatively warm, cloudy and receive the most snow fall;
they are sometimes exposed to easterly winds or the low-pressure systems that
originate from the low-pressure belt that hugs the margin of the continent. The long,
narrow Antarctic Peninsula extends the farthest north of any point of the continent.
It reaches the region of persistent, strong westerly winds, which combined with the
Peninsula’s maritime environment, produce weather and climate conditions quite
distinct from those of East Antarctica.

Keywords Coriolis force * Automated weather stations ¢ Greenhouse effect o
Albedo ¢ Radiation « Conduction

6.1 Continent of Extremes

Extreme cold, extreme wind and extreme dryness are the features that most
characterise the Antarctic atmospheric environment. They result from a combina-
tion of Antarctica’s polar position, its topography and surface characteristics. Much
of the East Antarctic plateau is more than 3000 m above sea level, and gives
Antarctica the highest average elevation of all the continents (Fig. 6.1). This cold,
high interior of Antarctica causes the dryness of the air and also gives rise to
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Fig. 6.1 This map shows Antarctica’s topography. Average sea ice extent and locations are
referred to in the text (O Ian Owens and Peyman Zawar-Reza)

gravity-driven winds. Snow covers almost the entire continent, with only 0.3 % of
rock (Frezzotti 2007) and 2 % of blue ice (van den Broeke et al. 2006) exposed.
These surface characteristics affect the amount of the sun’s radiation that is
reflected back to the atmosphere, which in turn influences temperature and wind
patterns. In addition, the surface area of snow and ice doubles seasonally due to the
formation and melting of sea ice (Fig. 6.1), resulting in a marked seasonality in the
reflection of the sun’s radiation above the Southern Ocean.

The remoteness of Antarctica, along with its inhospitable environment, makes
gathering weather and climate data challenging. Little more than a dozen climate
stations have operated since the International Geophysical Year in 1957, and all but
two, Vostok and Amundsen-Scott, are coastal stations (Box 6.1). Since the 1970s,
the situation has improved markedly and there are now over 130 weather stations
operated by at least 13 countries (listed on the University of Wisconsin-Madison’s
automatic weather station website). There are probably many more weather stations
associated with specific research projects, but nevertheless their total distribution is
sparse. Apart from land-based weather stations, considerable advances in remote
sensing techniques have been made, and measurements of the upper atmosphere
occur on a regular basis using weather balloons in a few locations (Chap. 8).
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Box 6.1: Automatic Weather Stations (AWSs)

A weather station contains instruments that measure some of the most
important weather related parameters, such as wind speed and direction,
temperature, relative humidity, pressure and solar radiation. Generally,
most weather stations have been automated recently, which means that the
data are either logged on a local device for downloading manually or
telemetered via satellite links. AWSs need to be maintained, especially in
the harsh conditions of Antarctica and often dug out of snow. In Antarctica,
temporarily installed AWSs also provide data for specific field campaigns,
but the short duration of data makes them unsuitable for long-term climate
analysis. AWS data is often freely available for anyone interested in
researching Antarctic’s weather and climate.

6.2 General Circulation of the Atmosphere

The low temperature of Antarctica means that it is a heat sink (a large absorber of
heat) compared to the tropics, which are a heat source. Redistribution of heat energy
in the atmosphere is influenced by Earth’s rotation, which produces the Coriolis
force. As air moves to transport heat horizontally from areas of high atmospheric
pressure (colder air) to areas of low atmospheric pressure (warmer air) across the
globe, the Coriolis force influences wind direction so that air does not flow directly
from high to low pressure (Fig. 6.2). Wind direction is also influenced by the
position of oceans and continents, which may block or channel the wind, and
may also cause moisture levels in the air to increase or decrease. This general
circulation of the atmosphere results in air rising near the equator and producing
heavy precipitation. At latitudes of 30° North and South (approximately), where the
world’s hot deserts are found, air is sinking, and drying as it does so (Box 6.2). At
mid-latitudes, the Coriolis force helps produce strong westerly winds (lowing from
west to east and shown by closely spaced isobars), unimpeded by land, giving rise
to the regions known as the Roaring Forties and Furious Fifties (Fig. 6.2).

General circulation results in two important features of Antarctic weather.
Firstly, just to the north of Antarctica, between 60°S and 65°S, there is a zone of
rising air and low pressure with embedded cyclonic weather systems called the
circumpolar trough (Fig. 6.2). Here winds are westerly, and regular storms bring
warm moist air from the middle latitudes towards the continent. Secondly, an area
of sinking air and high pressure occurs over central East Antarctica resulting in
airflows from south to north (southerlies) that are influenced by cold air drainage
processes (see katabatic wind below). The Coriolis force deflects this airflow to
create a narrow zone of easterlies near the edge of the continent.

Antarctic climate can be broadly broken into two regimes: continental plateau
(high and low elevation), and maritime (low elevations near the coast and Antarctic
Peninsula). The proximity to the Southern Ocean and low elevation typically
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===l Frontal tracks of depressions (lows)

Fig. 6.2 This weather map shows characteristics of the general circulation around and to the north
of Antarctica. The location of the circumpolar trough is indicated by the presence of low pressure
systems near the edge of Antarctica (Adapted from Reader’s Digest 1985)

support the maritime type environment where the weather produced by the westerly
belt brings relatively moist warm air into the region. The continental zones have
much harsher temperatures and are drier with very little precipitation of any form.

Box 6.2: Ascending and Descending Air

When a parcel of air is forced to rise, it encounters lower pressure and
expands. This expansion causes the parcel to cool down. If there is enough
moisture in the air parcel, it will start condensing because of the lower
temperature possibly resulting in cloud formation and precipitation. Low
pressure systems or cyclones cause large scale upward motion of the atmo-
sphere, which is why they are often associated with poor weather. On the
other hand, if a parcel of air is forced to go down in the atmosphere, it will
encounter higher pressures and compress. Compression causes warming of

(continued)
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Box 6.2 (continued)
the parcel, so if there were any clouds, they will evaporate. High pressure
systems or anti-cyclones therefore characterise fair settled weather.

A parcel of air can be forced to rise or fall if forced by a barrier, such as a
mountain range. If air descends down the slope, compression will increase its
temperature, which is why Fohn winds (winds in the lee of topographic
barriers) are relatively warm. This mechanism has been suggested as a
possible contributing factor to the warming of the Larsen Ice Shelf region.
When the katabatic wind drops into the McMurdo Dry Valleys from the Polar
Plateau, the same compression heating can increase its temperature.

6.3 The Coldest Continent

The extreme cold near the surface of Antarctica is a result of the energy transfers
described in Box 6.3 and discussed in more detail in this section.

6.3.1 Radiation

Radiation plays a major role in surface energy transfers at the surface of Antarctica
and is strongly influenced by the continent’s polar location and surface
characteristics.

Box 6.3: Heat Transfer and the Greenhouse Effect

There are three main ways to transfer heat energy: radiation, convection and
conduction, and of these radiation is the most important for Antarctic
weather. When studying weather and climate, two main types of radiation
are identified on the basis of wavelength; short wave and long wave.

The hotter the radiating body, the shorter the wavelength. The sun (at more
than 5700 °C) emits shortwave radiation (including the UV rays that people
protect themselves against with sunscreen), while Earth (between about —3
and 27 °C) emits longwave radiation (the infrared that is detected by night
vision glasses).

An atmosphere with no clouds is reasonably transparent to shortwave
radiation and a portion of radiation that reaches Earth’s surface is reflected
back into space. The reflectivity of the surface is known as the albedo and is
the ratio of reflected over incoming shortwave radiation. The shortwave
radiation that is absorbed at the surface but not reflected increases the
temperature of the surface, which then influences the amount of longwave

(continued)
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Box 6.3 (continued)

radiation emitted from the surface into the atmosphere. The atmosphere,
particularly when cloudy, absorbs and re-emits longwave radiation back to
Earth and plays a crucial role in determining the atmospheric temperature
near Earth’s surface. This phenomenon is known as the greenhouse effect and
without it the Earth would be much colder (by more than 30 °C on average)
and would be an ice planet.

The total of all of these radiation transfers at Earth’s surface is the net
radiation. The net radiation is available for redistribution to or from the
atmosphere by convective or turbulent transfer, and to or from the ground
surface by conduction.
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Fig. 6.3 Monthly variation of hours of sunlight at selected Antarctic stations (© Ian Owens and
Peyman Zawar-Reza)

Earth’s axis of rotation is tilted at 23.5° to the plane of its orbit around the sun,
causing extreme seasonal variation in the duration and intensity of shortwave
radiation in polar latitudes. At the South Pole there are almost 6 months of 24-h
sunlight in summer and 6 months of 24-h darkness in winter (Fig. 6.3). These
periods of sunlight and darkness decrease to the north such that beyond the
Antarctic circle (66.5°S), for example at Faraday Station (now called Vernadsky
Station), no periods of 24-h sunlight or darkness occur.

The maximum angle of the sun above the horizon at noon (the maximum solar
elevation angle) for each month shows that at the South Pole, the sun is never more
than 23° above the horizon (Fig. 6.4). Further north, the elevation angles are higher
but even at Faraday, the summer elevation angle is still less than 50°. This slanting
sunlight reduces the solar radiation intensity on a horizontal surface because the
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Fig. 6.4 Monthly variation of the solar elevation angle at noon for selected Antarctic stations (©
Tan Owens and Peyman Zawar-Reza)
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Fig. 6.5 Variation of albedo at Antarctic stations (Adapted from King and Turner 1997; Schmidt
and Konig-Langlo 1994)

sun’s rays are spread over a larger area than they are at lower latitudes. This solar
geometry is the primary reason Antarctica (and also the Arctic) acts as a heat sink.

Despite the low solar elevation angles, the long sunlight hours mean that solar
radiation on a horizontal surface at the top of the atmosphere in mid-summer over
Antarctica is greater than that at the equator. However, the low angle means that
sunlight takes a longer path through the atmosphere, providing more opportunity
for reflection and absorption. In addition, as most of the continent, and the season-
ally occurring sea ice, is snow covered, much of the solar radiation is reflected back
into the atmosphere due to the high albedo (Chap. 4). Albedo varies with location
and season (Fig. 6.5). It is highest when large areas are covered in snow and ice,
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with snow having the highest albedo (the most reflective) followed by ice, rock and
the ocean (which is the most absorbent) (Table 6.1).

The greatest amount of incoming shortwave radiation is at the high elevation
stations of Vostok and Mizuho (Fig. 6.6). At these elevations the atmosphere above
is thinner, so more solar radiation passes through (the atmosphere can filter some
solar radiation), and these regions are also less cloudy because of the high pressure
system. All stations experience negative longwave (L*) radiation throughout the
year. Net radiation (Q*) is negative from March to October for most stations and for
longer periods for the plateau stations Vostok and Mizuho. Except for Vanda
station, which is representative of the small area of ice-free land, the annual totals
of net radiation are negative which is why the continent as a whole is a heat sink.

Table 6.1 Albedo of

o ; Surface type Albedo ()
different surface types ;
yp Ocean 0.02-0.20 Least reflective
Rock 0.10-0.40
Blue ice areas 0.56-0.7
Snow 0.50-0.959 Most reflective
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Fig. 6.6 Monthly variation and annual totals of radiation fluxes for selected Antarctic stations. K|
is solar radiation received by the ground, K* is the amount of solar radiation that is absorbed by the
ground after reflection is considered. L* is the total amount of thermal radiation available at the
surface. Q¥ is the difference between K* and L* and is known as the net radiation (Adapted from
Schwertdfeger 1984; Schmidt and Konig-Langlo 1994)
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6.3.2 The Surface Energy Balance

Because the annual totals of net radiation at the surface of the continent as a whole
are negative, other transfers are required to achieve the surface energy balance. If
this does not occur on a year-to-year time scale, the surface would either continue to
heat up or cool down. As with radiation transfers, the other fluxes in the energy
balance are substantially smaller than the same processes elsewhere in the world.

6.3.3 Turbulent Transfer

At individual sites, the most significant turbulent transfer is sensible heat exchange
which is a mirror image of the mainly negative radiation exchange at the surface
(Fig. 6.7). This exchange is most pronounced in areas of strong katabatic winds which
are discussed in more detail in Sect. 6.4.3. The lower atmosphere over most of the
Antarctic continent is characterised by a surface inversion (an increase of temperature
with height), and this means that turbulent transfers from the surface to the atmosphere
and vice versa are inhibited. Strong winds promote mixing and overcome this effect.
In winter there is significant downward transfer of heat from the relatively warm
atmosphere to the cold surface. Latent heat transfers (Box 6.4) are near zero for most
of the year and play a minor role in determining surface temperature. However, they
are significant in the short summer season when some radiation is available for
sublimation (the direct transition from snow to water vapour) which is the cold climate
version of evaporation and which thus plays a role in net snow accumulation (see
Sect. 6.5). In addition, at low elevations near the continent edge, where temperatures in
summer are at or above freezing, surface melt may occur.

Box 6.4: Latent Heat and Sensible Heat
Heat that causes a change in temperature in a substance is called sensible heat.
For example, when water is heated, its temperature rises until it reaches boiling
point. This increase in temperature is due to sensible heat. The heat removed
from the water as its temperature falls to freezing point is also sensible heat.
The heat absorbed or released as the result of a phase change is called
latent heat. There is no change in temperature of the substance because all
energy is used for the phase change rather than to increase temperature. For
example, once the boiling point of water has been reached, the temperature
remains at 100 °C until all the water has turned to vapour, regardless of how
much heat is added to the water (how vigorously it boils). Latent heat is
required for all phase changes such as from ice to water during melting, ice to
water vapour during sublimation, and water to ice during freezing. As air
rises, for example over the Southern Ocean, water vapour begins to condense
and form clouds. As this vapour freezes and turns into ice, it releases latent
heat, which adds to the energy of a storm.



100 1. Owens and P. Zawar-Reza

AWS1 Ice shelf 34m AWS2 Coastal katabatic 363m
60
@ 65— Q,72 T —a 63 — q,28
— Q.11 — Q.03 — Q,188 — Q,0.3
— 401 — 40
g a
£ E
=3 =
by >
=} 3
= =
= =
=) =
2 2
w w
-40..----...-..]-4U.r.|..rr||.
JFMAMJIJI ASOND JFMAMJJ ASOND
AWS3 Inland katabatic 1160m AWS4 Plateau 2892m
60
O T ez — Q,-23 —Q*-75 — Q176
—Q,242 — Q_0.1 — Q.02 — Q0.1
—~ 40 —~ 401
f\ll o~
E £
£ 201 S 201 -
= »
3 =1
& 2 Jmesr T T iRy
@ @
[ = =
W 204 W 201 :
-40 -40

JFMAMJJASOND JEMAMJJASOND

Fig. 6.7 Surface energy fluxes on a transect across climatic zones in Dronning Maud Land
showing the effect of katabatic winds on turbulent transfer magnitude. Q* is the net radiation,
Qu, sensible heat flux, Qg latent heat flux and Qg subsurface heat flux. Note that the vertical scales
are identical to allow comparison between sites (Adapted from van den Broeke et al. 2005)

At a broader scale heat loss is balanced by warm air being transported from
northerly regions at upper atmospheric levels, as high pressure over central Ant-
arctica causes air to sink and flow outwards near the surface, forming a circulatory
cell. In addition to this general circulation pattern, the wind movement cyclonic
systems around the continent results in horizontal transfer of heat (advection).
Warm moist air is moved towards the pole on their forward side, and cold dry air
towards the equator behind the cold fronts (Box 6.5). Turbulence is an effective
process for distributing sensible heat and latent heat.

Box 6.5: Atmospheric Stability, Clouds and Temperature Inversions

For most parts of the Earth, for most of the time, air temperature in the lowest part
of the atmosphere decreases with height above the surface. When this change of
temperature with elevation is rapid, the lower atmosphere is said to be unstable
and vertical movement of parcels of air is enhanced, often leading to cloud
formation and precipitation. Where the change of temperature with elevation

(continued)
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Box 6.5 (continued)

above the surface is not very fast, the atmosphere is said to be stable and vertical
air movement is dampened. There is a lack of surface heating in Antarctica, so the
atmosphere is usually stable and vertical air movement is suppressed. Conse-
quently, cloud types related to vertical movement (i.e. cumulus type clouds) are
relatively uncommon in Antarctica except where vertical air uplift occurs at
fronts, and layer-type clouds are most common.

Although a decrease of temperature with elevation above the surface is the
rule, exceptions to this occur. These conditions invert the normal change of
temperature with elevation, and are referred to as temperature inversions. In
Antarctica, the temperature inversions are much stronger than those at mid
latitudes, particularly during the Southern Hemisphere winter and at high
elevations on the East Antarctic Plateau. Figure 6.8 shows that in winter, the
strength of temperature inversions averages 25 °C over large areas of the
Polar Plateau and generally decreases towards the coast.

90°E

180° .

Fig. 6.8 Average inversion strength over Antarctica in July (Adapted from Connolley
1996, with kind permission from Wiley)
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6.3.4 Conduction

Conduction plays a minor role in heat transfer at the surface and is close to zero
throughout the year.

6.3.5 Effects of Elevation

Elevation influences temperatures in Antarctica in two main ways. Firstly, similar
to other locations on Earth, temperature decreases with elevation as a result of
decreasing pressure, which leads to very low temperatures on the high Polar Plateau
(Fig. 6.9). Secondly, low elevations near the continent’s edge are strongly
influenced by horizontal movement of heat (advection) by cyclonic systems.

The cyclonic systems embedded in the low pressure zone immediately north of
the continent edge travel from west to east. Their influence on temperature at higher
inland elevations is limited because the latitudes around 70°S are a cyclone
‘graveyard’ as cyclones lose energy and do not penetrate further towards the pole
(Simmonds and Keay 2000).
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Fig. 6.9 Annual temperature regimes for selected Antarctic stations, showing the effect of
elevation and the coreless winter and short peaked summer temperatures except for Faraday on
the Antarctic Peninsula. The graph also depicts the effect of latitude (e.g. Scott Base compared to

Faraday) and elevation (e.g. Vostok compared to South Pole) (Based on data obtained from the
READER project available at http://www.antarctica.ac.uk/met/READER/)
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6.3.6 Annual Temperature Regime

Most parts of the world exhibit a sinusoidal annual temperature curve (i.e. a
sideways S-shape) with a clear minimum in the coldest month. This temperature
pattern does not apply near the equator, or in Antarctica. Near the equator there is
almost no difference in temperature across the seasons. In Antarctica, the annual
change in temperature (Fig. 6.9) reveals a phenomenon known as the ‘kernlose’ or
coreless winter at all stations except Faraday (now called Vernadsky Station),
which is relatively far north on the Antarctic Peninsula. In most parts of Antarctica,
temperatures reach their lowest value in April, stay more or less constant, and then
rise rapidly from September onwards. There is no clear minimum marking the
coldest month. The coreless winter is particularly marked on the East Antarctic
plateau because the significant negative net radiation in the winter months is
balanced by downward sensible heat transfer, and latent and ground energy trans-
fers are minimal (Fig. 6.7). It has also been suggested that the longwave radiation
emitted by Earth at such cold temperatures shifts to longer wavelengths which are
more easily absorbed by the atmosphere. Therefore the temperature loss at the Polar
Plateau decreases (Bromwich and Parrish 1998). During summer there is a rapid
increase before the summer peak temperature, followed by a decrease afterwards,
resulting in a short, peaked summer period. It is likely that the rapid decrease of
temperature at the end of summer played a role in the demise of Scott’s polar
expedition (Solomon and Stearns 1999).

6.3.7 Distribution of Temperature Across Antarctica

There is a distinct temperature distribution pattern across summer and winter in
Antarctica (Fig. 6.10). In winter, a significant portion of the East Antarctic plateau
has a monthly temperature of less than —50 °C, and even in summer much of this
area is below —30 °C. In summer, there is a rapid increase of temperatures towards
the continental margins (shown by closely spaced isotherms), the main feature
being the position of the 0 °C isotherm, which is close to the edge of the continent in
East Antarctica but further offshore in the Weddell and Ross Sea areas. This occurs
because relatively warm air moves across the ocean. The ocean temperature varies
little because it has a high heat capacity, i.e. large amounts of energy are required to
change its temperature, and because mixing distributes any temperature changes. In
winter and well into spring, however, sea ice extends well north of the continent’s
edge which negates the atmospheric warming influence of the thermally conserva-
tive ocean. Consequently, there is a much more even change of temperature to the
north with temperatures at the continent edge about —20 °C while the 0 °C isotherm
is well north at about 60°S latitude.
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Fig. 6.10 Distribution of mean monthly temperature for (a) winter and (b) summer. The stippled
area depicts the extent of sea ice for each period (Adapted from Dudeney 1987, with kind
permission from Cambridge University Press)

6.4 The Windiest Continent

6.4.1 Surface Winds in Antarctica

Although the entire atmosphere can be 1000 km thick, most of its mass resides
within the first 8 km above the ground (Chap. 7). The surface winds are intimately
connected to the winds that blow some distance above the ground. This interaction
can be very complex and is still under intense research. In this chapter we will only
look at the winds just immediately above the ground since they are of far greater
importance for operational safety and have an immediate impact on life in the
continent.

6.4.2 Scales of Atmospheric Motion

Weather forecasting, particularly of intense wind storms, has been a major chal-
lenge. Several countries invest heavily into research that can lead to better fore-
casts, and although Antarctica presents its own unique challenges, and the weather
forecasts are not as reliable as those in other parts of the globe, the forecasts have
improved dramatically.


http://dx.doi.org/10.1007/978-3-319-18947-5_7

6 Weather and Climate 105

——- Macro —

—Meso—
} Local {
} Micro :
FSynopticd
Years -

| R Long waves
o Months o Jet streams
5 | o Anticylones
%  Weeks 2 Cylones
QEJ | o Hurricanes o
= Days bo fronts o
o Yy | = Local winds 7
B e Squall lines S
5 Hou rs_ o Thunderstorms S
S e Large cumulus -7
s e Lee waves o
5 Minutes e Tornadoes o

7 Small cumulus 7
~ .- Thermals e
- Dust devils o
Building effects e
Turbulence S
Seconds i
Roughness L
Small-scale tubulence . -
10mm 1m 1km 1000 km

Characteristic horizontal distance scale

Fig. 6.11 Scales of atmospheric motion (Adapted from Oke 1987)

The weather experienced at any location can be either generated by local
conditions or be part of a much wider continental-scale pattern. Both need to be
understood for accurate forecasting (Box 6.6). Meteorologists typically break down
atmospheric motions into micro, meso or macro scales. Figure 6.11 illustrates such
a classification, whereby well known phenomena are matched with their typical size
and lifespan.

The type of cyclone (or low pressure system) we usually associate with rainy and
stormy weather (snowy if it is cold) is typically a macro-cyclone. These last for
more than a day and influence large areas, often several thousand kilometres wide.
Cold and warm fronts are embedded in such systems and form clear lines (fronts)
where the majority of weather activity is concentrated.

Satellites recently discovered that polar regions can also produce low pressure
systems (cyclones) that are much smaller and compact. They fall into the meso-
category. Meso-cyclones are typically less than 1000 km wide and frequently affect
the margin of the continent. Their small size means that they remain below
detection levels for conventional ground-based methods and can therefore only be
studied on satellite images. These systems are generally not as intense and destruc-
tive as the polar lows of the Northern Hemisphere, but they can still complicate
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logistical operations. Lifetimes of about 12 h and wind speeds of about 10 ms™"

have been reported for some of the smaller meso-cyclones, but greater intensities
can occur. Meso-cyclones also increase the exchange of momentum and heat
between polar and subpolar regions but they do not usually intrude into the interior
of the continent; instead they contribute significant precipitation to the continental
margins.

Box 6.6: Weather and Logistical Operations at McMurdo Station

and Scott Base

Severe weather presents one of the gravest hazards to operations in Antarc-
tica. Providing better forecasts is an important lifeline for flight operations,
but it remains an ongoing challenge in a place where sparse weather mea-
surements on the ground hamper understanding storm behaviour. Satellite
monitoring and computer-based weather models are increasingly helpful in
this regard. Intense winds are associated with turbulence and low visibility
(blowing snow) which can prevent landing and take-off from the ice-based
runways. If the storm is severe enough, McMurdo Station and Scott Base may
shut down (when visibility becomes less than 31 m, or wind chill tempera-
tures become colder than —73 °C, or winds exceed 28 m/s).

6.4.3 Katabatic Winds

Radiative cooling of the air directly above the Antarctic ice sheet produces very
cold, dense (heavy) air that flows downhill, away from elevated areas to the coastal
regions (Fig. 6.12). The resulting katabatic (gravity driven) winds accelerate,
enhanced by the confines of valley walls, and blow with great consistency over
their area. Once at the coast, there is little change in elevation and the winds lose
their driving force, dissipating offshore at some distance depending on how fast
they are. Weaker katabatic events propagate on the flat surface of the ocean or the
ice shelves for much shorter distances than their stronger counterparts.

The air that replaces that which is moved by the katabatic wind comes from
aloft, as air transported from the tropics at altitude flows towards the edge of the
continent, making the influence of Antarctica really far reaching. There is no
analogue for such a system in the Northern Hemisphere since the topography is
largely flat over the polar region.

Near the Antarctic coast, low pressure systems can interact with katabatic winds
to increase their strength. Resulting wind speeds can exceed 100 km/h for days at a
time, and gusts can be well over 200 km/h. Conversely, katabatic winds can force
the creation of low pressure systems (cyclogenesis), particularly in the Ross Sea
Region (Carrasco and Bromwich 1993). Even though cyclones and katabatic winds
are produced by different mechanisms, they still influence each other in a way that
makes prediction of weather in Antarctica very challenging.
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Fig. 6.12 Katabatic winds in Antarctica showing drainage from high points (mainly on the East
Antarctic Plateau). Wind flow streamlines are shown by arrows which are approximately perpen-
dicular to the contours. Channelling occurs in valleys where streamlines combine to form zones of
very high winds such as Terra Nova Bay, the Lambert Glacier valley and Commonwealth Bay
which the Australian explorer Mawson called ‘home of the blizzard’. The inset shows a cross
section from gentle slopes on the Antarctic plateau to steeper slopes near the continent edge
(Adapted from Bromwich and Parish 1998, with kind permission from the American Meteoro-
logical Society)

Katabatic conditions in general are warmer than non-katabatic conditions, but
the level of warming depends on the season. For example during the summer in the
McMurdo Dry Valleys, the smallest difference in average monthly values (average
temperatures during katabatic winds minus temperatures during non-katabatic
conditions) occurs in summer (4 °C) (Nylen et al. 2004).

Turbulent mixing results in downward transport of warm air during katabatic
conditions so that the lowest layer of a katabatic current can be detected as a warm
signature by remote sensing studies. This technique can be used to show that once
katabatic winds flow out onto the Ross Ice Shelf, they can propagate for hundreds of
kilometres on the ice shelf and over the sea.
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Katabatic intensity is weaker during the summer period, from December to
February, over nearly the entire continent because the surface warms due to solar
radiation. Smaller-scale katabatic winds, similar to those occurring almost any-
where else in the world where the terrain is sloped, have been detected over glaciers
in the McMurdo Dry Valleys. However, these localised katabatic winds are less
intense and cover a much smaller geographical area because the source of cold air is
from a much more limited region (Obleitner 1994; Nylen et al. 2004).

6.4.4 Anabatic Winds and Sea Breezes

Anabatic winds flow upslope. In some of the valley systems in the McMurdo Dry
Valleys, where most of the surface is not covered by snow and ice, these are the
most common winds in summer, flowing from the Ross Ice Shelf towards the
interior. Formation is partly due to the influence of the sea which produces a sea
breeze circulation. Sea breezes form when temperature differences between the
warm land and cold water create a pressure difference which forces higher pressure,
cooler air from the sea to move inland.

The adjacent terrain, especially if it is covered by a glacier, can generate its own
small-scale katabatic. Weather stations on the Commonwealth and Canada glaciers
in the Taylor Valley have registered glacier-induced katabatic winds in summer.
Stations on the Darwin-Hatherton Glacier show a prominence of small-scale kata-
batic winds when the sun is close to the horizon and the surface heating is minimal.
The katabatic winds can push the anabatic winds back, producing a bimodal wind
pattern (Nylen et al. 2004). Figure 6.13 provides examples from three weather
stations placed approximately 20 km apart in a triangular formation over the
Darwin-Hatherton Glacial System in the Transantarctic Mountains. Two of the
stations clearly show that when the solar radiation is weak (early mornings and late
afternoons), the flow tends to be down the slope, either large-scale or local-scale
katabatic. But the tendency is for the flow to be up the slope (anabatic) when the sun
has had a chance to warm the surface. At the third station, the bimodality is not as
clear. This may be due to the fact that this station is at a higher elevation. This
illustrates that the strong katabatic flow is not the only type of circulation pattern
and that a variety of weather types is possible over this mostly ice-covered
landmass.

6.4.5 Barrier Winds

Barrier winds are jets of rapidly moving air produced when cold air piles up against
steep topography. They flow parallel to the topographic barrier. Such conditions
can exist over the Ross Ice Shelf and Antarctic Peninsula, but they have also been
observed in other cold-climate regions with significant topography, such as
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Fig. 6.13 Summertime frequency distribution of hourly wind direction (/eft panel) and statistics
of hourly wind speed. The box-and-whisker plots are for median, first and third quartile; the 1.5
quartile distance is indicated by the bar. The katabatic blows from the north-west quadrant at
Upper Darwin, and more westerly quadrants at Lower Darwin and Hatherton (Reprinted from
Zawar-Reza et al. 2010, with kind permission from Cambridge University Press)

Greenland. Forecasting barrier winds is important for operational reasons since
their intensity can be problematic.

6.5 The Driest Continent

6.5.1 Precipitation

Measuring precipitation in Antarctica is critical for determining the volume of ice
and its role in global sea-level change. However, the density of climate stations with
reasonably long records is low in Antarctica and standard rain gauges are not
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suitable for measuring snowfall in windy environments. Alternative methods have
been developed for assessing the amount of precipitation based on glaciological and
meteorological techniques and remote sensing, usually using satellites. For both of
these methods, the precipitation accumulation is usually expressed in terms of depth
of water equivalent (e.g. mm w.e.a ' for annual totals), and less commonly, as the
weight per unit area of accumulation (kg m~2). Very little falls as liquid precipi-
tation except at the northern extent of the Antarctic Peninsula.

6.5.2 Glaciological and Satellite Methods

The measurement of the depth and density of layers of snow allows the calculation
of the water equivalent. This technique is usually applied to annual accumulation by
using stakes as markers, or by using chemical and physical changes to identify
annual layers in snow pits, in a similar manner to identifying layers in ice cores
(Chap. 5).

Sublimation, which occurs during the relatively short summer period is signif-
icant enough to affect the record of accumulation (Fig. 6.14). The final measure is
the net surface mass balance. The sampling is at rather irregular intervals so passive
microwave remote sensing and ground-penetrating radar have been used to fill in
the gaps. Since the early 1990s, satellite radar altimetry data have provided accu-
mulation data for most of Antarctica (Zwally et al. 2005).

6.5.3 Meteorological Method

With advances in computer technology and our understanding of the laws that
govern the behaviour of the atmosphere, it is now possible to simulate weather and
climate in Antarctica. The computer simulations can in most cases realistically
generate data about such things as surface winds and precipitation, even if we do
not have measured data at all locations. The use of computers allows precipitation
to be approximated in places where it is difficult to obtain measurements, and the
models can be verified with data from locations where measurements are available.
Further improvements continue to be made through advances in computer technol-
ogy and our understanding of how the atmosphere works (Fig. 6.15).

6.5.4 Distribution of Surface Accumulation

Fortunately, the results of these two approaches to precipitation measurement agree
in broad terms and show that the majority of the east Antarctic plateau receives less
than 50 mm w.e.a” ' while the areas of largest accumulation are concentrated near
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Fig. 6.14 Snow accumulation in Antarctica in 100 mm w.e.a~' (Adapted from Giovinetto and
Bentley 1985, with kind permission from the US National Science Foundation)

the coast especially on the Antarctic Peninsula and the coast of west Antarctica to
the west of the peninsula. In a few small areas, for example the Lambert Glacier
Valley (shown in grey on Fig. 6.15) and in the McMurdo dry valleys, where the
Vanda station is located, accumulation is negative because the potential for subli-
mation exceeds the precipitation amount.

6.6 Conclusions

Antarctica’s climate and weather are determined by its geographical location and its
significant topography. Being positioned at the South Pole means that the amount of
solar radiation and hence the heat the continent receives are much smaller than
other regions of the planet. This is the primary reason the continent has a frigid
climate and is covered by ice and snow, which subsequently cool the environment
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Fig. 6.15 Modelled surface mass balance (mm w.e.a”!) for Antarctica for the period 1958-2002
(Adapted from van de Berg et al. 2005, with kind permission from the International Glaciological
Society)

even further by reflecting the solar radiation back into space. Most of the continent
lies at high elevations, contributing further to the harshness of the climate, but the
low temperatures in this case are because high altitude regions are typically colder
due to the lower air pressure. As well as severe cold, the earth-sun geometry
contributes to a distinctive coreless annual temperature regime while the seasonal
expansion and contraction of sea ice produces distinctly different spatial distribu-
tions of temperature.

The sloping terrain provides a conduit for dense cold air to drain towards the
coasts leading to the formation of katabatic winds. The katabatic winds funnel
through topography and their intensity builds up near the coasts where the terrain
becomes steep. Beyond Antarctica, the general weather patterns across the South-
ern Ocean are largely influenced by hemispheric temperature differences between
the tropics and the South Pole, which create the wide band of westerly winds
containing most of the weather-producing pressure systems (low and the high
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pressure systems, or cyclones and anti-cyclones). These weather systems often
invade the coastal margins of Antarctica, bringing in relatively milder air masses
and the associated precipitation. Therefore the lower coastal regions and the
Antarctic Peninsula have a moderate maritime climate, whereas the continental
dome has drier and colder air masses. As most of the continent experiences intense
wind systems, measuring precipitation has remained a challenge, but remote sens-
ing and computer modelling technologies have aided in providing a rough distri-
bution of precipitation patterns. Precipitation tends to be far higher near the coasts
and the Antarctic Peninsula, and generally relatively insignificant in East
Antarctica.
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Chapter 7
The Southern Ocean

Antarctica’s Northern Boundary
Michael J.M. Williams

Abstract The Southern Ocean totally surrounds Antarctica and, with its cold
waters and partial covering of sea ice, it is the maritime component of greater
Antarctica. The range of water temperatures in the Southern Ocean is large. Near
Antarctica, water can be colder than —2 °C, while at the ocean’s northern limits
temperatures can reach 10 °C or more. In contrast, there is a small change in salinity
across the ocean, but the slight changes in temperature and salinity are enough to set
up density gradients that, along with the wind, drive the Southern Ocean currents.
The dominant current is the eastward flowing Antarctic Circumpolar Current, the
world’s largest current, but smaller westward flowing currents fringe the Antarctic
continental shelf. Density gradients also drive vertical circulation where cold, salty,
dense waters sink around the margins of Antarctica. This dense water then slowly
flows north and is found globally at the bottom of the world’s oceans. This process
helps to establish the global ocean circulation that transports heat, moisture and
dissolved compounds such as carbon dioxide and oxygen over thousands of kilometres.
This chapter explores the significance of the Southern Ocean and its role in global
ocean transport and circulation, as they contribute to the global climate system.

Keywords Southern Ocean ¢ Ocean currents « Water masses * Fronts ¢« Bottom
water » Heat transfer ¢ Gas transfer

7.1 Water Transport in the Southern Ocean

Distinct bodies of water, and the dissolved gases and nutrients they contain, are
transported huge distances through the Southern Ocean by currents. This transport
influences living conditions for marine life and the world’s climate through the
exchange of heat, moisture and chemicals between the ocean and the atmosphere.
Currents flow in complex patterns primarily driven by wind, the water’s salinity and
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temperature, and are also influenced and steered by seafloor topography and the Earth’s
rotation (Talley et al. 2011). This leads to water redistribution around the globe.

7.1.1 Drivers of Ocean Currents
7.1.1.1 Wind

There is a balance between wind, the Coriolis force (caused by the Earth’s rotation,
Box 7.1) and friction between layers in the ocean. These three forces are in balance
in the upper layer of the ocean known as the Ekman Layer and result in a current
over the top 100 m or so of the ocean that flows 90° to the left of the wind in the
Southern Hemisphere. Ocean currents and winds have different naming conven-
tions, with currents named for the direction they are going, and winds for the
direction they are coming from, which means that a westerly wind and an easterly
current are going in the same direction (from west to east). With a westerly wind, as
is common in the Southern Ocean (coming from the west and going to the east), the
current in the Ekman Layer is to the north. Close to Antarctica winds from the
continent are easterly, driving southward surface currents. Hence as the winds shift
form westerlies to easterlies with latitude the surface currents diverge, driving
upwelling from the ocean interior.

Box 7.1: Coriolis Force

The Coriolis force is an apparent force that explains how an object moving in
a straight line in space will appear to move in a curve when viewed from the
rotating Earth. The Coriolis force is small and relevant only over large
distances in the ocean and atmosphere. In the Southern Hemisphere, it causes
ocean currents and air masses to turn to the left, while in the Northern
Hemisphere it causes them to turn to the right. It is the balance between the
Coriolis force and the other relevant forces, e.g. friction, that determines how
far to the left (Southern Hemisphere) or right (Northern Hemisphere)
they turn.

7.1.1.2 Density Gradients

Variations in density drive currents within the ocean because denser (heavier) water
moves to sit below less dense water. The density gradients depend on a combination
of water pressure, temperature and salinity. Changes in water pressure cause the
largest changes in density, with density increasing as pressure increases deeper in
the ocean. However, it is not this vertical change that is most important for ocean
currents, but the horizontal density gradients that are mostly caused by changes in
temperature and salinity (Talley et al. 2011).
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Cold, salty water is denser than warm, fresh water, although the effects of
temperature and salinity are variable. Below 0 °C, seawater density is mainly
caused by changes in its salinity. However, as water gets warmer, changes in
salinity become less important, and for most of the global ocean, temperature is
the main determinant of density. The Southern Ocean density gradients are always
small as the density varies by less than 0.5 % from the mean (average) density.

7.1.1.3 Temperature and Salinity

Over most of the Southern Ocean, temperature and salinity are modified by
interaction and exchange between the ocean and the atmosphere. Temperatures at
the ocean’s surface are linked to heat distribution in the atmosphere, with oceans at
the poles being colder than those at the tropics. Despite extremely low air temper-
atures, seawater around Antarctica doesn’t cool much below its freezing tempera-
ture. The freezing temperature varies with salinity, but is approximately —1.9 °C at
the ocean surface. Below this temperature sea ice forms and, as it thickens, insulates
the ocean beneath, preventing it from cooling further (Wadhams 2000).

Salinity in the Southern Ocean has a small range, from around 33.8 g kg™ to
more than 35 g kg~ '. Across the open ocean, changes in surface salinity are
controlled by two factors: the amount of precipitation, made up of rain and snow,
and the amount of evaporation of ocean water into the atmosphere. Sea ice and ice
shelves act as barriers to these processes. When sea ice forms, approximately 85 %
of the salt is expelled from the ice into the water immediately below, resulting in
higher salinity in the water underneath sea ice (Chap. 5). During summer, when the
ocean is warm enough to melt the sea ice, the ocean surface freshens because of the
low salinity of melted sea ice.

1

7.1.1.4 Pressure Gradients

The pressure gradient within the ocean results from a combination of water density
and the uneven surface of the sea. The higher the sea surface the greater the pressure
in the water below. Due to differences in atmospheric pressure, the Southern Ocean
sea surface usually slopes downwards from north to south by about 1.5 m, resulting
in higher pressure in the north (Sokolov and Rintoul 2009). This, along with density
gradients in the water column, sets up horizontal pressure gradients. These gradi-
ents set the water flowing from regions of high pressure to regions of low pressure.
However, the presence of the Coriolis force (Box 7.1) modifies this water move-
ment and results in currents flowing along isobars (lines of equal pressure) like
winds on a weather map. This is known as geostrophic flow and occurs when the
horizontal pressure gradient and the Coriolis force are close to being in balance.
Within the ocean this results in currents flowing along density gradients because
density variation has the largest local effect on pressure gradients. In the Southern
Hemisphere, high pressure is to the left of the direction of flow.
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7.1.2 Water Masses and Fronts

Temperature and salinity vary not just at the surface, but also throughout the
entire water column. This gives rise to water masses, bodies of water that have
physical and chemical properties such as temperature, salinity, silicates, nitrates or
dissolved oxygen that are distinct from the surrounding water (Talley et al. 2011)
(Box 7.2).

Box 7.2: Water Masses in the Southern Ocean
Antarctic Surface Water: found at the surface between the Antarctic continent
and the Polar Front.

Antarctic Intermediate Water: cold, with relatively low salinity and found
mostly at intermediate depths (around 1000 m). It is formed along the
Subantarctic Front, and has its largest source in the eastern South Pacific
Ocean.

Circumpolar Deep Water: relatively warm and saline, penetrates the
continental shelves and occurs all around Antarctica. It is often separated
into two, Upper and Lower Circumpolar Deep Water. It forms most of the
water circulating in the Antarctic Circumpolar Current.

Antarctic Bottom Water: formed around Antarctica and as the densest
water is found at the bottom of the ocean.

North Atlantic Deep Water: water mass that forms in the North Atlantic
Ocean and can be traced into the Southern Ocean, where it mixes to become
part of Circumpolar Deep Water.

At the ocean surface, interaction with the atmosphere and the formation of sea
ice result in the largest changes in temperature and salinity in the ocean. The
ocean’s top few tens of metres are stirred by the wind to form the mixed layer.
Once below the mixed layer, the properties of a water mass remain more or less
consistent for long periods of time, and can be distinguished over large distances,
although they gradually erode through mixing with adjacent water masses.

Along the northern parts of the Southern Ocean the temperature and salinity of
the interior water masses are set during autumn and winter, when the cold atmo-
sphere cools the surface water enough to remove the summer stratification. This
winter mixed layer is, however, not dense enough to enter the ocean interior alone.
It is pushed in, or injected, by Ekman pumping driven by atmospheric low pressure
systems.

Closer to Antarctica the surface waters do not warm sufficiently in winter to keep
surface waters light. Instead the combination of a cold atmosphere, and salt rejected
when sea ice forms can make surface waters denser than the waters underneath.
This drives a process known as convection where the dense water sinks and mixes
with the waters underneath, until the mixture is not dense enough to sink further
(Talley et al. 2011).
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With water masses remaining near constant from year to year, their properties
can be measured in the ocean interior and the pathways from their source regions
can be mapped through the ocean, even though each parcel of water may have
traveled for many years (Box 7.3).

Box 7.3: Measuring the Properties of the Southern Ocean

Global-scale ocean circulation can be measured in real time by Argo floats.
These floats measure ocean temperature and salinity by drifting with the
currents usually at a depth of 1000 m and are of use particularly in the
Southern Ocean, which is distant from shipping routes and sees relatively
little traffic. Every 10 days, the float drops to 2000 m before, a small pump
inflates a bladder with oil, increasing the buoyancy of the float. As the float
rises, it records the water temperature and salinity. Once the float reaches the
sea surface, the information is relayed via satellite to researchers on land. The
pump then deflates the bladder and the float sinks back to 1000 m to begin
another cycle. Each float lasts for about 4 or 5 years, sending back up to
180 vertical profiles of ocean conditions.

Once pushed into the interior of the ocean, water masses flow along surfaces of
constant density, called isopycnals. The isopycnals generally slope down through
the ocean from the Southern Ocean towards the tropics. The effects of this flow can
be seen in the vertical slices of temperature and salinity shown in Fig. 7.1.

Fronts mark abrupt changes in ocean properties between different water masses
(Box 7.4). Changes either side of a front can be substantial, such as the temperature
change of around 3 °C across the Subantarctic Front (Orsi and Whitworth 2005).

Box 7.4: Fronts in the Southern Ocean
Subtropical Front (STF): the boundary between warm, salty subtropical
waters and fresher, cooler subantarctic waters. It is often considered the
northern boundary of the Southern Ocean.

Subantarctic Front (SAF): marks the northern boundary of the Antarctic
Circumpolar Current. It typically forms three branches, northern, main, and
southern, which tend to follow the bathymetry, converging where there are
ocean ridges and diverging over the deep ocean.

Polar Front (PF): separates polar waters from the relatively warm and salty
sub-polar water. Like the Subantarctic Front it has multiple branches that are
steered by the ocean bathymetry.

Southern ACC Front (SACCF): marks a change in properties below the
surface layer, but has no surface signature. The subsurface changes have a
dynamic effect on the ACC.

(continued)
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Box 7.4 (continued)

Southern Boundary of the ACC (SB): southern limit to the Antarctic
Circumpolar Current. This lies along the southern limit for Circumpolar
Deep Water.

Antarctic Slope Front: situated by the shelf break of the Antarctic conti-
nental shelf, and separates shelf and oceanic waters.
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Fig. 7.1 Vertical temperature (in degrees Celsius; upper panel) and salinity (in g kg~"; lower
panel) along south to north sections from Antarctica (/eft) through the Southern Ocean, into the
Atlantic Ocean. Data combined from multiple years and different seasons. The ocean floor is
coloured grey. Easily identifiable water masses are the cold Antarctic Bottom Water near the
Antarctic Coast (coloured pink on the upper panel; blue on the lower panel), and relatively fresh
Antarctic Intermediate Water (coloured dark blue on the upper panel; pale green on the lower
panel) (© Michael J. M. Williams)

Differences in temperature and salinity across a front give rise to waters of
different density. The less dense water stands higher than the denser water and this
is reflected in a change in height of the ocean surface across the front. This height
change can be located and measured by satellite-based altimeters and used to map
the location of fronts (Sokolov and Rintoul 2009). The mean (average) positions of
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180°W

Fig. 7.2 The Southern Ocean fronts are colour coded from south to north as follows: SB black,
SACCE (-S and -N) blue, PF (-S, -M, and -N) magenta, SAF (-S, -M, and -N) black. The middle
branches of the fronts are shown by solid lines, while the northern and southern branches (where
applicable) are show by dotted lines. In the case of the SACCF, the northern branch is shown by a
solid line and the southern branch is shown by a dotted line. The 2000 m bathymetric contour
is shown by a thin black line. The deepest water is dark blue, grading through dark green, light
green and orange as the water depth decreases (© Serguei Sokolov, modified from Sokolov and
Rintoul 2009)

the main fronts in the Southern Ocean are shown in Fig. 7.2. However, the location
of fronts is dynamic because density gradients across fronts help drive the ocean
currents, which in turn influence the positions of the fronts.



122 M.J.M. Williams
7.1.3 Vertical Circulation and Formation of Bottom Water

Density differences and wind, through Ekman forcing drive, vertical as well as
horizontal movement of water masses. The vertical movement is connected to the
global ocean circulation. This transports the surface water of the Southern Ocean
into the deep ocean. The surface water contains dissolved gases such as oxygen and
carbon dioxide as well as heat received from the atmosphere. Measurements of the
temperatures and salinities of water masses can be used to follow their movement
through the ocean and map the ocean circulation.

In the Southern Ocean, vertical circulation can be described as two overturning
cells: a southern cell close to Antarctica and a northern cell (Fig. 7.3). The position
of the boundary between the northern and southern cells is linked to the location of
the velocity maximum in the westerly wind. The northern cell is driven by the
westerly winds that move water near the surface north in the Ekman Layer. The
southern cell is driven by dense water, particularly Antarctic Bottom Water (see
below), sinking off the continental shelf towards the ocean floor. In both cells,
Circumpolar Deep Water (Box 7.2) rises to replace the surface waters that are being
moved north and south.

Antarctic Bottom Water is cold and relatively salty and is the densest water in
the ocean. It flows north from Antarctica in trenches and passages in the deepest
parts of the ocean, before reaching and filling the deep basins of the Indian, Pacific

PF SAF

Fig. 7.3 The meridional overturning circulation in the Southern Ocean can be broken into
two cells. The northern cell is primarily driven by northward transport in the Ekman Layer,
while the southern cell is primarily driven by Antarctic Bottom Water formation near the
Antarctic continent. For both cells the return flow comes from Circumpolar Deep Water
(© Michael J. M. Williams, modified from Speer et al. 2000)
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and Atlantic Oceans (Figs. 7.1 and 7.3). The exact mechanisms of bottom water
formation around Antarctica are active areas of research, but there are basic
processes that drive it. Initially, water on the continental shelf is too light to sink,
becoming dense only by accumulating salt from sea-ice formation during winter.
Generally, this is insufficient to make the water dense enough to flow off the
continental shelf, so it needs to be trapped in areas were salt can build up further,
such as over a basin on the continental shelf or under a polynya (an area where sea
ice is absent, Chap. 5).

With this increased density, water is able to flow off the continental shelf as a
gravity-driven plume that slides under less dense water in the deep ocean (Talley
etal. 2011). As it sinks this plume expands by incorporating the surrounding lighter
water. When two parcels of water mix, a new parcel is formed that has a temper-
ature and salinity intermediate between the two constituents. In some circum-
stances, a process known as caballing occurs where this mixture is denser than
both of the original water parcels. Caballing allows the plume mixture to sink
further, entraining more water until the plume reaches either water with the same
density or the ocean floor. Although this process occurs around much of Antarctica,
only a few places have been found where it is dense enough to reach the bottom: the
Weddell Sea, the Ross Sea, along the Adélie Land Coast and off Cape Darnley
(Ohshima et al. 2013).

7.1.4 Currents

The dominant current in the Southern Ocean is the easterly flowing Antarctic
Circumpolar Current (ACC). The ACC transports several water masses and is the
largest current in the world’s oceans. It connects and supplies water to the Atlantic,
Pacific and Indian ocean basins (Fig. 7.4). The ACC is driven by both geostrophic
processes and the wind. Wind acts over the whole ACC, although this effect is
greatest at around 50°S where the westerly winds are strongest. Density differences
across fronts produce and concentrate most of the flow in the ACC. The two most
important fronts are the Subantarctic Front and the Polar Front (Box 7.4, Fig. 7.2).
Unlike most ocean currents, the ACC reaches from the surface to the ocean floor.
Here friction produced by the ocean floor is important for counteracting the
continual driving action of the wind and density gradients and for keeping the
speed of the current approximately constant over time (Rintoul et al. 2001).

The speed of the ACC varies, with the fastest flow occurring at fronts where the
density gradients drive the geostrophic flow. Here currents can be up to 75 cms™ ',
while away from the fronts the current speed is typically less than 20 cm s~
(Stanton and Morris 2004). The amount of water carried by the ACC, known as
the transport, is calculated as the flow through a defined area. In the Drake Passage,
between South America and the Antarctic Peninsula, transport reaches 134 million
cubic metres per second (134 x 10° m® s, but it is thought to increase by up to
another 13 x 10°m® s~ south of Australia where the broader area allows more flow


http://dx.doi.org/10.1007/978-3-319-18947-5_5

124 M.J.M. Williams

180°

150°E 150°W
New

- Zealand

L3}

5. Tasman Rise

120°E 120°W

- Pacific
Antarctic R.

90°E 20°W

60"W

Legend
[[] Depths <3500 m

[] acc

—» Coastal and
Slope Front
Currents

0°

Fig. 7.4 Currents of the Southern Ocean, including the dominant Antarctic Circumpolar Current
(ACCQ), the Antarctic Coastal Current (closest to Antarctica) and the Antarctic Slope Front Current.
Also indicated are the three gyres. F.Pl.: Falkland Plateau, K.Pl.:Kerguelen Plateau, G.:Gyre,
R.:Ridge (© Michael J. M. Williams, modified from Carter et al. 2009)

(Rintoul et al. 2001). The ACC can transport such a large volume of water because
the current is very wide, up to 2000 km, and has a large vertical range from the
surface to the seafloor, up to 4000 m in places.

The path of the ACC is heavily influenced by land and seafloor topography and
these cause fronts in the ACC to merge and diverge around Antarctica. Figure 7.2
shows sharp changes in the position of fronts where the ACC crosses the shallow
bathymetry of the mid-ocean ridges and where it flows through major choke points.
In the Drake Passage and near the Kerguelen Plateau, fronts are pushed together,
and south of New Zealand the ACC is directed south by the Macquarie Ridge and
the Campbell Plateau (Fig. 7.4).
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South of the Southern Boundary Front lies the Antarctic Slope Front. This sits
close to the shelf edge and is the offshore limit of the colder and fresher waters that
lie on Antarctica’s continental shelf.

Associated with the Antarctic Slope Front is the westward flowing Antarctic
Slope Front Current, which is a westward flowing current driven by geostrophic
processes (Heywood et al. 2004). The Antarctic Coastal Current is a fast, shallow
current that lies over the continental shelf close to the large ice shelves, and is
driven by the easterly wind belt that follows the Antarctic coast. Although the
Antarctic Slope Front and Coastal Currents are normally distinct and are driven by
different mechanisms, in areas where the continental shelf is narrow the two
currents are difficult to separate (Heywood et al. 2004). This led early researchers
to consider them as a single current named the East Wind Drift.

In the Ross and Weddell seas, the ACC is deflected northward by the Antarctic-
Pacific Ridge and the Antarctica Peninsula, respectively. This northward deflection
combined with the extensive southern reach of both embayments leads to the
formation of local gyre circulations. In addition, a similar as yet unnamed feature
has also been reported along the Antarctic coast south of Australia (Fig. 7.4;
Bindoff et al. 2000). The lateral extent of all three gyres is poorly known, but
generally they are likely to be limited by bottom topography.

7.2 Global Ocean-Atmosphere Interaction

The oceans and the atmosphere work together to distribute heat and regulate
climate around the globe. There is an exchange of freshwater, momentum, heat
and gases between the ocean and the overlying atmosphere (Chap. 8). Freshwater
exchange occurs mainly in the form of evaporation from the ocean and precipitation
from the atmosphere. Momentum exchange occurs primarily through the action of
wind and water currents. Gases from the atmosphere enter the ocean mainly
through direct air-sea exchange (Chester 2000).

7.2.1 Heat Transfer

The vast amount of heat stored in the ocean is transported by the ocean circulation,
but the ocean also has significant temperature inertia, or resistance to change. This
means the ocean is slow to release heat to the atmosphere and as a result moderates
the climate on land near to the ocean. Vertical circulation carries heat from the
surface down into the interior of the ocean. As the Earth warms, this transported
excess heat causes sea level to rise through thermal expansion (warm water is less
dense than cold water, so takes up more space, raising the ocean surface), and
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contributes to the regional distribution and rate of sea-level rise in the Southern
Hemisphere (Purkey and Johnson 2010).

7.2.2 Gas Transfer

Oxygen and greenhouse gases are exchanged during the establishment of a chem-
ical equilibrium between the atmosphere and the ocean, and the ocean is both a
source and sink of gases. For example, the vertical circulation maintains oxygen
levels in the deep ocean by transporting oxygen-rich surface water into the ocean
interior.

The ocean contains a significant amount of carbon in the form of organic
material and as dissolved gases. Biological processes, such as photosynthesis in
phytoplankton, turn carbon dioxide into organic material and when organisms die,
they sink, carrying carbon into the ocean (some carbon is used in biological
processes) (Chester 2000).

Gas exchange between the ocean surface and the atmosphere, and between the
upper ocean and the deep ocean, is fundamental to climate change and is a complex
process that is dependent on differences in the air-sea gas concentrations gradient,
wave breaking and the ocean temperature (Chester 2000). In the Southern Ocean,
the cold surface water allows carbon dioxide from the atmosphere to dissolve more
readily. Low surface concentrations persist as Southern Ocean vertical circulation
continually transports carbon dioxide absorbed in the surface water deep into the
ocean.

7.2.3 Global Implications

Approximately one third of anthropogenic carbon dioxide is accumulating in the
world’s oceans (Siegenthaler and Sarmiento 1993), slowing the rate of climate
change. Some of this is being sequestered in the Southern Ocean. Disruption of the
ocean’s circulation may mean the ocean becomes a source of carbon rather than a
sink, and atmospheric carbon dioxide levels could rise much higher than they
are now.

The Southern Ocean, with the associated Antarctic Circumpolar Current, is the
only ocean that encircles the globe and this gives it a key role in the global climate
system. The ACC is instrumental in the exchange of water, heat and other compo-
nents such as carbon dioxide and oxygen, between all of the Southern Hemisphere
ocean basins. This global redistribution of heat and carbon dioxide influences
Earth’s climate and means that changes happening now may influence global
climate in years to come.
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7.3 Conclusions

The oceanography of the Southern Ocean is complex, being influenced by seafloor
topography, sea ice, the atmosphere and interactions with Antarctica’s ice shelves.
The Antarctic Circumpolar Current connects the Southern Hemisphere ocean
basins, putting the Southern Ocean and the ACC at the centre of the global ocean
circulation. The formation of dense waters, such as Antarctic Bottom Water, and
their ability to transport gases, which either oxygenate the deep ocean or bury
carbon dioxide within the ocean, make the Southern Ocean a key component in the
global climate system.
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Chapter 8
From Ice to Space

The Antarctic Atmosphere
Rhian A. Salmon and Anna E. Jones

Abstract The atmosphere over Antarctica is pristine, dry and isolated. This is
because it is very far from all sources of manmade emissions, is extremely cold and
completely surrounded by the enormous Southern Ocean. It is, however, home to
unusual chemical and physical processes that have a global significance. In this
chapter, we start by considering some fundamental concepts used to describe the
Earth’s atmosphere. We then focus on measurements of past and present carbon
dioxide concentrations from Antarctica, the stratospheric ozone hole, and atmo-
spheric chemistry occurring near ground level. Finally, we consider some connec-
tions between these apparently distinct phenomena in order to illustrate the critical
role the Antarctic atmosphere plays in connecting global land, ice and oceans, as
well as different geographical areas of the Earth.

Keywords Antarctic atmosphere ¢ Troposphere ¢ Stratosphere ¢ Mesosphere ¢
Thermosphere ¢ Aurora ¢ Carbon dioxide ¢ Stratospheric ozone hole ¢ Polar
vortex * Polar stratospheric clouds

8.1 Introduction to the Antarctic Atmosphere

Atmospheric science involves the study of the chemistry, composition and physical
properties of the air both now and in the past. By combining this information, we
are able to better predict the characteristics of the atmosphere in the future.
Antarctica is an excellent location for understanding the composition of ‘pristine’
air and processes that are currently occurring in the atmosphere. In addition, tiny
bubbles of ancient air that are trapped in the ice provide a window on the past.
Antarctica’s icy cap therefore holds an archive of past atmospheric conditions,
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which can be connected to present day measurements. The combination of data
collected from ice cores and measurements of the air over the past 50 years has been
invaluable in discovering how the composition of the atmosphere has changed over
the last centuries and millennia, and has been fundamental to our understanding of
the changing climate (Chaps. 4 and 25).

Regular observations of meteorology and the Antarctic atmosphere have been
carried out since the International Geophysical Year in 1957/1958 (Chap. 28). In
many cases, measurements were made because they were accessible, innovative
and of interest to scientists who were trying to better understand the Earth’s
systems. Ozone measurements are one such example. Only in the last few decades
have we discovered processes that deplete ozone at different heights in the polar
atmosphere. The longer-term ozone data from the 1950s have been critical for
determining whether these newly discovered processes are manmade (such as the
ozone hole discussed below) or natural (such as tropospheric ozone depletion, also
discussed below).

8.2 Physical Structure and Characteristics
of the Atmosphere

In order to understand processes occurring in the Antarctic atmosphere, we first
require a general understanding of the structure and characteristics of the atmo-
sphere everywhere. Atmospheric science is the study of chemical and physical
properties of air, as well as connections between the two. From a chemical
perspective, the atmosphere consists of nitrogen (78.1 %), oxygen (20.9 %),
argon (0.9 %) and a wide range of trace gases such as carbon dioxide and methane
(Box 8.1).

The Earth’s atmosphere is an oxidising system because of the abundance of
oxygen and its associated gases. Oxygen occurs in three different forms in the
atmosphere (Fig. 8.1): atomic oxygen (O), which is extremely reactive; molecular
oxygen (O;), which is very stable and by far the most common form in air; and
ozone (O3), which is discussed in detail later.

Box 8.1: Chemical Composition of the Atmosphere

The global atmosphere is primarily composed of nitrogen (78.1 %) and
oxygen (20.9 %). The concentration of argon is at just over 0.9 %, making
the total for these three gases over 99.9 % of our atmosphere. Gases such as
carbon dioxide (CO,), water vapour, hydrogen, helium and methane (CH,)
are called trace gases because they are found in tiny concentrations. Collec-
tively, they add up to less than 0.1 % of the atmosphere and are measured in
parts per million (ppm) and parts per billion (ppb). This means that if, for

(continued)
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Box 8.1 (continued)

example, there was 1 ppm of gas X in the atmosphere, there would be exactly
one molecule of that gas in every million molecules in the air. Ozone is often
quantified using a different unit. Because it is important as a filter of solar
ultra-violet radiation, what matters is how much ozone the radiation has
passed through on its way to the Earth’s surface. A Dobson Unit (DU) is a
way of describing the total amount of ozone in the atmosphere over a
particular point. One DU is defined as 0.01 x the thickness of ozone
(in mm) at standard temperature and pressure (STP). Putting this differently,
if the total ozone through the atmosphere over your house measured 300 DU,
then if all the molecules were brought down to the Earth’s surface, at a
temperature of O °C and 1 atmosphere pressure, and piled up on top of each
other, they would form a pile that was 3 mm high. Since most of this ozone is
concentrated in the stratosphere, the total ozone column gives a good indica-
tion of stratospheric ozone concentrations.

Oxygen atom (O) Oxygen molecule (O,) Ozone molecule (O,)

P,

Fig. 8.1 A molecule of ozone (O3) contains three oxygen (O) atoms bound together. Oxygen
molecules (O,), which constitute 20.9 % of the gases in Earth’s atmosphere, contain two oxygen
atoms bound together

One way to understand the atmosphere from a physical perspective is to consider
how it changes with height (Fig. 8.2). The Earth’s atmosphere can be thought of as a
series of layers, which are distinguished from one another by their thermal charac-
teristics. The heights of these layers vary with latitude and season, but an average
overview is given in Fig. 8.2 and the different regions are discussed below.

8.2.1 The Troposphere

The lowest layer of the atmosphere (within which we live) is the troposphere. The
air in the troposphere is warmest close to the ground and temperature generally
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decreases with height (it gets colder as you go up a mountain). When warm air is
overlain by colder air, the warmer air rises, and it is this convective motion that
fundamentally drives our weather systems (Chap. 6). Almost all of the atmosphere’s
water vapour is found in the troposphere, so this is where we find most clouds, and
all of the rain and snow. Another effect of this convection is that gases emitted at the
ground, either through pollution or from natural emission, can be mixed rapidly to
considerable altitudes within the troposphere. About 80 % of all the mass of the
atmosphere is held within the troposphere.

8.2.2 The Stratosphere

The tropopause separates the troposphere from the layer above — the stratosphere.
Within the stratosphere, temperature increases with height. For this to occur, there
must be a source of heat within the stratosphere, and indeed there is. A suite of
chemical reactions involving the three forms of oxygen (Fig. 8.1) generate a steady
concentration of ozone known as the ozone layer (Box 8.3). These reactions also
generate heat and provide an example of the intricate link between atmospheric
chemical composition and temperature. As a result of the stratospheric temperature
profile, there is very little vertical mixing of air in the stratosphere.

8.2.3 The Mesosphere and Thermosphere

Above the stratopause is the mesosphere, a region with no source of heat, so that,
again, temperatures decrease with altitude. Convective processes once again oper-
ate in the mesosphere, driving vertical air motion, so that the mesosphere is another
relatively well-mixed region of the atmosphere.

The upper boundary of the mesosphere, called the mesopause, sits at around
85 km altitude, above which temperatures rise rapidly with altitude. This next layer
is the thermosphere. The chemical composition of the thermosphere is very differ-
ent to that at lower altitudes, with a much larger concentration of atomic oxygen
relative to molecular O, and N,. Here, highly energetic solar radiation is absorbed
by molecular and atomic constituents, which then release heat. A particular feature
of the thermosphere, which can be observed from the ground at high latitudes, is the
display of the aurora (Box 8.2). Charged particles from the sun bombard atoms and
molecules in the thermosphere, resulting in emission of visible light and the
fantastic light displays that occur sporadically (Fig. 8.3).
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Fig. 8.3 An aurora can occur at any time of day or night, but, like stars, can only be seen at night
(With kind permission from S. Burrell/BAS)

Box 8.2: The Aurora

Incredible light displays observed at night time at high latitudes are known in
the Northern Hemisphere as Aurora Borealis (or northern lights) and in the
Southern Hemisphere as Aurora Australis (or southern lights). They occur in
a range of colours, most commonly greens or pinks and reds, and also take a
variety of forms. They can look like moving patches or scattered clouds of
light, like rippling curtains, shooting rays, or mysterious arcs.

An aurora occurs as a result of the interaction between solar wind and the
Earth’s magnetic field. Energy released from this process is transferred to
charged particles, which travel along the magnetic field lines around the
Earth, towards both polar regions. The light display is observed because
these excited atoms, molecules or ions release energy at discrete wavelengths.
As examples, excited oxygen atoms at lower and higher altitudes emit green
and red light, and an excited form of nitrogen produces a violet colour. The
combination and overlay of these emissions, observed from the ground, can
result in a range of changing colours.

At the top of the thermosphere, which may occur anywhere between 500 and
1000 km, is the edge of the Earth’s atmosphere and the beginning of space. Already,
we see that the atmosphere is a collection of subtle and complex processes which
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determine its behaviour. In the next few sections, we look at some of the processes
that are particularly characteristic for the Antarctic atmosphere.

8.3 Atmospheric Carbon Dioxide, Past and Present

Carbon dioxide, CO,, is the most well-known greenhouse gas. Greenhouse gases
absorb infrared radiation that is reflected from the surface of the Earth, and re-emit
it as heat, in all directions. This is critical to the sustainability of life on Earth as we
know it: if there were no greenhouse gases in the troposphere, the Earth’s temper-
ature would be —17 °C, all water on Earth would be frozen, and life as we know it
would not exist. It follows that any change in the concentration of carbon dioxide
and other greenhouse gases will have an impact on Earth’s climate. We are
therefore very interested in studying carbon dioxide concentrations in the air,
known as ambient CO, concentrations, as well as inferring these concentrations
in the past, in order to better predict the Earth’s climate in the future (Chap. 4).

8.3.1 Direct Measurements of Carbon Dioxide in the Air

The first measurements of ambient CO, in Antarctica started during the Interna-
tional Geophysical Year, in 1957, and have continued ever since. The first panel of
Fig. 8.4 shows that since 1975 there has been a continuous and steady increase in
CO, concentrations measured at the Amundsen-Scott South Pole station.

The variability that is superimposed on the general trend line (seen as ‘wobbles’
in the line) results from the annual ‘breathing’ of the Earth’s atmosphere. This is
predominantly controlled by processes in the Northern Hemisphere because that is
where the majority of the Earth’s landmass, and therefore vegetation, is found.
During the spring and summer, CO, is removed from the atmosphere as plants grow
and photosynthesise. In contrast, during the autumn and winter, with the dominance
of respiration over photosynthesis and decay over growth, CO, is released from the
biosphere into the atmosphere. Measurements from remote areas such as Antarctica
give us excellent information on the background concentrations of carbon dioxide
in the Earth’s atmosphere.

8.3.2 Connecting Atmospheric with Ice-Core Data

The steady increase of CO, that has been measured over the last 50 years raises
questions about why its concentration is rising, and what the CO, baseline for the
Earth has been in the past. In order to understand this, we need to turn to
palaeoclimate data obtained from ice cores (Chaps. 4 and 5).
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Fig. 8.4 Concentration of carbon dioxide measured in air and ice cores. The first panel shows CO,
concentrations obtained from surface air since 1975 at Amundsen-Scott South Pole station.
(NOAA Earth System Research Laboratory, Global Monitoring Division). The second panel
shows CO, concentrations obtained from a shallow ice core at Law Dome, Antarctica, which
takes us back 1000 years (Etheridge et al. 1996). The third panel shows data from the EPICA deep
ice core in Antarctica, discussed in greater detail in Chap. 5, which takes us back 800,000 years
(EPICA Community 2004). In order to appreciate the change in timescale, the data shown in the
first two panels are also shown in the third panel. The impressive agreement and fit between these
three unique datasets gives us confidence in ice-core measurements, and the information that they
provide about past climates (Adapted from Etheridge et al. 1996; MacFarling Meure 2004;
MacFarling Meure et al. 2006; Liithi et al. 2008, with kind permission from NOAA Earth System
Research Laboratory, Global Monitoring Division)
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Unlike most other areas of the Earth, the Antarctic atmosphere is separated from
the rocky surface of the continent by a layer of ice and snow. Close to the surface is
a layer of firn, porous ice and snow through which air can flow freely to and from
the open atmosphere. The deepest ice is formed by compaction of hundreds or
thousands of years of snowfall. Bubbles of air trapped inside this ice therefore
contain a snapshot of older atmospheres. By drilling into this ice, and carefully
extracting an ice core, we can therefore learn about the chemical composition of the
atmosphere in the past.

The second panel in Fig. 8.4 shows ambient CO, concentrations that were
derived from a relatively shallow ice core, obtained at Law Dome in Antarctica
that dates back 1000 years. This graph has two features worth noting. First, the
overlap between measurements of CO, obtained from ambient measurements
(in red) compared with data obtained from the ice core (in blue) is excellent. This
gives us confidence that we can accurately derive concentrations of CO, in the past
from ice cores. Secondly, it can be seen that ambient CO, concentrations over the
past 50 years (shown by the red line in both panels A and B, but on axes with
different scales) was consistently higher than it has been at any point in the last
1000 years.

8.3.3 Carbon Dioxide Concentrations in Deep Ice Cores

In order to put things into a longer-time perspective, we need to consult data
obtained from deep ice cores. The third panel in Fig. 8.4 shows data from the
EPICA Dome C ice core, which was retrieved from central Antarctica and dates
back to 800,000 years before present. Data obtained from Law Dome (blue, panel
B), and ambient measurements from the South Pole (red, panel A) are also shown
on this graph. Given that CO, in the atmosphere today has reached ~400 ppm in
some places, this figure clearly shows that our present-day CO, is at higher
concentrations than at any time in the previous 800,000 years.

The third panel in Fig. 8.4 also shows the natural fluctuations of atmospheric
CO, concentrations in the past. These have been found to correlate with variations
in the Earth’s temperatures, as shown in Fig. 8.5. The two lines show how closely
past CO, and temperature have tracked one another over the past 800,000 years.
There are clear, repeatable and significant oscillations that occur roughly every
100,000 years. These are the cold, glacial periods, characterised by lower concen-
trations of CO,, and the warm, interglacial periods, characterised by higher con-
centrations of CO,. These oscillations are understood to be initiated by
Milankovitch cycles — changes in the Earth’s orbit relative to the Sun, but the
temperature signal is amplified by the changing CO,.
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Fig. 8.5 Ice-core data show that there is a very close connection between the concentration of
carbon dioxide and temperature (which is determined from oxygen isotopes; Chaps. 4 and 5). This
graph presents data from the EPICA Dome C ice core, Antarctica, and shows how these parameters
have varied over the past 800,000 years. The temperature scale is a comparison to today’s
temperature (With kind permission from Jouzel et al. 2007 (temperature data), Liithi et al. 2008
(CO, data))

8.3.4 Relevance of Ice-Core Data

The information obtained from ice cores supports our understanding of the green-
house gas properties of carbon dioxide, and the critical role it plays in enabling life
on Earth.

Information obtained from ice cores identifies two important points. The first is
the regular oscillation of CO, concentrations that correlate with the natural cycles
of the Earth’s orbit (Chap. 4). The second is that these changes remain within a
fairly clear range of about 190-290 ppm. Some combination of ocean, atmosphere
and terrestrial vegetation, superimposed on the orbital influence, kept the
pre-industrial global carbon system within that range. Today, after about
150 years of human use of fossil fuels, atmospheric carbon dioxide concentrations
have reached 400 ppm, significantly outside this range. Concentrations of this
greenhouse gas are thus much higher than at any time in the past 800,000 years.
An additional concern is the rate of increase: in the past when the Earth moved from
a glacial period to an interglacial period, atmospheric CO, increased by about
70 ppm over 10,000 years; as a result of anthropogenic emissions, we are now
witnessing an equivalent increase over the past ~150 years.
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In this section we have focused on a very limited number of ice core parameters,
namely CO, and temperature. Ice cores also hold a wealth of information about
other atmospheric trace gases, for example methane and nitrous oxide. As a result,
they also hold the potential to tell us about environmental changes during the past,
such as variations in sea-ice extent, or changes in atmospheric transport patterns.
Teasing out this information from ice-core data is no easy task and is the subject of
intense, ongoing scientific research.

8.4 The Antarctic Stratospheric Ozone Hole

The ‘hole’ in the ozone layer is not only one of the most famous examples of
atmospheric chemistry known to the general public, but is also an example of the
importance and impact of a good relationship between science, the public and
international politics.

Ozone has the capacity to absorb solar radiation (Box 8.3). It can do this at
several wavelengths, but the most important for life on Earth is absorption of ultra-
violet (UV)-B radiation at short wavelengths (<315 nm). The reason that this is so
important is because this is exactly the part of the solar spectrum where DNA
absorbs, so DNA can be critically damaged if it absorbs UV radiation.

Considering the critical role it plays for life on Earth, ozone concentrations in the
stratosphere are surprisingly small. There are approximately between three and
eight ozone molecules for every million other air molecules in the ozone layer (the
precise number depends on latitude and season). The ozone layer is therefore not
only a crucial but also a potentially vulnerable component of our Earth’s system.

Box 8.3: Stratospheric Ozone

To understand the importance of ozone for the stratosphere, and indeed, for
life on Earth, we need to look at the reactions that generate it, and also
ozone’s capacity to absorb solar ultra-violet radiation.

The reactions that generate ozone (O3) involve molecular oxygen (O,),
atomic oxygen (O), a ‘third body’ (needed to absorb excess energy and
prevent the reaction products splitting apart again), and solar radiation (hv).
The third body is referred to below as ‘M’ but in fact is often nitrogen. The
following sequence of reactions occurs in the stratosphere. Together, these
reactions maintain a steady concentration of stratospheric ozone:

Ozone production reactions:

1. Oy + hv — 20
2.0+0,+M —-0; +M

(continued)
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Box 8.3 (continued)
Ozone loss reactions:

3. O+O3—>202
4. O3 +hv — 0+ 0,

Different molecules in the atmosphere absorb radiation in different parts of
the solar spectrum. Molecular oxygen is a very stable gas, and it requires very
energetic radiation to split it into its component atoms (reaction 1). It takes
less energy to split ozone molecules apart (reaction 4), and frequently ozone
absorbs more energy than it needs, with the ‘left-over’ being released as heat.
Reaction 2 also produces heat, and these two processes are important sources
of heat to the stratosphere.

8.4.1 Halogens in the Stratosphere

Chemical species are often categorised according to shared properties and charac-
teristics. Members of one such group, collectively known as halogens, are central to
processes that cause stratospheric ozone depletion. The most common halogen
species are fluorine (F), chlorine (CI), bromine (Br), and iodine (I).

Stratospheric ozone depletion has occurred as a result of emissions of manmade
halocarbons. These are organic molecules that contain one or more halogen atom.
They were first developed in the 1890s and used industrially from the 1930s
onwards. The most potent of these in terms of ozone destruction are chlorofluoro-
carbons (CFCs), halons, methyl chloride and carbon tetrachloride, which all contain
either chlorine or bromine atoms. The key characteristics of these compounds,
which make them so attractive to industry, are that they are non-flammable,
non-reactive, non-toxic, odourless and are gases at room temperature and below.
This made them an excellent replacement for toxic chemicals such as ammonia,
chloromethane and sulfur dioxide, which were used as early refrigerants. Some
halocarbons were also used during the Second World War for extinguishing fires,
and were later used widely in air conditioning, foam blowing, aerosol propellants,
the production of industrial solvents and for cleaning electronic components.

Unfortunately, the exact characteristics that made halocarbons so attractive, and
prolific, in industry are central to their role in stratospheric ozone depletion. The
extreme non-reactivity of CFCs and halons in the lower atmosphere means that all
emitted CFCs will, ultimately, be transported up to the stratosphere by global
circulation patterns. Eventually, the chlorine and bromine they carry is released,
and can result in the destruction of the ozone layer that is observed over Antarctica
each spring — the Antarctic ozone hole.
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Box 8.4: Discovery of Antarctic Stratospheric Ozone Hole

The potential danger posed by halocarbons to atmospheric ozone was
recognised quite early. In 1974, Mario Molina and Sherwood Rowland
published a paper in Nature suggesting that CFCs could damage ozone at
around 40 km altitude, across the whole globe. According to chemical
reactions known at that time, they calculated that between 5 and 10 % of
ozone at this altitude would be destroyed over a period of 100 years. It turns
out that Roland and Molina were correct in anticipating the danger to ozone
posed by chlorine, but did not predict the specific threat to the ozone layer
above Antarctica because their model did not include the heterogeneous
processes that occur on polar stratospheric clouds. Many years later, their
work on ozone, as well as that of another scientist, Paul Crutzen, was
recognised with the Nobel Prize.

Stratospheric ozone has been monitored at various stations in Antarctica
since the 1950s. In the early 1980s, scientists realised that ozone concentra-
tions over Antarctica each spring were rapidly declining, and were consider-
ably lower than earlier observations. In 1985, three scientists from the British
Antarctic Survey (Joe Farman, Brian Gardiner and Jonathan Shanklin)
published a paper in Nature reporting the extraordinarily low ozone over
Halley station, Antarctica. They correctly linked the decline in ozone to an
increase in the use of CFCs, and therefore an increase in reactive chlorine in
the stratosphere. Soon afterwards, satellite observations confirmed springtime
ozone depletion across Antarctica that had been occurring since the early
1980s and was centred over the South Pole. A major investigation was
implemented in 1987 that included the use of special high-altitude aircraft,
satellites, radar and lasers to probe activity in the stratosphere. The combi-
nation of these research methods confirmed that the ozone layer was being
destroyed, and that the agents responsible were primarily chlorine and bro-
mine atoms that had originated as industrial halocarbons.

8.4.2 Halogen Reservoir Gases

Halogen atoms are extremely reactive, but the products of their reactions are much
more stable molecules. Therefore, molecules that contain halogens, such as CFCs
and halons, are often quite unreactive. As a result, common atmospheric gases do
not break them down. Indeed, the only effective way of breaking these particular
halocarbons down is with high-energy radiation, such as the UV-B light that is
present in the stratosphere above the ozone layer.

The light-induced chemical breakdown (photolysis) of CFCs and halons in the
stratosphere produces highly reactive chlorine and bromine atoms, which immedi-
ately undergo various chemical reactions with other gaseous species in the air. They
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form relatively stable products such as hydrogen chloride (HCI) and chlorine nitrate
(CIONO,), which do not react directly with ozone. These products are referred to as
‘reservoir gases’ because they provide an effective means of distributing halogens
throughout the stratosphere, including in the polar regions.

8.4.3 The Polar Vortex and Polar Stratospheric Clouds

The Antarctic winter lasts for several months, is extremely cold and completely
dark. The vast winter temperature difference between the equator and the South
Pole drives strong winds that circle the Antarctic continent. Known as the polar
vortex, this circulation system effectively prevents air moving either into, or out of,
the polar stratosphere. Stratospheric air containing halogen reservoir gases is thus
essentially isolated during the Antarctic winter.

The polar vortex that establishes over Antarctica in winter is central to strato-
spheric ozone depletion. The extremely cold temperatures of the stratosphere
during the polar winter enable the development of polar stratospheric clouds
(PSC) (Box 8.5). These clouds have two important properties: they contain certain
impurities, and they provide surfaces, which allow a very specific suite of chemical
reactions to proceed. The most important of these reactions is:

CIONO;(g) + HCl(s) — Cly(g) + HNOs(s)

The (s) in the equation refers to ‘solid’ and the (g) means the molecule is in the
gas phase. Such reactions proceed on solid PSC surfaces throughout the months of
the polar night, converting halogen reservoir gases (such as CIONO,) into photo-
labile forms (such as Cl,), which are stable in the dark but which can be split apart
easily by sunlight. The lack of sunlight means that there is a steady build-up of these
photo-labile compounds inside the polar vortex during the polar winter. At the end
of the winter, the sun returns to the Antarctic stratosphere, triggering photolysis
reactions that rapidly release halogen atoms. What follows next is massive ozone
destruction.

Box 8.5: Polar Stratospheric Clouds

Until the advent of measurements from space, it was thought that the very dry
stratosphere did not often contain clouds. This view changed dramatically
following the launch of the Stratospheric Aerosol Measurement (SAM) II
instrument on the Nimbus 7 spacecraft in October 1978. Although the

(continued)
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Box 8.5 (continued)

instrument was designed to measure how much light was attenuated by
aerosols above the polar regions, unexpected results that were observed
when the stratospheric temperature was extremely low led to the discovery
of polar stratospheric clouds (PSCs).

PSCs form during the polar winter and early spring, between about 60°S
latitude and the South Pole, and between 10 and 25 km altitude. The clouds
are classified into Types I and II according to their particle size and formation
temperature. Type I PSCs form slightly above the ice frost point (about
—83 °C) and are composed mostly of hydrated drops of sulfuric and nitric
acid. Type II clouds are composed of ice crystals and form below the ice frost
point. PSCs play a central role in the formation of the ozone hole. They
contain impurities that react with halogen reservoir gases, and provide sur-
faces upon which these reactions take place. The reactions produce photo-
labile halogen gases. When PSCs occur inside the polar vortex, these gases
are isolated and build up in concentration. When the sun arrives in spring,
photolysis rapidly produces active halogen atoms that destroy ozone mole-
cules (Fig. 8.6).

Fig. 8.6 This image shows a ‘mother-of-pearl’ polar stratospheric cloud, enhancing a
dramatic sunrise at McMurdo Station as work crews prepare Pegasus Ice Runway for
incoming flights in early September (With kind permission from Jack Green/NSF)
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8.4.4 Chemical Reactions in the Polar Vortex

The halogen atoms (Cl and Br), which are produced by photolysis inside the polar
vortex, initially react with ozone via standard reactions to form ClO or BrO:

Cl+ O3 — CIO + O,

Br 4+ O3 — BrO + O,

While such reactions may also occur at lower latitudes, the subsequent pathways do
not. Because of the containment of air within the vortex, concentrations of ClO can
increase to unusually high levels, and at these very high concentrations different
reaction pathways become important. The ozone destruction cycles operative
within the Antarctic vortex are shown below:

Polar Ozone Destruction Cycle 1

CIO + CIO — (CIO),
(ClO), + sunlight — CIOO + Cl
CIOO — Cl + O,
2(Cl+ 03 — CIO + 05)
Net : 203 — 30,

Polar Ozone Destruction Cycle 2

Either:
ClO +BrO — Cl+ Br+ O,
Or:
ClIO + BrO — BrCl + O,
BrCl + sunlight — Br + Cl
Then:

Cl+0; — ClIO+ 0O,
BI'+O3 HBI’O+02
Net : 203 — 30,
The cycles are catalytic, which means they destroy ozone while regenerating the

halogen atoms. With these reaction mechanisms, ozone is rapidly destroyed and
within a matter of a few weeks the ozone hole is formed.
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Fig. 8.7 This figure shows measurements made by instruments carried on balloons that are used to
probe the concentrations of ozone at various heights. The black line shows the profile of ozone
measured in July (i.e. during the winter) above Halley Research Station, Antarctica. The red line
shows the ozone profile in early October. This is only a few weeks after the sun has returned. The
difference in the measurements shows that within the space of a few weeks, nearly all of the ozone
in the ozone layer has been destroyed (Jones 2008, and with kind permission from BAS)

8.4.5 Stratospheric Ozone Depletion

Key ingredients for stratospheric ozone depletion in Antarctica are the formation of
the polar vortex, the presence of gases that contain chlorine and bromine atoms, the
presence of polar stratospheric clouds and the arrival of sunlight following a long,
cold polar winter. An important factor that makes this chemical and physical
cocktail so potent is the fact that PSCs form at the same altitudes as the heart of
the ozone layer, so the associated chemistry has a high impact (Fig. 8.7).

Towards the end of the Antarctic spring, as the atmosphere warms, the vortex
breaks down, flushing in air from lower latitudes that are rich in ozone. Concen-
trations of stratospheric ozone over Antarctica return to normal for the rest of the
year, until the following winter, when the vortex forms and the atmosphere is
primed for rapid ozone depletion once again.

8.4.6 The Montreal Protocol

Although the potential for halocarbons to have an effect on the stratospheric ozone
layer was first raised in the 1970s, it was only in the 1980s that a definite ozone hole
over Antarctica was identified and investigated (Box 8.4).
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In 1987, the Montreal Protocol was drawn up to limit the production and use of
substances that deplete the ozone layer, including CFCs. The protocol was followed
up by a series of amendments, such that all developed countries agreed to phase out
production of CFCs by the year 2000. By the end of 2009, all UN member states had
signed the basic protocol and all CFC production anywhere should have stopped by
2010. The Montreal Protocol is hailed as one of the most successful examples of
international agreement and interaction between science and international policy,
and it was used as an example of best practice in the development of policy about a
different global environmental concern many years later: climate change.

In response to the Montreal Protocol, CFCs have been replaced by other com-
pounds including hydrofluorocarbons (HFCs) and hydrochlorofluorocarbons
(HCFCs). These have similar properties to CFCs but cause less damage to the
ozone layer (although they are greenhouse gases and so have other implications).
The success of the Montreal Protocol has meant that the amount of ozone-depleting
substances in the stratosphere is now starting to decrease. There has so far not been
any clear evidence to suggest that the ozone hole is recovering, or becoming
smaller. However, the continued increase in the size of the ozone hole that occurred
through the 1990s seems to have ceased. This can be ascribed to the fact that most
of the ozone in the core of the vortex, at the key altitude and temperatures where the
reactions occur, is now being destroyed. There is therefore little opportunity for
further destruction. Recovery of the ozone hole back to its natural levels is,
however, predicted to occur, but not until roughly 2070-2080. Figure 8.8 shows
how the ozone hole has developed and changed since the start of measurements in
the 1970s.

8.4.7 Linkages Between Climate and Stratospheric Ozone

The relationship between stratospheric ozone and climate is complex and still the
subject of much research. Anthropogenic (manmade) climate change, and strato-
spheric ozone depletion are two separate issues, which have both come about due to
societal developments since the industrial revolution. Both phenomena, either
directly or indirectly, are having an impact on the global climate system.

The increase of CO, and other greenhouse gases in the troposphere has had the
effect of warming the troposphere. This has been most clearly demonstrated by a
global average increase in surface temperature, an increase in sea level and a
reduction in the extent of snow and ice over the past century (IPCC ARS, Summary
for Policy Makers) (Chaps. 4 and 25).

The increased absorption, or trapping, of infrared radiation by greenhouse gases
in the troposphere means that less of this radiation is available for absorption in the
stratosphere. The result is a cooling effect in the stratosphere.

This stratospheric cooling is compounded by the existence of the ozone hole.
Ozone in the stratosphere absorbs incoming solar radiation, so an additional effect
of a loss of ozone is a cooling of the stratosphere. Indeed, observations of
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Fig. 8.8 Long-term changes in Antarctic total ozone are demonstrated with this series of total
ozone maps derived from satellite observations. Each map is an average during October, the month
of maximum ozone depletion over Antarctica. Please note that the ozone maps in the first line are
2 years apart, while the interval changes to 3 years thereafter (With kind permission from NASA
Ozone Watch)

stratospheric temperatures over 30 years have shown that the stratosphere is
cooling. This is likely to be due to the combination of effects from both tropo-
spheric warming and stratospheric ozone depletion.

Although we anticipate a recovery of stratospheric ozone over the next 60 years
or so, emissions of greenhouse gases are likely to increase and will continue to cool
the stratosphere. Stratospheric temperatures are thus likely to remain suppressed,
and their coupled influence on tropospheric circulation patterns is likely to pervade
well into the future.

As a further impact, a cooler stratosphere encourages the formation of polar
stratospheric clouds. Indeed, the amount of PSCs that have formed during the
Antarctic winter has increased over the past 30 years. Since PSCs are central to
ozone-depleting processes in the vortex, an increase in PSCs may therefore delay
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the ultimate recovery of the ozone hole, even if the concentration of chlorine and
bromine in the stratosphere is decreasing (as a result of the Montreal Protocol).

Like all clouds, PSCs absorb outgoing radiation from the Earth, resulting in a
warming effect below their height, and a cooling effect above. The increased
frequency of PSCs during the Antarctic winter could therefore increase tempera-
tures in the mid-troposphere at that time of the year, and explain the increased
warming in this area that has been observed.

Another implication of the Antarctic ozone hole on climate is the impact of the
replacements for ozone-depleting substances (ODSs). CFCs and halons are dam-
aging to the atmosphere both because of their potential to destroy ozone, but also
because they are greenhouse gases. The Montreal Protocol has banned the use of
many ODSs, and by doing so, has made a significant contribution towards tackling
climate change. However, some of the ODS replacements, such as HFCs and
HCFCs are themselves potent greenhouse gases, and therefore have a warming
effect on the climate.

Anthropogenic stresses on the troposphere and stratosphere are therefore not
independent of each other. However, because these two regions of the atmosphere
have very different physical and chemical properties, the two effects have complex
repercussions. The intricate relationship between the chemical composition of the
air in different regions and physical circulation patterns are studied with the use of
complex global climate models and verified through a comparison between these
simulations and real-time measurements. Further discussion about the interconnec-
tivity of atmospheric processes, including wider implications of the ozone hole, is
covered at the end of this chapter.

8.5 Chemical Phenomena in the Antarctic Troposphere

Tropospheric chemistry is strongly influenced by emissions of trace gases from the
Earth. These might be emitted from the oceans (marine emissions), from living
organisms (biogenic emissions), or from manmade (anthropogenic) sources. Such
emissions often comprise relatively reactive trace gases, and therefore add some
complexity and diversity to the mix of chemical reactions. Although the Antarctic
troposphere is pristine relative to the rest of the world, several interesting processes
are occurring as a result of chemicals that are produced during freezing and thawing
of sea ice, or which are imported from lower latitudes.

8.5.1 Measurement of Trace Gases in Antarctica

Because Antarctica is remote from most sources of emissions, it has been histori-
cally assumed that the chemistry of the Antarctic troposphere would be relatively
dull, dominated by stable chemicals, and with few interesting processes.
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Furthermore, the anticipated very low concentrations of trace gases would be a real
challenge to measure. As a result, the Antarctic troposphere remained relatively
unstudied until the 1990s when instruments with the necessary sensitivity to
measure low concentrations were developed. Exploration of the Antarctic tropo-
sphere was also encouraged by studies in the Arctic troposphere that had started to
reveal some interesting results.

Contrary to expectations, the chemistry of the Antarctic troposphere has proved
to be complex. The key to the unanticipated chemistry is that trace gases are emitted
directly into the Antarctic troposphere, from sources that had not previously been
thought of: namely, from the snow itself, and from the sea ice surrounding the
continent.

Many chemical reactions that occur in the troposphere involve very fast oxida-
tion processes driven by trace gases that include oxygen. An important example is
the hydroxyl radical (OH), which is produced in the atmosphere by the natural
interaction of oxygen, water vapour and light. It is a major driver behind many
oxidation processes in the Antarctic troposphere.

Recent studies have shown that the hydroxyl radical is also produced as a result
of emissions from the snowpack. Snow is not just made up of frozen water, but
contains small amounts of natural impurities. The action of sunlight on these
impurities generates trace gases that are released to the atmosphere. Many of
these trace gases are in turn sources of the hydroxyl radical, a crucial oxidant in
atmospheric chemistry.

The other suite of chemicals that act as powerful oxidants is the halogen family.
The halogens that drive chemistry in the Antarctic troposphere are predominantly
bromine and, to a lesser extent, iodine. The main source of these halogens in the
troposphere is the ocean and the sea ice around Antarctica. The following sections
discuss the relationship and interplay between these two types of oxidants in the
Antarctic troposphere.

8.5.2 Surface Ozone and Ozone Depletion Events

Ground level ozone, or ‘surface ozone’, has been measured at a number of Arctic
and Antarctic stations for several decades. Analysis of these year-round records
shows that there are occasions during spring, at coastal stations, when surface ozone
is depleted and sometimes almost completely destroyed. These tropospheric ozone
depletion events (ODEs) were originally observed in the Arctic and thought to be
associated with northern hemisphere pollution. Scientists then measured in
unpolluted coastal Antarctica, where they also found ODEs. These Antarctic
measurements confirmed that ODEs were natural phenomena, driven by natural
processes. This was an important step in determining the processes involved.

We now know that this ozone depletion is driven by bromine chemistry, in a
suite of reactions that are completely natural. This is an important distinction from
stratospheric ozone depletion, which was discussed earlier.
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Bromine is released to the atmosphere from sea-ice surfaces in a series of
reactions referred to as the ‘bromine explosion’. Each year, sea ice grows around
the coast of Antarctica during the cold months of autumn, winter and early spring.
With the warmth of the sun, the ice melts, and then re-forms the following year. The
annual maximum in sea-ice area is roughly 18 million km? compared with the
minimum of roughly 2.5 million km?. There is thus a vast coverage of sea ice, and
also an enormous amount of new sea ice forming each year.

Sea ice forms by the process of seawater freezing. As seawater cools, pure (salt-
free) ice starts to form, and salts in the seawater are expelled both downwards, to the
water below, and also upwards, creating pools of very saline solution (brine).
Although the exact processes are not fully understood, it is clear that this salty
environment of the sea-ice zone is a source of reactive bromine to the atmosphere.
We will focus specifically on bromine because this dominates halogen-driven
oxidation in the troposphere.

Springtime in the polar coastal regions has a unique combination of melting and
reforming sea ice, low temperatures and sunlight, which are central to the processes
that release halogens. This has been confirmed by measurements showing that the
highest concentrations of bromine trace gases in Antarctica are found during the
spring.

8.5.3 Impact of Bromine in the Antarctic Troposphere

There are two major influences of bromine chemistry in the Antarctic troposphere.
The first is its influence on ground level ozone, and the second is its influence on
mercury chemistry.

Bromine that is released during the bromine explosion reacts with ozone. It is the
primary agent responsible for tropospheric ozone depletion events discussed above.
During these events, the normal chemical composition of the troposphere becomes
distorted. Instead of ozone and its chemical relations driving oxidation processes,
halogens dominate these processes. This results in different reactions, with different
molecules, at different speeds, and with very different outcomes.

One such example is mercury. Gaseous elemental mercury, which is relatively
passive, is converted by bromine compounds to a form that deposits to the snow
surface. During the spring melt, this mercury is flushed into the ocean where it can
enter the food web. This is a serious concern because mercury is extremely toxic.
While there are various natural sources of mercury to the global atmosphere, such
as volcanoes and forest fires, a significant fraction comes from recent anthropogenic
sources (e.g. chemical, industrial and power plants). Global circulation patterns
then carry this gaseous mercury towards the polar regions. It has been estimated that
about half of the mercury deposited in the Arctic has recent anthropogenic sources.

Particularly high concentrations of mercury have been found in marine mam-
mals and people living in the Arctic. This has triggered an extremely difficult
debate about the health of people living in the Arctic, and the impossible decision



8 From Ice to Space 151

about whether or not to eat traditional food from the sea, which is full of essential
nutrients and fats but which also contains poisonous mercury. Antarctica is located
further from sources of mercury than the Arctic and therefore has lower concen-
trations of gaseous mercury — about 60 % of amounts found in the Arctic. However,
soils, lichens and mosses downwind of a polynya, i.e. open water, in Antarctica
have still been found to contain higher concentrations of mercury than those found
far from the open water and sea ice.

Thus, although the Antarctic troposphere is relatively unpolluted, emissions
from the cryosphere — the sea ice and the snowpack — drive a broad and complex
suite of chemical reactions. By studying processes that are occurring in this pristine,
and relatively simple, environment, we are better able to understand processes that
are occurring in more polluted regions of the Earth, including the Arctic, as well as
the interconnectivity of the whole Earth System.

8.6 Connectivity of Atmospheric Processes

The global atmosphere provides a critical connection between all surfaces on Earth:
from ice and snow in the polar regions, to desert dust, tropical forests and
industrialised areas with high human populations.

The physical properties of the atmosphere are essential for life on Earth. In the
stratosphere, the ozone layer protects the surface from incoming UV radiation that
would harm living matter. In the troposphere greenhouse gases absorb outgoing IR
radiation and warm the atmosphere such that the temperature of the Earth has water
in a liquid state.

Chemical processes in the atmosphere break down anthropogenic pollution and
biogenic emissions through a series of oxidation reactions that maintain a stable
atmospheric composition. Changes to either the physical or chemical properties of
the atmosphere therefore have the potential to affect global processes in unforeseen
ways. This has been observed in the case of halocarbons triggering catalytic
destruction of stratospheric ozone, and anthropogenic greenhouse gas emissions
having an impact on global climate. The study of past atmospheres as well as the
present-day atmosphere in polluted and unpolluted areas is therefore central to our
understanding of the entire Earth system.

In this chapter, we have explored the Antarctic atmosphere by considering past
and present carbon dioxide concentrations in the troposphere, ozone depletion in
the stratosphere, and spring-time tropospheric chemistry. The processes described
are subtle and complex, and, significantly, are also interlinked. They also interact
with other physical and chemical processes that are described elsewhere in
this book.

Tropospheric warming and stratospheric ozone depletion, for example, both
have a cooling effect on the stratosphere (Sect. 8.4.7). This, in turn, has an impact
on atmospheric circulation patterns with the result that the westerly winds that
define the springtime stratospheric vortex have accelerated (Chap. 6). The increases
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in these Southern Ocean westerly winds have been associated with changes in
oceanic circulation patterns (Chap. 7). The Southern Ocean is an important sink for
anthropogenic CO, so the result of these circulation changes could have a signif-
icant effect on global climate.

In addition, stratospheric and tropospheric wind patterns are interlinked such
that stratospheric ozone loss has been found to be influencing the Southern Annular
Mode and its associated climatic influence (Chap. 25).

An understanding of atmospheric chemistry is also critical for the interpretation
of ice-core data (Chap. 5). This data can only be unraveled with an understanding of
chemical and physical processes that occur in the air and snow in Antarctica prior to
becoming trapped in an air bubble in the ice. A considerable amount of research is
therefore carried out into present-day air-snow-ice processes.

The atmosphere is extremely fluid, and responsive to change, and it provides a
critical link between the more geographically restricted regions of the Earth such as
land, ice and oceans. Atmospheric science therefore focuses not only on processes
occurring within the air, such as stratospheric ozone depletion, but also on the
interconnectivity with the rest of the Earth system. Given these complex interac-
tions, the way Antarctica responds to, or has an effect on, changes in global climate
is extremely complex and remains a critical area for future scientific research.
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Chapter 9
Remote Ocean Outposts

Biological Diversity of the Subantarctic Islands
Peter W. Carey

Abstract The subantarctic zone is a largely oceanic region found roughly within the
latitudes of 40 and 60° South. This region is the threshold of Antarctica, a zone where
the climate is less harsh than that found on the frozen continent itself, resulting in
greater biological diversity. The landmass in this region is limited, consisting only of
the southern cone of South America, and a handful of small, widely scattered islands.
The terrestrial fauna of these remote islands is markedly poor when compared with
that found on continental mainlands, and there is also considerable variability between
island groups. Larger islands, and those closer to continents tend to host more species
than smaller, more remote islands. Invasive species also have an enormous impact on
the biodiversity of subantarctic islands.

Keywords Subantarctic ¢ Biodiversity ¢ Biosecurity ¢ Invasive species
¢ Conservation

9.1 Sovereignty

Lying north of 60° South, the subantarctic islands are not within the realm of the
Antarctic Treaty. None of the 18 island groups is an independent country; all are
claimed and administered as part of developed nations found in lower latitudes.
New Zealand has the most extensive subantarctic portfolio with six island groups,
followed by France (4), the United Kingdom (4), Australia (2), and South Africa (2).
Argentina claims the Falkland Islands (and knows them as Islas Malvinas), and South
Georgia, but these claims are generally not recognised outside Latin America.

Only the Falkland Islands, Chatham Islands, and Tristan da Cunha support permanent
human communities. All the other island groups are uninhabited except for small
numbers of researchers and support staff. These latter islands are administered as
reserves and landing permits are required for anyone wishing to visit. Some allow strictly
controlled tourist visits, while landings on others are completely prohibited (Fig. 9.1).
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Fig. 9.1 This map shows the location of subantarctic islands (Modified from Peat 2003, with kind
permission from the New Zealand Department of Conservation)

What makes an island a subantarctic island? The very name ‘subantarctic’ tells
us the islands are found at latitudes immediately below Antarctic latitudes. How-
ever, latitude alone does not define a subantarctic island. More crucial is the
temperature of the water surrounding it. Strictly speaking, subantarctic islands are
those that lie between the Subtropical Convergence zone, and the Polar Front
(Antarctic Convergence). The water here ranges from 2 to 10 °C.

A few islands that fall just outside these oceanic boundaries are usually included
in this category as they have much in common with the true subantarctic islands,
while being quite dissimilar from land in any other zone (Table 9.1). The northern
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Table 9.1 Some components of the fauna of individual island groups

. Number of Number of Number of
Latitude/ . . . . .
Island groups . Oceanic zone Sovereignty breeding  breeding  introduced
Longitude . .
land birds  seabirds mammals

38°43°S north of
St Paul 77°31'E  Sub-tropical France 0 10 1

37°50’S north of

Amsterdam 77°33°E St iesl France 1 9 4
Tristan da 37°07°S  north of . Uflited 6 19 3
Cunha 12°16°W  Sub-tropical ~ Kingdom

Prince Edward ggz zizlsi north of Polar South Africa 1 28 0
Marion ggz 4511:]55 north of Polar South Africa 1 26 2
Macquarie ?g;? (’S)SSE north of Polar  Australia 4 22 0
Auckland ?2;05 8;)S’E north of Polar New Zealand 19 27 3
Snares 4112;9 (3);55 north of Polar New Zealand 10 19 0
Campbell ?é;? (1);)S,E north of Polar New Zealand 10 19 0
Antipodes ?3;:‘ i’SSE north of Polar New Zealand 8 21 1
Bounty T;;? (S)ISE north of Polar New Zealand 0 7 0
Chatham ‘1147‘;? g;)S’E north of Polar New Zealand 36 28 11
s S rro WS 4 m
Gough 3905 é?\’; north of Polar Ili?ritge(fom 2 20 1
Crozet g?: ig’lsi north of Polar France 1 36 4
Kerguelen ‘713: (l)gES south of Polar France 2 33 7
Heard ggz gg’]s_% south of Polar Australia 1 17 0
South Georgia ;2: 4218,3\7 south of Polar Ili?ril;ec?om 4 24 3

Data in this table are from the following references: (British Antarctic Survey 2004; Chown
et al. 1998; Clark and Dingwall 1990; Crawford et al. 2003; Frenot 2007; Green and Woehler
2006; Headland 1992; Jouventin et al. 1984; Lebouvier and Frenot 2007; Macquarie Island
Management Plan 2001; Miskelly et al. 2001, 2006; Parkes and Murphy 2003; Peat 2003; Reid
2007; Ryan 2007; Selkirk 2007; Tennyson et al. 2002; Warham and Bell 1979; Weimerskirch
et al. 1989; Woods and Woods 2006)
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Fig. 9.2 Home to millions of seabirds, the soil on Snares Island is honeycombed with petrel
burrows which are easily destroyed by visitors. Hence, like on most subantartic islands, special
permits are required to land here (© Peter W. Carey)

outliers, lying on or just north of the Subtropical Convergence, are Tristan da
Cunha, Amsterdam, St Paul, Snares and Chatham. These islands all have (or had)
naturally occurring trees and other woody plants but they are also populated by fur
seals, penguins, albatrosses and burrowing petrels (Fig. 9.2).

The southern outliers, lying just south of the Polar Front in Antarctic waters, are
Kerguelen, Heard and South Georgia. All of these also support albatrosses,
burrowing petrels, penguins and fur seals and all are partially glaciated. Islands
closer to the Antarctic continent (e.g. South Shetland and South Orkney) are not
included here as they are almost devoid of vegetation and are surrounded by frozen
seas in winter. They are truly part of Antarctica. The term ‘peri-Antarctic’ is used
by some authors (Headland 1989; Reid 2007) to denote all islands that lie north of
the Antarctic continent, regardless of oceanic zone. However, this collating term
does not allow for precise discussions of biological differentiation.

9.2 Limits to Biodiversity

Biologists have long noted the relative simplicity of island ecosystems. Most
islands support far fewer species of plants and animals than are found on continen-
tal landmasses. In addition to this limited biodiversity, island organisms also show a
high degree of endemism. Endemic species are those found exclusively in one
particular place.
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9.2.1 Isolation

Isolation from other landmasses is one of several factors that limit the number and
variety of terrestrial species that inhabit subantarctic islands (Chown et al. 2000). In
some cases, the islands are thousands of kilometres away from the nearest continent
and these vast distances, over salt water — an extremely hostile environment for
most land dwellers — are an insurmountable barrier to the natural immigration of
most species.

Biodiversity is usually greater the closer an island is to a large landmass (Chown
et al. 1998). For example, the southernmost portion of South America, Tierra del
Fuego, has 545 species of native vascular plants (Moore 1983) compared with
171 on the Falkland Islands (530 km offshore), and 25 on South Georgia (2210 km
away) (Chown et al. 1998). The distance also affects the type of plant that can
bridge the gap, with species that have salt-tolerant seeds or associations with
seabirds more likely to be successful. One example are the seeds of the small
herb Aceana magellanica, which have hooked barbs that easily attach to feathers
and have been observed stuck to the bodies of seabirds. This native of Patagonia is
also found on the Falklands, South Georgia, and even Kerguelen Island in the
Indian Ocean, over 7800 km away (Moore 1968).

9.2.2 Cool Climate

As small specks of land in a vast ocean, most subantarctic islands present no barrier
to the moisture-laden winds that sweep strongly through these latitudes. The
climate here is relatively cool, windy and wet. The more southerly groups will
experience below-freezing temperatures in winter, but the mean annual tempera-
tures on most islands are cool rather than cold (e.g. 5 °C at Macquarie) (Selkirk
2007). The temperature is stable, too, with little variance between winter and
summer, e.g. —1.5 °C in winter and 5.6 °C in summer at South Georgia (Headland
1992). Precipitation is common in all months, as are the strong westerly winds that
have led early mariners to christen these latitudes the Roaring Forties or the Furious
Fifties. These cool conditions limit the number and types of species that can survive
and many taxa are absent or poorly represented. Hence, any organism that somehow
manages to cross a wide stretch of hostile ocean will still need to be able to cope
with the island’s harsh living conditions if it is to become established. This cool
climate likely has a role in restricting the establishment of exotic species, although
it is not enough to completely protect these islands from invasive plants and animals
that have hitched a ride with human visitors (see below).

Biodiversity of plants and insects increases with temperature and some of the
northerly islands such as Tristan da Cunha (64 plants, 38 insects) show about twice
the species-richness found on southerly islands such as South Georgia (25 plants,
21 insects).
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9.2.3 Glacial History

Ten subantarctic island groups have been affected by glaciation at some point in
their history, and four of these (Marion, Kerguelen, Heard and South Georgia) still
bear some permanent ice cover. The remaining eight island groups have never been
glaciated and therefore have potentially had a longer time with conditions suitable
for colonisation and diverisfication. Some early research suggested that the extent
of past glaciation had a strong influence on current biodiversity (Chown 1994;
Kuschel 1971) but more detailed recent analyses do not support this (Chown
et al. 1998).

9.2.4 Size

Not surprisingly, larger islands often have more species since they have room for a
greater variety of habitats (Clark and Dingwall 1990). Two neighbouring Indian
Ocean islands illustrate this clearly: Amsterdam (55 ha) is only 90 km away from St
Paul (8 ha). Both are volcanic in origin and both lie to the north of the Subtropical
Convergence. Yet Amsterdam has 26 native species of vascular plants and 19 spe-
cies of insects, while St Paul has only 9 plants and 13 insects.

9.3 Land Birds

While seabirds such as penguins and albatrosses are obvious residents of subant-
arctic islands, some island groups are also home to small numbers of terrestrial
birds (Table 9.1). Birds have an advantage over more passive migrants like plants
and insects since they are able to fly long distances, and can maintain a warm body
temperature even in freezing conditions. Nevertheless, species numbers are low
when compared with the number of seabirds on the same island, or, indeed, when
compared with the number of land birds on continents. Among the subantarctic
islands, the richest terrestrial avifauna is found on larger islands, and on islands
closer to continents. The Falkland and Chatham Islands meet those conditions, and
are the only two groups with more land birds than seabirds.

94 Land Mammals

Today, there are no native land mammals on any subantarctic island and, with only
one arguable exception, land mammals have never naturally occurred on these
remote islands. The one exception is the Falklands fox, or warrah (Dusicyon
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antarcticus), which was hunted to extinction in 1876. Its presence has long puzzled
biogeographers and for many years the most plausible explanation suggested the
warrah was brought to the islands in the canoes of the Yaghan people, residents of
Tierra del Fuego, who were occasionally blown downwind onto the Falklands.
However, recent evidence of an extinct close relative found on the Patagonian
mainland now indicates the fox may have colonised the islands around 16,000 years
ago, by walking across the frozen surface of the much narrower sea strait that then
separated the Falklands from the continent (Austin et al. 2013).

9.5 Reptiles and Amphibians

There are no reptiles or amphibians found on any of the true subantarctic islands. As
ectotherms they cannot regulate their body temperature from within and survival
would be difficult in the cool conditions found on these islands. In continental South
America, the world’s most southerly lizards are found as far south as 53° (Scolaro
2005), but none have successfully colonised the remote islands of the Southern
Ocean. However, as with many rules, there is an exception: one species of lizard
(a skink, Oligosoma nigriplantare nigriplantare) is found on the Chatham Islands.
Its presence there may be explained by the Chathams’ relatively mild climate, as
well as their position close downstream from the lizard-rich New Zealand
mainland.

9.6 Seabirds

Marine birds are the most conspicuous animals found on subantarctic islands. They
dominate the fauna in number of species as well as total population. Penguins are
emblematic of the subantarctic and half of the world’s species breed on the islands
in the Southern Ocean (Fig. 9.3).

Albatrosses and petrels are also present in large numbers and most islands
support several species of these wide-ranging foragers. Humans, as terrestrial
beings, tend to view the vastness of the ocean as a barrier and a hostile environment.
However, for penguins and petrels, these far-flung islands are conveniently located
in the middle of their feeding grounds. The oceanic position gives them a central
location on which to nest, while being close to the cold, productive waters where
food is plentiful. For seabirds, the islands’ locations are not a hindrance, but an
advantage. Most islands are also home to near-shore seabirds such as gulls, skuas,
terns and cormorants. On most island groups, the number of seabird species is
vastly greater than the number of land bird species.
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Fig. 9.3 Thousands of breeding pairs of king penguins congregate at a colony on South Georgia.
The fuzzy brown blobs are downy chicks (© Peter W. Carey)

9.6.1 Procellariiformes (Tube-Noses)

Ranging in size from the 9 kg royal albatross to the 35 g storm petrel, the tube-noses
all have distinctive tube-shaped nostrils which sit prominently on top of their bills.
Most members of this group are long-distance foragers and some albatross species
routinely cover thousands of kilometres in a single feeding trip. Petrels, shearwaters
and albatrosses all have long, thin wings that are excellent for soaring in the windy
open ocean (Fig. 9.4).

The royal, Diomedea epomophora, and wandering, D. exulans, albatrosses have
the longest wingspan of any bird, with large individuals reaching 3.5 m from tip to
tip. Using these glider-like wings, albatrosses exploit the wind and the way it
deflects off ocean swells. These birds can easily cover 900 km in a day
(Jouventin & Weimerskirch 1990). On the Crozet Islands, wandering albatrosses
fitted with satellite tracking devices made foraging trips that averaged 5991 km
(Weimerskirch et al. 1997). These long feeding trips occur during the incubation
stage, when the birds do not yet have chicks to feed. In the initial stages after
hatching, when the chick requires frequent feeding, the average round trip foraging
flight drops to ‘only’ 500 km.

Another tube-nose that uses its narrow wings to record-setting effect is the sooty
shearwater, Puffinus griseus, which has the longest measured annual migration of
any animal. They nest in burrows on many subantarctic islands, but spend their
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Fig. 9.4 Southern royal albatrosses display near their nesting area on Campbell Island. Royal and
wandering albatrosses have the longest wingspans of any birds, reaching up to 3.5 m (© Peter
W. Carey)

winters in the north Pacific, near Alaska. The figure-of-eight migratory path they
take means they fly over 64,000 km each year (Shaffer et al. 2006).

The smallest members of the Procellariiformes are the diving petrels and the
storm petrels. These tiny birds lack the glider wings of the albatrosses, shearwaters
and other petrels, and use their more modest appendages for feeding in a different
way. The diving petrels, Pelecanoides spp., use their short, stubby wings to propel
themselves underwater, ‘flying’ through a different medium than most birds. The
storm petrels have large wings for their slight weight and are able to virtually hover
on the surface, picking up copepods and other pelagic crustaceans while seemingly
walking on water. The name ‘petrel’ comes from this behaviour, a reference to the
Biblical account of St Peter walking on water.

In the subantarctic, all tube-nose species except the giant petrels and albatrosses,
nest in underground burrows. Subterranean nesting provides them with shelter from
bad weather and protection for the chicks from predators such as skuas. On many
islands, the ground is so honey-combed with seabird burrows that visitors must be
careful where they walk, lest they cave in the roof of a petrel burrow.

9.6.2 Penguins

Well adapted for life in cold, harsh environments, penguins are found on all
subantarctic island groups. Four species are endemic to the subantarctic: king,
Aptenodyptes patagonicus, found on several island groups; erect-crested, Eudyptes
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Fig. 9.5 Rockhopper
penguins return to
Magqcquarie Island with
food for their chicks. You
can tell these birds have just
returned from the sea
because their feathers are
not yet sullied with the mud
and guano of the breeding
colony (© Peter W. Carey)

sclateri, found only on Bounty and Antipodes; Snares crested, E. robustus, found
only on Snares; and royal, E. schlegeli, found only on Macquarie.

Other species include the Magellanic penguin, Spheniscus magellanicus, the
gentoo, Pygoscelis papua, the rockhoppers, E. moseleyi and E. chrysocome, mac-
aroni, E. chrysolophus, and yellow-eyed, Megadyptes antipodes. A small popula-
tion of chinstrap penguins, Pygoscelis antarctica, nests at the south end of South
Georgia. This is the only place outside Antarctica where this species breeds
(Fig. 9.5).

Penguins are very much at home in the water and are the best divers among all
birds. Their flipper is a highly modified wing that works very effectively as a
paddle, allowing penguins to ‘fly’ through the water to catch fish, squid, krill and
other prey that is beyond the reach of other avian predators. Penguins need land
only for nesting and moulting, and most species spend much of the year at sea.
During the summer breeding season most subantarctic species nest in large colo-
nies. For several species, colonies of over 10,000 pairs are not uncommon. The
world’s largest penguin colony is found on Cochon Island in the Crozet group,
where 494,000 pairs of king penguins were counted in 1988 (Guinet et al. 1995).

9.7 Marine Mammals

Several species of fur seals live in densely-packed colonies on the islands of the
subantarctic. Indeed, the commercial harvest of these animals was the driving force
for much of the exploration of the region (Chap. 20). Fur seals were nearly
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Fig. 9.6 An Antarctic fur
seal pup suckles from its
mother on South Georgia.
This species of fur seal
nurse their pups for about
4 months, after which age
they are on their own

(© Peter W. Carey)

extripated from all the islands in the late 1700s and early 1800s, but after almost
two centuries of legal protection and no hunting, their populations are once again
thriving. Four species of fur seal inhabit the region. The Amsterdam fur seal,
Arctocephalus tropicalis, predominates on the northerly islands in the Atlantic
and Indian oceans, while the Antarctic fur seal, A. gazella, favours the southermost
islands in all oceans. The New Zealand fur seal, A. forsteri, inhabits the islands
south of that nation, and the South American fur seal, A. australis, is found in small
numbers in the Falkland Islands (Fig. 9.6).

In addition, the South American sea lion, Otaria flavascens, is found on the
Falklands and the New Zealand, or Hooker’s, sea lion, Phocarctos hookeri, is found
on Auckland, Campbell and Snares islands.

The largest seal in the world, the southern elephant seal, Mirounga leonina,
breeds on many subantarctic islands. Males can reach lengths of over 5 m and
weigh up to 3700 kg. Females are considerably smaller, topping out at 3 m and
800 kg. A small number of Weddell seals, Leptonychotes weddelli, breed at the
southern tip of the southernmost subantarctic island, South Georgia, but this is the
only place outside of Antarctica where they do so.

9.8 Introduced Mammals

With the exception of the strongly influential marine environment, nothing has had
a bigger impact on the existing biodiversity of the subantarctic islands than the
exotic mammals that have been introduced upon them. Only six island groups are
without any introduced mammals, and the natural ecosystems on these islands are
wonderfully intact (Table 9.1). Elsewhere, cattle, pigs, goats, sheep, reindeer,
foxes, rabbits and even guanacos were deliberately brought ashore and established
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Fig. 9.7 Reindeer were
brought from Norway and
established on South
Georgia to provide meat and
sport for the whalers based
there during the early
twentieth century. While
they don’t bother fur seals,
their grazing does destroy
the fragile native vegetation
and efforts are being made
to eradicate them (© Peter
W. Carey)

by men hoping to lay the groundwork for a reliable future food source or income
(Fig. 9.7).

The negative impacts of these introduced species are obvious and dramatic.
Omnivorous pigs chew through succulent endemic plants, dig petrels out of their
burrows, and snack on albatross chicks as they sit in their nests. Cattle cause soil
erosion as a result of their over-grazing, and their heavy hooves destroy petrel
burrows wherever they walk.

Rats, Rattus norvegicus and R. rattus, are the most widespread of the introduced
pests, and these opportunistic feeders have been responsible for the extinctions of
many island birds. Rats, as well as mice, Mus musculus, were not deliberately
introduced, but escaped to shore from many of the ships that visited the islands soon
after discovery. Cats, Felis silvestris catus, originally brought to some islands to
combat the mice and rats, found that ground-nesting seabirds were easier prey and
therefore compounded the problem (Fig. 9.8).

Of the six mammal-free groups, four (Snares, Prince Edward, Bounty and
Heard) have always been pristine. On the fifth and sixth, Macquarie and Campbell
Islands, all introduced mammals have been deliberately eradicated by hunting and
poisoning. In their absence, the native plants and animals have flourished, providing
encouragement that, with proper management, the unique ecosystems of the
subantarctic islands can be restored and preserved.
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Fig. 9.8 Rats are the most
widespread invasive species
in the subantarctic and their
opportunistic feeding and
prolific breeding has seen
them cause the most
damage to native species
(© Peter W. Carey)

9.9 Biosecurity and the Management of Invasive Species

Biosecurity is the term used to describe efforts to limit the introduction and
establishment of exotic species. On subantarctic islands, the need for biosecurity
measures is well understood and most of the island groups have management plans
that include specific protocols to prevent introductions. Efforts have also been made
to remove species that were introduced in previous centuries, before the negative
consequences of invasive species were fully understood. New Zealand’s Campbell
Island is an example of what can be achieved with proper planning, political will
and a lot of money.

By the middle of the twentieth century, Campbell Island was home to exotics
like sheep, cattle, cats and rats. The grazing of sheep and cattle had substantially
altered the vegetation while the cats and rats actively preyed upon nesting seabirds,
land birds and terrestrial invertebrates. Rats arrived before any naturalists did, and
their rapid establishment meant they eradicated the Campbell Island snipe before
anyone knew this bird existed. This inconspicuous land bird was accidentally
discovered in 1997, when a party of scientists made the first landing on a small
neighbouring islet. Jacquemart Islet is so steep-sided that rats could not establish
there, even if they swam the short distance from the main Campbell Island. Hence,
snipe thrived on Jacquemart Island in an ecosystem unaltered by exotic mammals.

In 1970, the first eradication efforts were made on Campbell Island with the
shooting of sheep from one third of its area. In 1976, cattle were removed and in
1984 a second portion of the island was cleared of sheep. The last sheep were
eradicated from the remainder of the island in 1990-1991, leaving the island free of
introduced grazing animals for the first time since 1895 (Kerr 1976). The vegetation
quickly recovered. About this same time, the cats disappeared. The cause of this is
not known for certain, but it is presumed they died out as a result of the change in
habitat caused by the newly lush vegetation (Miskelly and Norton 2008) (Fig. 9.9).
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Fig. 9.9 Endemic
Campbell Island daisies,
Pleurophyllum speciosum,
are conspicuous now that
grazing animals have been
removed from Campbell
Island (© Peter W. Carey)

Norway rats were the last exotic species to be removed from Campbell Island
and this was done in 2001. New Zealand’s Department of Conservation used
helicopters to drop cereal baits laced with brodifacoum poison over the entire
island. This managed to kill every rat on the 11,268 ha island. In the absence of
rats, snipe have now colonised the main Campbell Island and are breeding there
successfully.

Eradication efforts do not always go as smoothly as on Campbell Island and
valuable lessons were learned about the interconnectedness of introduced species
when cats were removed from Australia’s Macquarie Island (Bergstrom
et al. 2009). Located 715 km to the southwest of Campbell Island, Macquarie
was home to cats, rats, mice and rabbits in the latter part of the twentieth century.
In 2000, the last cat on the island was killed and with it, the last serious predator of
rabbits. Rabbit populations, which had been held in check by cat predation and the
myxoma virus, increased dramatically and their grazing has completely denuded
the vegetation from large areas. It has highlighted the need to confront exotic
species with a comprehensive eradication plan, rather than a gradual approach.
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Fig. 9.10 With
considerable effort, feral
cats were eliminated from
Macquarie Island. In their
absence, rabbit populations
exploded, causing
widespread overgrazing and
erosion, inadvertantly
illustrating the need for a
comprehensive approach to
invasive species control

(© Peter W. Carey)

This will have major implications for how such work is funded, since comprehen-
sive clearances will be much more expensive than the previously used step-by-step
approach (Fig. 9.10). Using a broad, well coordinated approach, the remaining three
species of pests were declared extinct on Macquarie in 2014.

With their milder climate and more frequent human visitors, subantarctic islands
are more vulnerable to invasive species than the Antarctic continent (Chap. 27).
However, the Deep South is not immune to invasion. In 1998, gnats of the genus
Lycoriella were spotted in Australia’s Casey station, on the Antarctic mainland.
Confined to the warm interiors of buildings, these flies got to Antarctica as
stowaways in the base’s food supplies. Despite intensive eradication efforts in
2005, they have survived inside the water treatment plant and associated structures
and are still present in a few buildings (Hughes et al. 2005). A similar species is also
found inside buildings at the UK’s Rothera base, on the Antarctic Peninsula. Both
the UK and Australia have strict biosecurity measures in place to try to prevent such
invasions, but clearly any human traffic carries with it some risk of unwanted
stowaways. In some isolated cases, these unwanted species can survive outside
the warmth of buildings. The grass Poa annua became established on Deception
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Island, in Antarctica’s far north, while P. pratensis still survives at Cierva Cove on
the Antarctic Peninsula. In both cases, these grasses are growing adjacent to
scientific stations, although they are exposed to the full force of the Antarctic
climate. Careful monitoring for invasive species is likely to be a key component
in the environmental management of Antarctica in the twenty-first century.
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Chapter 10
Life on Land

Aquatic Ecosystems
Paul A. Broady

Abstract What lives in Antarctica? Often the immediate answer is penguins, seals and
krill, but these are part of the marine ecosystem, being entirely dependent on the ocean
for their food. People do not usually think of plants thriving in Antarctica or that life on
the continent is dominated by microorganisms. Neither is it generally realised that there
are animals on the continent and surrounding islands which never enter the ocean as
their home is in streams, lakes and soils. These organisms and their environment are
termed the terrestrial ecosystem. The following two chapters are devoted to life on land.
This chapter overviews the range of organisms found on land and then focuses on the
habitats where water is abundant — aquatic habitats. Chapter 11 then considers
non-aquatic habitats where water is less freely available and long periods of dry
conditions can be normal. It concludes with some thoughts about the reasons for
performing research on life in these environments.

Keywords Aquatic habitats ¢ Microbial mats ¢ Cyanobacteria ¢ Protozoa ¢
Phytoplankton

10.1 Diversity of Life

In summer, ice-free ground in Antarctica covers 46,000 kmz, which is only about 0.35 %
of the continent. The availability of water is the major factor determining where life
occurs. Maritime Antarctica is generally moister than continental Antarctica where
conditions become increasingly dry with progression inland and to higher altitude. In
most ice-free areas, life is not immediately apparent. It is mostly a cold, dry desert. Only
in favourable environments with a good water supply do rock and soil surfaces support
readily visible growths of plants, lichens and algae. To see the most abundant life, it is
necessary to look into ponds and lakes, but these are often thickly covered with ice.
Elsewhere conditions are much less favourable and microbes retreat into hidden habitats
where traces of water are conserved.
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There are well over a thousand known species of organisms that live in
Antarctica’s terrestrial ecosystem (Table 10.1; Adams et al. 2006; Convey 2007,
Rautio et al. 2008). However, we are still ignorant of the full number as many groups,
especially of microorganisms (Tindall 2004), remain incompletely investigated.

The most advanced in terms of evolution are the two species of flowering plants
and the animals. All of these are small, the flowering plants being ground-hugging
herbs and the animals all being invertebrates (lacking an internal bony skeleton) no
longer than 15 mm and usually considerably smaller. The most diverse, numerous
and widespread are microorganisms, which contribute by far the most to the overall
biomass.

Many species are found in either aquatic or non-aquatic habitats but some
species occur in both. Each species belongs either to the primary producers,
decomposers or consumers.

Primary producers are almost all photosynthetic, using the energy of sunlight to
make sugars from carbon dioxide and, usually, water. This is the role of plants,
lichens and algae. The sugars they make provide the carbon and energy which
support the decomposers and consumers. Blue-green algae (cyanobacteria) are the
dominant primary producers (Vincent 2000).

Decomposers secrete enzymes which digest the complex organic matter of dead
organisms to simpler molecules that can be absorbed. Decomposers are the fungi,
and many bacteria and archaea. Archaeans have hardly been investigated in Ant-
arctica. Food for decomposers comprises mainly plants and algae but dead individ-
uals from all other groups of organisms are also included.

Consumers actively search for, capture and ingest other organisms. Protozoa are
single-celled consumers. They include flagellates, ciliates and amoebae, all of
which include algae and bacteria as major components of their diet. The remaining
consumers are invertebrate animals. The large majority of these have mixed diets of
algae and decaying organic matter. The latter has associated populations of decom-
poser microorganisms.

A few animals are predators that consume other invertebrates. These include a
tardigrade, a nematode, a few mites and a species of crustacean.

10.2 Life in Aquatic Habitats

Lakes, ponds, streams and rivers in Antarctica have unusual features. They form in
basins or channels cut through rock, sediment or ice. They are often numerous in
coastal ice-free areas and on melt zones of glaciers and ice shelves. Also, vast
volumes of water occur below the continental ice sheets.
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10.2.1 Streams and Rivers

Antarctic streams and rivers are diverse and variable environments (Fig. 10.1). In
summer, they are supplied with melt water from snow banks, ice fields and glaciers.
Water flows for a few weeks to 5 months at the most and volumes vary from
percolations a few millimetres deep to torrents of several cubic metres per second.
In winter their channels are dry.

10.2.1.1 Irrigated Rock Surfaces

The shallowest of water percolations down rocky cliff faces support the growth of
thin black crusts of cyanobacteria (Fig. 10.1a, b). Commonly found is Gloeocapsa,
the cells of which produce, and cluster within, brown, violet or red jelly-like
material called mucilage. The pigmentation acts as a sunscreen. When water supply
ceases, the mucilage retains moisture for a brief period but then the algae survive in
a very dry condition.

In the McMurdo Dry Valleys, crusts of cyanobacteria are occasionally seen high
up on the sides of valleys where snowfall is more frequent than at lower altitudes
and subsequent melt stimulates algal growth (Broady 2005). At the Vestfold Hills, a
410 km?® coastal area of low hills and valleys in continental Antarctica, crusts
usually occur on rock faces sheltered from the strongest winds because this is
where snow banks accumulate and then provide melt water (Broady 1986). Also,
the rock shields crusts from abrasive wind-borne sand and ice crystals. When
exposed to direct summer sun, crusts survive temperatures of up to 30 °C and in
winter survive freezing to around —40 °C.

10.2.1.2 Ice Walls of Glaciers

Thin films of water percolate over terminal walls of glaciers (Fig. 10.1c, d). In the
McMurdo Dry Valleys, small sheets of the green alga Prasiola grow on gently
sloping ice walls (Broady 2005). These sheets become caught on small projections
of ice which prevent them from being washed from the glacier.

10.2.1.3 Larger Streams and Rivers

Streams with well-defined channels run down sloping valley walls in many ice-free
areas. In the base of valleys these streams merge to form flows large enough to be
called rivers (Fig. 10.le, f; McKnight et al. 1999). Valley-side streams have
maximum summer flows ranging from a few litres to more than a cubic metre per
second. Onyx River in Wright Valley, one of the main valleys of the McMurdo Dry
Valleys, is 35 km long and the longest river in Antarctica. For about 2 months each
year, it flows inland from the higher seaward end of the valley to where it discharges
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Fig. 10.1 Examples of flowing water habitats and some of the algae that inhabit these. (a) Thin films
of melt water pass over rock in Garwood Valley, McMurdo Dry Valleys. Cyanobacteria dominate the
dark crusts of algae (scale line is equivalent to 1 m). (b) The cyanobacterium Gloeocapsa is often an
abundant component of the crusts. Its spherical cells are embedded in jelly-like mucilage. The
mucilage is pigmented and this shields the cells from damaging intensities of solar radiation (scale
line is equivalent to 1/40th of a millimetre). (¢) Ice walls of the Joyce Glacier, Garwood Valley. In
summer, melt water percolates down the slope and the green, sheet-like alga Prasiola grows there. (d)
For the large part of the year, Prasiola survives frozen in the ice (scale line is equivalent to 1 cm). (e)
Summer flows of the valley-bottom river in Garwood Valley. (f) Aggregates of hair-like filaments of
green algae wrap around stones on the river bed (© Paul A. Broady)

into Lake Vanda. The maximum flow in warm summers is a substantial 30 m> per
second. Flows are considerably lower during cloudy summers with less melt from
glaciers. The diversity and abundance of algae can be determined by the duration
and strength of water flow.
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Fig. 10.2 Microbial mats dominated by the filamentous cyanobacterium Phormidium comprise
the most abundant photosynthetic life forms in Antarctica. They occur as extensive growths over
stream beds and cover sediments of ponds and lakes. (a) An aerial view of ponds (up to about
100 m wide) on the McMurdo Ice Shelf, most of which contain microbial mats. (b) Close-up of the
surface of a thick microbial mat (scale line is equivalent to 1 cm). (¢) Filaments (chains of cells) of
Phormidium viewed using a light microscope at 1,000 times magnification (scale line is equivalent
to 1/100 mm) (© Paul A. Broady)

The term applied to algal communities that attach to underwater rock and
sediment surfaces is periphyton. In Antarctica, these communities are usually
dominated by cyanobacteria which form extensive mats containing many billions
of individual microscopic filaments, interwoven and glued together by mucilage
secreted by their cells. The cyanobacterium Phormidium is commonly the major
component (Fig. 10.2) but other algae, as well as protozoa and invertebrate animals,
live within the mats.

Mat surfaces are orange-brown in colour because cells accumulate pigments
called carotenoids that protect them from damaging ultra-violet radiation and
intense sunlight. Stones that protrude above mats are coated with black crusts of
Gloeocapsa and Calothrix. These are more resistant to desiccation experienced
during reduced flows. Dark brown to black colonies of the nitrogen-fixing cyano-
bacterium Nostoc grow along moist stream margins.
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Tangles of filaments and narrow ribbons of green algae (phylum Chlorophyta)
can also be abundant. They exhibit distinct patterns in their distribution on a range
of scales. On the regional scale, different types occur in maritime Antarctica
(Zygnema, Mougeotia and Klebsormidium; Hawes 1989) to those in the McMurdo
Dry Valley streams (Prasiola and Binuclearia; Broady 1989). On Ross Island,
some ice-free areas receive wind-borne sea spray from McMurdo Sound that results
in salt-encrusted soils and brackish streams. A different filamentous green alga,
Urospora, grows thickly in these (Broady 1988).

Along an individual stream, different species can occupy distinct reaches. For
instance, ribbon-forming Prasiola occurs in upper reaches attached to under-
surfaces of large stones where it is well-adapted to deep shade. In contrast,
Binuclearia lies fully exposed over the stream bed of lower reaches.

Fast-flowing streams passing over unstable sandy beds can be turbid with up to a
kilogram of suspended sediment in each cubic metre of water. The scouring effect
of this prevents colonisation by algae except on the most protected downstream-
facing surfaces.

Nutrient concentrations vary greatly. Streams passing through penguin colonies
contain much higher concentrations than those away from birds. Often nutrient
concentrations are greatest in the first flows of summer and then decrease. Also,
they can vary over a single day. For example, the freezing of a stream in the shadow
of a mountain followed by thaw when it is again exposed to the full sun results in
higher concentrations in the first new flows. In the Onyx River, algal mats extract
nutrients from the water so that by the time the river enters Lake Vanda nutrients are
in very low concentrations.

The major environmental challenge experienced by stream life is deep-freezing and
complete desiccation over winter. In continental Antarctica, freeze-dried algal mats are
dormant in winter but are capable of regrowth. Maximum photosynthesis can be
attained within a remarkable 10 min of rehydration of mats of the cyanobacterium
Nostoc, but this takes over 10 days for mats of Phormidium (Hawes et al. 1992).

Growth rates of algae in continental Antarctic streams are slow compared with
those in temperate regions. The important factor is low water temperatures which
are usually close to freezing but can reach 11 °C on sunny days.

Algal mats can accumulate to a centimetre or more in thickness by slow growth
each summer over many years. This is helped by their survival over winter, low
rates of decomposition and few losses to grazing by protozoa, nematodes, tardi-
grades and rotifers. Most losses are due to strong winter winds blowing away
desiccated mats and by vigorous summer flows peeling mats away from the
streambed (Hawes and Howard-Williams 1998).

10.2.2 Lakes

Lakes are relatively large, deep water bodies which, in contrast to ponds, do not dry out
or freeze through, although a thick layer of ice can persist over summer. There are
thousands of lakes in Antarctica which differ greatly in their environmental features
(Fig. 10.3).
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Fig. 10.3 A selection of diverse Antarctic lakes. (a) Heywood Lake (the most distant of the two
lakes in the left foreground) on Signy Island, South Orkney Islands, is a nutrient-enriched lake that is
fertilised with the excreta of fur seals, several hundred of which occupy the lake catchment during
summer. It is a small lake, 4.5 ha in area with a maximum depth of 6.4 m. (b) Two species of
copepod crustaceans from Heywood Lake. The smaller (Boeckella poppei) feeds on phytoplankton
and is eaten by the larger (Parabroteas sarsi) which is a predator. The scale line is equivalent to
2 mm. (c) Salt encrusts the ground downwind from a hypersaline lake at the Vestfold Hills. (d) A
freshwater lake at the Vestfold Hills which contains rich growths of aquatic moss. (e) Releasing a
water sampling bottle into a hole drilled through the 4-m thick ice cover of Lake Vanda, Wright
Valley, McMurdo Dry Valleys. Below the ice the water is up to 70 m deep. (f) Permanently
ice-covered Lake Fryxell in Taylor Valley, McMurdo Dry Valleys (© Paul A. Broady)

10.2.2.1 Lakes in Maritime Antarctica

Lakes in maritime Antarctica contain a richer diversity of organisms than conti-
nental lakes, especially of invertebrate animals. Invertebrates include representa-
tives of three groups of crustacean: copepods, cladocerans (water fleas) and a fairy
shrimp (Fig. 10.3a, b; Gibson and Bayly 2007).
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Fig. 10.4 Changes in the water column of Heywood Lake (Fig. 10.3a; Signy Island, South Orkney
Islands) over one annual cycle. The lake surface becomes ice-free during summer. In early summer
a large population of phytoplankton develops (shown by the increase in the green pigment
chlorophyll). Oxygen (continuous line) is produced during photosynthesis and also dissolves
into lake water from the atmosphere. Phytoplankton use mineral nutrients including phosphorus
(dotted line) in the form of phosphate. Flagellate (continuous line) and ciliate (dotted line),
protozoa graze on phytoplankton and bacteria. Bacteria are involved with decomposition of
organic matter produced by phytoplankton. This releases phosphate and other mineral nutrients
back into the water. Decomposition continues over winter when the lake is capped by ice which
results in the loss of oxygen from the water. The lake ecosystem includes three species of
crustaceans that number up to 120 per litre in summer (Adapted from Butler 1999)

Most graze on algae and other microbes but one copepod is a predator of
crustaceans. Larvae of midges (Hahn and Reinhardt 2006) and a relatively large
oligochaete worm can be found amongst the periphyton. Periphyton includes
cyanobacterial mats (Taton et al. 2006) and filamentous green algae. Sometimes
mosses are abundant. Seasonal changes in the water column are marked with
various groups of organisms waxing and waning in response to changes in physical
and chemical conditions (Fig. 10.4).
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In contrast, continental Antarctic lakes have few species. For instance, many
lack copepods and cladocerans and when these are present, there is often just a
single species. Plankton is dominated by microorganisms and the periphyton
usually consists of cyanobacterial mats. However, abundant moss is known to
occur in some coastal lakes in the form of pillars of up to 40 cm in diameter and
60 cm high (Imura et al. 1999).

10.2.2.2 Diverse Lakes of the Vestfold Hills

The Vestfold Hills is an area that features about 150 lakes. These contrast greatly in
their characteristics but are representative of lakes in other coastal ice-free regions.

An especially severe environment is found in hypersaline lakes (Fig. 10.3c).
These formed when the land rose following ice retreat at the end of the last major
glaciation about 8,000 years ago. Fjords became lakes of seawater trapped in inland
basins. The lakes which received less water from snow and ice melt than evaporated
from their surfaces became more saline than seawater (hypersaline). Deep Lake is
about six times as saline as seawater. In winter, strong winds stir the lake so an even
temperature is found throughout its full depth of 36 m (Ferris and Burton 1988). The
water temperature drops to —17 °C but freezing is prevented by the high salinity
(Fig. 10.5). In calmer, sunnier summer conditions the surface waters warm to
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Fig. 10.5 Water temperatures throughout the depth of hypersaline Deep Lake, Vestfold Hills,
over a typical year. The lines in the diagram are called isotherms and are labelled with the water
temperature that each isotherm represents. They function in a similar way to contours on a
topographic map. Moving from left to right across the diagram shows how temperatures change
over time while moving from top to bottom shows how temperatures change from the surface to
the bottom of the lake. For instance, surface waters warm from a minimum of around —15 °C in
winter to a maximum of around 7 °C in mid-summer, while waters at 30 m depth remain very cold
all year (Adapted from Ferris and Burton 1988)
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7-11 °C and float above deeper, denser waters that remain at —15 °C, well below
the freezing point of pure water.

The phytoplankton in Deep Lake is dominated by a single-celled green alga
called Dunaliella. Each cell bears two whip-like flagella that are used for swimming
at temperatures as low as —14 °C. Cells accumulate a simple organic molecule,
glycerol, to concentrations close to those of external salts. This functions as an anti-
freeze and also prevents water being sucked from cells by the surrounding highly
saline water.

One of the few records of archaea from Antarctica is of a salt-loving (halophilic)
species found at Burton Lake. This is a tidal lake, as during high tides in summer it
receives seawater through an ice-free channel linking it to the sea. Eventually the
lake will become isolated due to continued uplift of the Vestfold Hills, but pres-
ently, its surface waters remain less saline than seawater due to inflows of fresh melt
water. Denser water of seawater salinity lies below. The upper 10 m of water are
well oxygenated and contain phytoplankton typical of other saline lakes. Deeper,
more saline waters, down to 18 m, are anoxic and contain hydrogen sulphide. Light
intensities at these depths are never greater than 0.5 % of those at the lake surface
but even this dim light supports photosynthesis by a green sulphur bacterium called
Chlorobium (Burke and Burton 1988). It produces sulphur as a by-product of
photosynthesis in contrast to the oxygen produced by cyanobacteria.

Over winter there is insufficient light for growth and some cells survive in the
dark presumably using stores of food accumulated over summer.

In contrast to the lakes described above, others contain very fresh water
(Fig. 10.3d). For instance, Crooked Lake receives melt water that flows off a nearby
glacier during summer. As with most Antarctic lakes that are not fertilised by
seabirds or seals, there are extremely low concentrations of mineral nutrients
available for growth of phytoplankton. This and cold water temperatures below
4 °C result in low growth rates which provide little organic food for decomposers
and consumers. Most of the nutrients are cycled through a microbial food web
(Fig. 10.6). They are released by the digestive processes of bacteria and protozoa
and are then again available to be taken up by phytoplankton. Overall, plankton is
very unproductive, at low abundance and represented by few species.

The phytoplankton is dominated by four species with flagella. Protozoa are
represented by four flagellates and three ciliates. There is one species of planktonic
animal, a cladoceran (water flea) called Daphniopsis studeri, but grazing by this has
insignificant effects on planktonic microorganisms as only 10-20 individuals occur
in each cubic metre of water.

An important strategy, termed mixotrophy (mixed feeding) has been adopted by
certain phytoplankton species and ciliate protozoa (Laybourn-Parry et al. 2000).
Mixed feeding allows them to obtain food both by photosynthesis and by feeding on
other cells. For instance, mixotrophic phytoplankton can eat bacteria at times of
darkness and very low light, when they cannot perform photosynthesis, as a supply
of organic food. At times of higher light, when they can perform photosynthesis,
nitrogen and phosphorus supply is enhanced by consuming bacterial cells.
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Fig. 10.6 The simple microbial food web of Crooked Lake, a freshwater lake in the Vestfold
Hills. Photosynthesis by phytoplankton produces organic material in the form of new phyto-
plankton cells. These are grazed by consumers that include flagellate and ciliate protozoa and
invertebrate animals (rotifers and a crustacean called Daphniopsis). Bacterial cells are also a
source of food for consumers. Both phytoplankton and bacteria release organic substances into
the water when these leak out of healthy cells and when the cells are burst open by viral
infections. Waste products from consumers also contribute to this organic carbon pool. This is
used as an energy source by decomposer bacteria. Throughout these processes, carbon dioxide is
released by respiration and mineral nutrients are returned to the water (Adapted from Laybourn-
Parry 1997)

The ciliate feeds on phytoplankton and other microbial cells. However, instead
of immediately digesting them it can maintain the chloroplasts (sub-cellular struc-
tures that perform photosynthesis) of some phytoplankton in a functioning state and
benefits from the carbohydrates formed by their photosynthesis.

Viruses are likely to be important by infecting bacterial cells, causing them to
burst when new viral particles are released (Sawstrom et al. 2008). Organic material
released from burst cells is then used during growth of other bacteria.

10.2.2.3 Permanently Ice-Covered Lakes of McMurdo Dry Valleys

There are about 12 large, deep lakes in the McMurdo Dry Valleys, all permanently
capped by a layer of ice several metres thick (Fig. 10.3e, f). In summer, this melts
only around the lake margin to form a moat of shallow water. All lakes have melt-
water inflow but none has an outflow. Water is lost by evaporation from the ice. The
balance between inflow and evaporation is very sensitive to climate change and
lakes become deeper or shallower in response.

Mixing of lake waters is confined to an uppermost layer. Even here mixing is
weak and driven by slow convection currents. More vigorous mixing is prevented
by the upper layers being fresh and less dense than deeper more saline water and
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also by the water being protected from strong winds by the ice cap. This lack of
mixing allows the water to stratify into layers, each of which has distinct charac-
teristics. Different mat-forming and planktonic organisms respond to stratification
by growing at the depth to which they are most suited (Hawes and Schwarz 1999;
Sabbe et al. 2004; Burnett et al. 2006).

Box 10.1: Lake Vanda, a Stratified Lake

Lake Vanda in Wright Valley is a supreme example of stratified waters
(Figs. 10.3e and 10.7; Vincent and Vincent 1982; Purdy et al. 2001). Below
the 4-m thick ice cap, water is up to 70 m deep. The bottom water contains no
dissolved oxygen, is three times the salinity of seawater and is warm, at about
24 °C. The origin of the salt is not completely understood but is likely to have
been leached from rocks in the catchment. In contrast, freshwater just under
the ice is at 0 °C and is super-saturated with oxygen. The surprising warmth
of deep waters is due to solar heating over many years by the dim sunlight that
penetrates to those depths. Because of strong winds, little snow gathers on the
ice cap which is also largely free of fractures and bubbles. This clear ice
allows about 10 % of sunlight to penetrate through to the water. By 60 m
depth only about 1 % remains and the light is now blue-green as other colours
of the spectrum have been absorbed.

Phytoplankton includes several types of single-celled flagellates and the
smallest of single-celled cyanobacteria. Some flagellates prefer the colder,
fresher, better illuminated waters while others, together with cyanobacteria,
form a layer of greatest abundance in the very dim, blue-green light at about
60 m, just above the most saline, warmest waters. These deep phytoplankton
species are well adapted as their cells contain large amounts of a reddish
pigment that absorbs blue-green light. Maximum numbers are found at this
depth because waters here are enriched in mineral nutrients while surface
waters contain extremely low concentrations.

This mineral enrichment is due to dead organisms sinking down and being
decomposed by bacteria in bottom waters. Mineral nutrients are released and
these slowly diffuse upwards and supply the phytoplankton. The anoxic bottom
water means that bacteria there are anaerobic (they grow without needing
oxygen) and decomposition is anaerobic. A product of anaerobic decomposi-
tion is hydrogen sulphide which is used by photosynthetic bacteria that occur in
the extremely dim light in the water layer just below the phytoplankton.
Bacteria called chemoautotrophs grow at the interface between anoxic bottom
waters, enriched in hydrogen sulphide, and oxygenated waters overlying these.
These bacteria combine hydrogen sulphide with oxygen to make sulphate and
water. This chemical reaction releases energy that is then used by the bacteria
to make organic molecules from carbon dioxide.

(continued)
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Box 10.1 (continued)
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Fig. 10.7 Lake Vanda in Wright Valley, McMurdo Dry Valleys, is strongly stratified in that
diverse aspects of the physics, chemistry and biology of the water column change markedly
with depth. Box 10.1 describes most of the features shown here. The green pigment
chlorophyll is used as an indicator of the abundance of phytoplankton. Water density
increases rapidly in deep water due to the increase in concentration of dissolved salts
(shown here as chlorinity). Ammonium and nitrate are nutrient salts produced by decompo-
sition and other microbial processes in deep water. Nitrification and denitrification are two of
these microbial processes. Nitrifying bacteria oxidise ammonium to produce nitrate in the
process of nitrification. The energy released is used to support their growth. Denitrifying
bacteria remove oxygen from nitrate and use this when feeding on organic matter. The
products of denitrification include the gases nitrous oxide and nitrogen (Adapted from
Vincent et al. 1981; Takii et al. 1986; Priscu 1989; Voytek et al. 1999; De Carlo and Green
2002; Burnett et al. 2006)

(continued)



190 P.A. Broady

Box 10.1 (continued)

Periphyton mats also change with depth. Nitrogen-fixing Nostoc grows
only in shallow waters where the moat develops in summer. Below the ice,
mats are dominated by Phormidium and contain more diatoms as well as
intermingled moss. Deeper still, diatoms become abundant until the mats
cease to develop where waters become anoxic.

Fragments of microbial mats become trapped within the ice cover of the lakes in
the McMurdo Dry Valleys (Mosier et al. 2007). Fragments include those dislodged
from dry stream beds which may be blown onto lake ice. In summer, this dark
material is heated by the sun and melts down into the ice where the small pieces of
mat lie in cavities filled with melt water. In winter they freeze to about —40 °C.

Other fragments come from mats covering sediments at the bottom of the lake.
Small portions break away when buoyed with bubbles of oxygen produced during
photosynthesis. These float to the under-surface of the ice and become enclosed
when ice thickens during winter.

Cavities contain a wide diversity of bacteria but the abundance of different
species is not the same as that in the original mat as they are now in a very different
environment.

10.2.2.4 Permanently Ice-Covered Lakes Associated with Nunataks

Nunataks are mountain peaks that protrude through ice sheets and glaciers. Lakes
occur next to some nunataks with their outlets dammed by ice.

Lake Untersee (71°20’S 13°26’E) in Drgnning Maud Land is the largest known
(Wand et al. 2006) with an area of over 11 km? and water up to 167 m deep below a
permanent 3 m thick layer of ice. Most inflow comes from melt of the ice dam and
water is lost by ablation of the ice cover. The water column is layered with fresh
oxygenated water at less than 1 °C, overlying saline anoxic water which warms to
over 4 °C below 50 m deep.

In the upper layer of freshwater, sparse populations of phytoplankton grow
slowly over summer using the very dilute mineral nutrients. As in most lakes, life
is most abundant as mats of cyanobacteria covering sediments at the bottom of
the lake.

The deep anoxic waters contain unusually high concentrations of methane. This
is formed in two stages. First, bacteria decompose organic matter supplied as dead
phytoplankton. This results in the production of carbon dioxide and hydrogen.
Secondly, these gases are used for metabolism by certain archaea (methanogens)
that produce methane as a by-product. Other bacteria can use methane as a source of



10 Life on Land — Aquatic Ecosystems 191

energy. There are also bacteria that decompose organic matter by using oxygen
taken from sulphate and produce hydrogen sulphide, ammonium and phosphate
which accumulate to high concentrations in deep water. A temperature peak of
4.6 °C at around 80 m depth is thought to be due to energy release from some of
these microbial activities.

10.2.2.5 Epishelf Lakes

Epishelf lakes lie between land and a coastal ice shelf. Their freshwater is derived
from melt streams flowing off the land. Several are known both along the Antarctic
Peninsula and around eastern Antarctica. The great depth of the ice shelf acts as a
dam to retain freshwater. Seawater lies under the floating ice shelf and its associated
freshwater lake, both of which rise and fall with tides.

Beaver Lake is the largest epishelf lake with an area of 150 km?. It lies adjacent
to the Amery Ice Shelf (Laybourn-Parry et al. 2001) in eastern Antarctica. A
permanent ice cover is 4 m thick and the upper layer of freshwater merges with
underlying seawater at 220-260 m depth. The maximum water temperature is
23°C.

Beaver Lake contains the sparsest life of any known Antarctic freshwater lake.
The cold waters and extremely low nutrient concentrations must make it one of the
most challenging freshwater lake environments on Earth. A small, slow-growing
population of single-celled phytoflagellates provides organic food for low numbers
of bacteria and flagellate and ciliate protozoa. Unexpectedly in a lake with such
poor food supply, there is one species of copepod, Boeckella poppei. It is a dwarf
form up to only 1.5 mm long, half the size attained in maritime Antarctica, and here
it exists at the limit of its capabilities.

10.2.2.6 Subglacial Lakes

Most freshwater in Antarctica lies below ice sheets where melt is caused by the
immense pressure of the overlying ice and possibly by geothermal heat. About
300 subglacial lakes exceed 10,000 km® in total volume (Chap. 5). Some are
connected by rivers below the ice. They contain more than 8 % of global lake water.

Lake Vostok lies below 3,740 m of ice and is the largest (14,000 kmz) and
deepest (670 m). The lake could be up to 35 million years old, which is the
approximate age of the overlying East Antarctic Ice Sheet. Any microbial life in
the lake has evolved in isolation over long periods (Siegert et al. 2001).

Ice formed from lake water freezes to the under-surface of the ice sheet. This ice
has been sampled, by a drill core, from a depth of 3,623 m (Karl et al. 1999; Priscu
et al. 1999). DNA analysis has revealed diverse bacteria but cell numbers of
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400-36,000 cells per ml are very low compared with the million or so cells that are
normally found in a millilitre of lake water. Surprisingly, these include bacteria
related to ones found elsewhere in hot springs. Perhaps dense populations of these
grow at geothermal hot spots in the lake floor. As no light reaches down to the lake,
these chemoautotrophic microbes could be the only ones to synthesise organic
matter from carbon dioxide, using energy released by reactions of inorganic
chemicals in water flowing from vents. A more recent re-analysis of this ice claims
to have found genetic traces of more complex animals as well as diverse microbes
(Schiermeier 2013c). However, this is very controversial as some researchers think
the samples could have been contaminated with kerosene that was used as a drilling
fluid.

In February 2012 Lake Vostok was penetrated and a sample of water taken for
analysis (Schiermeier 2013b). Low numbers of bacteria were counted, numbering
about 167 cells per ml, and these included what appeared to be a novel form.
However, the controversy surrounding contamination still remains.

In January 2013, Lake Whillans was the first lake to be penetrated using a hot
water drill that is very unlikely to introduce contaminants (Schiermeier 2013a). It
lies below 800 m of ice on the inner edge of the Ross Ice Shelf and is just 2 m deep.
Water samples and cores of sediment contain diverse microbes which number
around 1,000 cells per ml of water.

This fascinating subglacial environment has so far provided only a glimpse of
the organisms that it supports. Their diversity, interactions and roles will no doubt
continue to be the focus of intense study.

10.2.2.7 Lake Sediments as Archives of Environmental Change

Lakes are important sources of information about past environments. For instance,
if bottom sediments are laid down year by year as a sequence of layers, then
materials they contain can allow reconstruction of changes that have occurred
within the lake or the lake catchment. These changes include those caused by
variability in climate. Relative abundances of the remains of different organisms
are often assessed at different depths along cores taken from sediments.

For example, diatoms in sediments of Anderson Lake, Vestfold Hills, have been
used to assess changes in lake water salinity because different species have different
salinity preferences (Fig. 10.8; Roberts and McMinn 1997). The shape and structure
of diatom cell walls is characteristic for different species and is readily preserved.
Microscopic examination of samples taken between the surface and 140 cm depth
has shown changes in species with depth. Deep sediments from 8,500 to 7,000 years
before present (yBP) contain freshwater species. This suggests Anderson Lake was
receiving vigorous flows of fresh glacial melt water from the retreating East
Antarctic Ice Sheet.

Marine diatoms appeared at 7,000 yBP and persisted for a millennium in
response to a global rise in sea level which turned the lake into a marine inlet.
Uplift of the land then isolated the lake from the sea. Evaporation exceeded inflow
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Fig. 10.8 Understanding the history of a lake (Anderson Lake, Vestfold Hills) by identification
and counts of diatoms found at increasing depth down a core sample of sediment removed from the
bottom of the lake. Top graph: over about the last 7,000 years, the lake has changed from a
freshwater lake to a marine inlet and then to a hypersaline lake (see text for details). Abundance
estimates of three different species of diatoms are shown: darkest shading, Navicula directa,
characteristic of salinities greater than seawater; medium shading, Fragilariopsis cylindrus,
characteristic of seawater salinity; lightest shading, Pinnularia microstauron, characteristic of
freshwater. Using the relative abundance of these and other diatoms, an assessment was made of
past water salinities (diatom inferred salinity, shown as °/,, = parts per thousand) (Adapted from
Roberts and McMinn 1997)

and the lake became hypersaline. Diatoms with a preference for this condition have
persisted until the present.

This and related studies at a variety of locations are improving our understanding
of how Antarctica and its biota have changed in the past. Importantly, they also
allow us to better predict how change might manifest itself in the future if a warmer
climate prevails.
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10.2.3 Ponds

Ponds are small, relatively shallow water bodies which number in their millions
throughout Antarctica. They span a wide range of environmental conditions and
individual ponds can change greatly over a short period of time (Fig. 10.9; Healy
et al. 2006).

10.2.3.1 Ponds on Ice-Free Ground

Ponds occur in depressions in rock and glacial till (Fig. 10.9a, c) in all but the
smallest and steepest ice-free areas. Many become free of ice in summer while
others remain frozen. Small ponds might evaporate completely and then refill early
next summer with melt from snow banks which had accumulated over winter.

Pond waters distant from bird and seal colonies often contain low concentrations
of mineral nutrients, which means that phytoplankton are sparse but cyanobacterial
mats can develop. Mat algae absorb some nutrients from overlying layers of water.
These are recycled within the mat when algae die and decompose and provide
additional nutrients for more algal growth. Eventually the algal mat thickens and
becomes a greater store of nutrients than the nutrient-depleted water.

Cyanobacterial mats occur in freshwater, brackish and hypersaline ponds (Healy
et al. 2006). Several different salts such as sodium chloride, sodium sulphate and
sodium nitrate cause elevated salinities. Different species of cyanobacteria and
associated diatoms and other algae prefer different salinities.

Don Juan Pond (Samarkin et al. 2010), in the upper reaches of the Wright Valley,
McMurdo Dry Valleys, has the greatest known salinity. Its waters remain unfrozen
all year due to calcium chloride dissolved at salinities 14 times those of seawater.
The pond surface is often encrusted with salt crystals. The salt is derived from the
gradual leaching of rocks in the catchment. Active life has not been conclusively
detected at these high salinities but is present in the few places where lower-salinity
water percolates into the pond.

Spectacular green or purplish-red phytoplankton blooms occur in ponds
fertilised by birds and seals (Fig. 10.9b). Phytoplankton growths are dense enough
to prevent light penetration down to the bottom and algal mats cannot develop. A
rotifer that occurs worldwide in waters polluted by wastes from farm animals is also
found in these Antarctic ponds.

10.2.3.2 Ponds on Ice Surfaces

If between a millimetre and a few centimetres of sandy sediment sits on the surface
of ice, summer solar radiation warms this dark material, which then melts the ice
beneath to form ponds. Ponds can be numerous and extensive on glaciers and ice
shelves. During summer, pond life grows at temperatures close to freezing and



10 Life on Land — Aquatic Ecosystems 195

Fig. 10.9 Examples of ponds. (a) A pond amongst moraines adjacent to a glacier at Cape Bird
ice-free area on Ross Island. Green phytoplankton is suspended in the water. (b) Small ponds that
are fertilised by the wastes of birds and seals often develop dense growths of planktonic single-
celled green algae. This coastal pond at Cape Geology, Granite Harbour, southern Victoria Land
received additional nutrients from skuas that nested nearby. (¢) A pond amongst the huts at
Scott Base on Ross Island. It has been colonised by filamentous green algae. If human activity
transports new algae to Antarctica, it is perhaps in habitats such as this that they will first grow. (d)
Thousands of small cryoconite ponds cover the ablation zone of Joyce Glacier at the head of
Garwood Valley, McMurdo Dry Valleys. Dark mineral material warmed by the sun melts into the
ice. () Many thousands of ponds occur on moraines surrounding the nunataks of La Gorce
Mountains. Despite air temperatures in mid-summer that are well below freezing, solar heating
of pond sediments is sufficient to melt underlying glacial ice and maintain a few tens of
centimetres of water below an ice cover. Sediments are coated by thin mats of the cyanobacterium
Phormidium. (f) One of many thousands of ponds on the surface of the McMurdo Ice Shelf. This
one is saline and is surrounded by dry crusts of salt. Pond life is dominated by orange mats of
cyanobacteria. Sandy deposits are about 10 cm thick and overly the thick ice of the ice shelf (©
Paul A. Broady)
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survives frequent freeze-thaw cycles. In winter, ponds freeze completely and life
processes all but cease.

These ponds could have been refugia during colder periods when ice sheets
expanded over adjacent land. Cold-tolerant organisms could have survived there
until ice retreated and ice-free habitats were again available for colonisation.

Cryoconite ponds are found on the lower ablation zone of glaciers (Fig. 10.9d).
In the McMurdo Dry Valleys they cover up to 15 % of this zone (Porazinska
et al. 2004). Cryoconite means “cold rock dust” and in Antarctica this dust is
wind-blown or avalanche-derived and accumulates in small depressions in the
ice. As the ice melts, dust becomes a thin layer of sediment at the base of pools
which range from centimetres to over a metre in diameter and are typically 30—
50 cm deep. Deeper melting leads to ponds becoming entombed within the ice
where they alternately freeze and melt for years.

Cyanobacteria usually dominate microbial communities which also include
archaea, bacteria, other algae, protozoa, tardigrades and rotifers. Food webs must
be quite complex in such diverse communities. Most algae obtain mineral nutrients
from the sediments. The nitrogen-fixing cyanobacterium Nostoc is sometimes
abundant and is probably using nitrogen gas dissolved in the pond water.

These communities resemble those of aquatic habitats on adjacent ice-free land.
There is constant transfer of living organisms between these habitats and cryoconite
ponds. Wind-blown material from the edges of dry lake shores and stream beds is
deposited on glacier surfaces and organisms are washed out of the ice into streams
and lakes.

Thousands of ponds occur on ice surrounding nunataks at the most southerly
latitudes, such as La Gorce Mountains (86°30’S 147°W), 420 km from the South
Pole and at about 1,800 m altitude (Fig. 10.9e; Broady and Weinstein 1998).
Despite mid-summer air temperatures around —14 °C, there are between 25 and
60 ponds within each hectare of thin, sandy moraine lying on glacier ice. Each pond
is up to 15 m in diameter with 30 cm of ice covering about 25 cm of water. Thin
mats of the filamentous cyanobacterium Phormidium, associated with a few other
algae, coat the bottom sediments where temperatures are about 1 °C. Protozoa and
micro invertebrates have not been observed and food webs must be amongst the
simplest, perhaps comprising only primary producers and decomposers.

The McMurdo Ice Shelf has hundreds of thousands of ponds, many connected by
streams, scattered over about 1,750 km? (Fig. 10.9f; Howard-Williams et al. 1990).
Sediment that melts into the ice comes from two sources. Some is blown from
adjacent ice-free land but much is of marine origin. Marine sediments stick to the
base of the ice shelf and then over many years move up to the surface through 20—
50 m of ice. This movement is caused by ice ablating from the surface but forming
on the under-surface of the ice shelf.

Ponds range in area from less than 1 m? to about 3 ha and are a few centimetres
to 4 m deep. They occupy depressions up to 20 m deep, which places some below
sea level. Weddell seals can appear in ponds that are connected to the sea by tunnels
in the ice.
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More than 60 species of algae inhabit these ponds. Water salinity is a major
determinant of which species occur in a particular pond. Ponds with extensive
sediments up to 10 cm deep have thick mats of cyanobacteria and often host
tardigrades, nematodes and rotifers (Suren 1989). The rotifer Philodina gregaria
occurs at remarkable densities of up to 400,000 per square metre and forms vivid
orange aggregates. Where ice is covered by only patches of thin sediment, ponds
are smaller and fresher and have lower concentrations of mineral nutrients. In
summer, vigorous melt causes the collapse of ice dams and pinnacles; some
ponds disappear and new ones form. In these disturbed conditions, algae are less
abundant, with diatoms and single-celled green algae usually dominant.

When pond waters freeze during winter, the environment is very challenging
(Hawes et al. 1999; Wait et al. 2009). As ice on brackish ponds thickens, salts
accumulate below the ice to form a concentrated brine with much reduced freezing
points. In late winter, the temperature of the brine drops to —22 °C without freezing.
The water becomes anoxic and hydrogen sulphide accumulates due to the continu-
ing activity of decomposer bacteria. Less saline ponds freeze completely.

10.3 Future Research

Research over the last 50 years has provided considerably more detail than that
outlined in this overview. However, much remains to be discovered and under-
stood. This is as true for readily accessible habitats as it is for those that have barely
been examined. The full diversity of life forms, and especially of microorganisms,
has yet to be described and we are largely ignorant of growth rates, interactions
amongst species and of species with their physical environment. Global environ-
mental change will have as yet unknown effects as it increasingly impinges on
Antarctic ecosystems. This is equally applicable to non-aquatic habitats which are
the focus of the next chapter.
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Chapter 11
Life on Land

Non-aquatic Ecosystems
Paul A. Broady

Abstract Water availability is of primary importance in controlling the abundance
of life in non-aquatic habitats (Kennedy 1993). Unlike aquatic habitats, there is no
free-standing water but water may be found in the minute spaces between particles
of rocks, soils and snow. Its supply decreases with progression from relatively
warm and moist maritime Antarctica to colder continental Antarctica where con-
ditions are often extremely dry. For example, in maritime Antarctica, green
expanses of moss can cover more than a hectare of ground, and lichens thickly
encrust surrounding rocky slopes, whereas in the McMurdo Dry Valleys no vege-
tation is immediately apparent and brown rock and soil surfaces dominate the
landscape. Also important is the microclimate at ground level. In summer, solar
heating of dark vegetation, rocks and soils stimulates growth and activity of
organisms, and may also increase water supply by melting overlying and adjacent
ice and snow. This chapter first discusses life found on and in soils and rocks in
typical ice-free areas, in conditions progressing from the most favourable to the
most severe. It then considers unusual habitats provided by soils warmed with heat
from volcanoes, by snow and ice and by extensive wetlands thought to be present
under the Antarctic ice sheets.

Keywords Flowering plants ¢ Soils « Mosses ¢ Liverworts ¢ Lichens ¢ Microbial
life

11.1 Flowering Plants

Antarctica’s two indigenous species of flowering plant are restricted to maritime
regions (Smith 2003). Their greatest abundance is in the South Orkney and South
Shetland islands. Antarctic hair grass, Deschampsia antarctica, is a short tufted
grass and Antarctic pearlwort, Colobanthus quitensis, has low-lying cushion-like
growths of densely packed leafy stems (Fig. 11.1a). An additional two small
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Fig. 11.1 (a) The two indigenous Antarctic flowering plants growing on Signy Island, South
Orkney Islands in the Maritime Antarctic region: top, Colobanthus crassifolius (pearlwort);
bottom, Deschampsia antarctica (Antarctic hair grass). Both specimens are about 5 cm in
diameter. (b) Sexual reproductive, spore-forming structures (basidiocarps, commonly called
mushrooms) of a fungus emerge from a moss turf on Signy Island, South Orkney Islands.
Basidiocarps are an unusual sight in maritime Antarctica. The green, healthy moss stems grow
upwards and increasingly shade older parts which die and become brown peat deposits. These
deposits can accumulate to depths in excess of 2 m. The fungus occurs predominantly as huge
lengths of microscopic threads within the peat. It feeds on the peat during the process of
decomposition. Decomposing peat is a major food source of collembola and mites. The scale
line is equivalent to 2 cm (© Paul A. Broady)

herbaceous plants, Nassauvia magellanica and Gamochaeta nivalis, have recently
been observed for the first time on Deception Island, South Shetland Islands
(Hughes and Convey 2010). These could be either natural colonisers or introduc-
tions brought by visitors.

The pearlwort is much scarcer than the grass but both occur as far south as the
Terra Firma Islands (68°43’S) off the west coast of the Antarctic Peninsula. Both
species grow in South America from where it seems they were dispersed south
across the Drake Passage to Antarctica by migrating birds.

Growth is best at sheltered, coastal sites less than 50 m in altitude. Dense grass
typically covers ground sloping towards the north and receiving maximum sunlight,
and can extend over several hundreds of square metres. On the calmest of cloudless
summer days, temperatures among plants reach 25-30 °C and can occasionally be
in excess of 40 °C. For 6-7 months over winter, plants are often insulated from the
coldest temperatures by overlying deep snow. In summer, this melts and can
provide a persistent water supply. The most luxuriant growths of grass are often
fertilised with nutrients washed down from nesting birds on nearby cliffs. However,



11 Life on Land — Non-aquatic Ecosystems 203

both the grass and pearlwort can be early colonists on recently exposed nutrient-
poor mineral soils close to receding ice fields.

Both plants are adapted to minimise water loss. The effects of drying wind are
reduced by their small ground-hugging size. Water loss from leaves is reduced by
waterproof, thick waxy coatings and the grass can roll up its leaves along their
length.

Abundant flowers are produced by the grass and its seeds, which take at least
18 months to mature, often fail to germinate if the summer is colder than usual and
they are not exposed to several days of temperatures above freezing. Reproduction
is probably best accomplished by rooted fragments of plants being dislodged,
dispersed and establishing at new sites. Birds may have an important role as nesting
material of skuas and Dominican gulls often contains plant fragments.

Warming of the regional climate in maritime Antarctica is allowing these plants
to expand and to move into new sites. In monitored plots on Signy Island, South
Orkney Islands, pearlwort plants increased in number by up to eight times between
1992 and 2000 (Smith 2003). Between 1985 and 2001, on the Fildes Peninsula on
King George Island, South Shetland Islands, the number of sites with grass
increased from about 14 to 160 and the first pearlwort plants became established
(Fig. 11.2; Gerighausen et al. 2003).

11.1.1 The Most Highly Developed Antarctic Soils

The soil below dense growths of grass is the most highly developed in Antarctica. It
resembles fertile loam soils of temperate regions, although it is shallower at usually
less than 20 cm in depth. Invertebrate animals and decomposer microorganisms
feeding on decaying plant fragments stimulate the incorporation of organic matter
into the soil. Testate amoebae, whose cells are contained within an outer shell, can
occur at spectacularly high numbers of over 100,000 below each square centimetre
of soil surface. At sites along the Antarctic Peninsula, soil animals include larvae of
the wingless midge Belgica antarctica (Fig. 11.3; Chown 2007). Adults emerge at
the soil surface during periods of calm, warm weather late in summer. Fungi closely
associated with healthy grass roots are probably mycorrhizae which help the plant
gather mineral nutrients from the soil while themselves gaining organic nutrients
from the grass.

11.2 Mosses and Liverworts

Mosses and liverworts are collectively known as bryophytes and are the only other
true plants in Antarctica (Lewis-Smith 2007a, b). Both usually have leaf-like lobes
of tissue attached to thin stems up to 3 cm long. Moss leaves generally have a
thickened midrib while liverworts do not. Neither has roots but produces rhizoids
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Fig. 11.2 The increase in the abundance of the two indigenous Antarctic flowering plants on
Fildes Peninsula, King George Island, South Shetland Islands, over 16 years. This is possibly due
to regional warming of the climate. King George Island is located near the north-west tip of the
Antarctic Peninsula and Fildes Peninsula is at the western end of the island. By 2000-2001, the
number of colonies of the grass Deschampsia antarctica had increased considerably as had the size
of many colonies present in 1984-1985. The pearlwort, Colobanthus crassifolius, had colonised
for the first time by 2000-2001 (Adapted from Gerighausen et al. 2003)

which are fine, hair-like structures just one cell wide used for attachment to the
substrate. The upper few millimetres of the plants are photosynthetic and usually
green (Fig. 11.1b). One species of liverwort resembles branched flattened straps and
is found only in northern maritime Antarctica.

Moss stems grow tightly packed or entwined to form small cushions. Each stem
grows from its tip, by a few millimetres each year. As it extends upwards the lower
portion becomes increasingly shaded until it loses its green pigments and eventually
dies. This brown, organic material accumulates year by year to turn into a deposit
known as peat.

Mosses and lichens (see below) form the most conspicuous vegetation in
Antarctica (Figs. 11.4, 11.5, and 11.9). Liverworts are usually relatively minor
inhabitants growing inconspicuously amongst moss stems in moist habitats. In total
there are about 113 moss species and 27 liverwort species of which about 18 mosses
and just one liverwort occur in continental Antarctica. South of 80°S, there are only
five moss species, with the furthest southern record at 84°42’S. Many species of
Antarctic moss and liverwort also occur in more temperate regions and some are
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Fig. 11.3 Two midges from maritime Antarctica. (a—c) Belgica antarctica; (a) larva, (b) pupa, (c)
adult male. Adults of both sexes are flightless and have very reduced wings. (d-f) Parochlus
steinenii; (d) larva, (e) pupa, (f) adult male. Adults have functional wings but only infrequently
take to flight. Larvae of both species crawl over damp vegetation and are found in ponds. Scale-
lines are equivalent to 1 mm (Adapted from Wirth and Gressitt 1967)

found in the Arctic. Like the flowering plants, these have probably been dispersed
from the north during periods of reduced ice cover since the last ice age.

Mosses and liverworts occur in habitats with a good water supply. They readily
absorb water and nutrients over their entire surface. Likewise water is easily lost but
many species can survive in a dry condition for long periods. Growth requires a
good supply of water for sufficient duration, and temperatures above 0 °C for
photosynthesis. Depending on summer weather there may be between 5 and
15 weeks of favourable growth conditions at coastal locations in continental
Antarctica. Over winter, individuals survive frozen and resume growth on thawing.

Growth rates are very slow (Selkirk and Skotnicki 2007). Mosses in coastal
continental Antarctica have elongation rates of 1-5 mm per year at moist sites. At
dry sites rates are a tenth of that. In maritime Antarctica, mosses can extend over
more than 1 ha (Fig. 11.4a—). At higher altitudes and on windswept, drier ground
and throughout continental Antarctica mosses form small, sparsely scattered cush-
ions to mats of a few square metres (Fig. 11.5).

Habitats with melt water seepages support different species compared with well-
drained sites and exposed ground. Species in wet sites have underlying peat to a
depth of 15 cm or less. In contrast, well drained rocky hillsides in northern regions
of maritime Antarctica support two moss species which accumulate peat up to a
depth of 2.5 m below the upper centimetre or so of upwardly growing stems. Below
about 30 cm the peat is permanently frozen which prevents decomposition. Radio-
carbon dating of the deepest peat shows it is up to 5,500 years old. At that time,
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Fig. 11.4 Moss and lichen in maritime Antarctica on Signy Island, South Orkney Islands. (a) A
study site in an extensive area of moss carpet growing on boggy ground. (b) The same site as
shown in (a) but in winter. The moss carpet is frozen under about 10 cm of ice for about 8 months.
(c) A study site in an area of moss turf. This form of growth occurs on well-drained gently sloping
hillsides. (d) Colourful lichens that encrust rocks in areas fertilised by birds. Scale line is
equivalent to about 10 cm (© Paul A. Broady)

spores or small fragments of moss, probably dispersed by wind, first colonised
ground exposed by retreating ice fields (Smith 1990).

On Signy Island, South Orkney Islands, what was once extensive, coastal moss
has been heavily impacted by a huge increase in the population of fur seals over the
last 35 years (Smith 1997). Prior to the mid-1970s, about 50 seals would be seen
during summer. Since then numbers have increased to more than 20,000 in some
years. The seals move easily over land and the vegetation has been trampled and
poisoned by their wastes. Areas once dominated by mosses are now covered by a
green alga, Prasiola crispa. The expansion of the seal population could be related to
a warming climate with less ice around the islands in summer and to changes in
marine food webs.

In continental Antarctica, most ground is too dry to support mosses. They mostly
grow along stream edges (Fig. 11.5b) and on boggy ground, down-slope from
melting ice fields and large snow banks (Schwarz et al. 1992). But even in these
situations, algae generally dominate. Other habitats, even more restricted in extent,
allow moisture enhancement and moss growth. One of these is below translucent
stones resting on dry soil surfaces (see hypolithic communities). Another is where a
few centimetres depth of sandy soil has been blown or washed over moss cushions
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Fig. 11.5 Moss growths at Cape Geology, southern Victoria Land, continental Antarctica. (a)
Mosses are often restricted to very small patches where they receive water from melting snow
banks. In this example, an area of less than 1 m? of scattered moss cushions is in the lee of a large
boulder where snow would accumulate over winter before melting in early summer. Following
complete melt of the snow, the mosses survive the remainder of summer in a desiccated condition.
(b) More vigorous growths occur along the margins of summer melt streams. The dry exposed
rocks to the side of the moss growths are stained white with salt deposits. The scale line is
equivalent to 1 m. (¢) Hummocky moss cushions grow amongst boulders where snow accumu-
lates. The moss surfaces are darkly encrusted with microscopic blue-green algae. The scale line is
equivalent to 10 cm (© Paul A. Broady)

and sufficient light penetrates for growth to continue. At this depth moisture is
retained while it is rapidly lost at the surface. A third is close to the summits of
volcanoes where steam condenses on geothermal ground (see below).

11.2.1 Life Among Moss Plants

A wide range of organisms lives in air or water-filled tiny spaces among moss plants and
the underlying peat. On sunny summer days this moist, warm environment exhibits
considerable activity and the interactions of organisms can be described as a food web.

Details of life among mosses are best understood for maritime Antarctica (Davis
1981). Photosynthesis in mosses leads to the production of new organic material but
this living moss tissue is a very minor source of nutrition for consumers. The
organic component of the moss becomes available only after death and decompo-
sition. The other primary producers, algae, are abundant as microscopic cells
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Fig. 11.6 Protozoa are common in most aquatic and moist non-aquatic habitats. Three types are
commonly recognised: (a) Flagellates which swim by means of whip-like flagella; (b) Amoebae
which creep over substrate by pushing out pseudopodia (false feet); and (c) Ciliates which are the
most actively motile due to possession of often hundreds of whip-like cilia. Scale lines are
equivalent to: a, b, 1/100 mm; ¢ 1/50 mm (Adapted from Smith 1978)

attached to moss surfaces. Up to five million cells of algae occur below each square
centimetre of moss turf. These are the more important food source.

Small flagellate protozoa consume bacteria, and ciliates and amoebae eat bac-
teria and algae (Fig. 11.6). Rotifers and most species of tardigrades and nematodes
(Fig. 11.7) have mixed diets of algae and fragments of dead moss that are being
decomposed by bacteria, yeasts and filamentous fungi. Other nematodes are spe-
cialist feeders on either bacteria or fungi. The single species of collembolan and
most species of mite also have a mixed diet (Fig. 11.8). The collembolan is also
cannibalistic on carcasses of its own dead (Broady 1979).

There are a few predatory animals. One species of both tardigrade and nematode
preys on other individuals of these groups. A species of rapidly moving mite
captures collembola and mites and sucks the juices from their bodies. Several
species of fungi are predators of nematodes and trap them using either a sticky
glue or a ring of filaments that swells once a nematode has unwittingly entered
(Gray and Smith 1984). The fungus then grows into the body of the nematode to
digest it.
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Fig. 11.7 Invertebrate animals from aquatic and non-aquatic habitats. (a) A tardigrade showing
its eight short legs, each tipped with curved claws that allow the animal to pull itself through
vegetation such as mosses and filamentous algae. The feeding apparatus is used to pierce cells and
suck out the cell contents. (b) A thread-like nematode. This is a male specimen of a species found
among mosses in the South Orkney islands. (¢) Philodina gregaria is a rotifer that is known only
from Antarctica. It occurs throughout the region and is especially abundant in pools that are
enriched by seal and penguin excreta. It can attain an abundance in excess of 50 million individuals
per square metre. (d) This rotifer, Euchlanis sp., has a much more restricted distribution. It occurs
in lakes in the South Orkney Islands. Scale lines are all equivalent to 0.1 mm (a Adapted from
Dastych 1984; b Adapted from Maslen 1979; ¢, d Adapted from Dartnall and Hollowday 1985)

11.3 Lichens

Although many thousands of species of lichens have been described, each is in fact
a combination of two very different types of organism, namely fungi and algae.
When combined to form a lichen these species look very different to their appear-
ance when growing separately. Lichens can grow in much harsher environments
than their separate components growing individually.

The fungus (the mycobiont) is usually dominant and is associated with one or
two species of algae (the photobionts). Their close relationship benefits both
partners. The alga produces organic compounds by photosynthesis, providing a
food supply for the fungus. The fungus envelopes and protects the alga from intense
light and supplies it with water and mineral nutrients.

Most lichens grow in one of three ways (Fig. 11.9). Crustose lichens resemble
splashes of paint, usually over rock surfaces. Foliose lichens are more loosely
attached by hair-like outgrowths called rhizines that emerge from the under-
surfaces of sheets that resemble crumpled cloth. Fruticose lichens are small bushes
of branching hairs. Colours range from black and dull brown to the brightest of
orange, yellow and white.
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Fig. 11.8 Collembola (a, b) and mites (c—f) are small invertebrate animals found among moss and
algae and below stones resting on mineral soils. (a, b) Gomphocephalus hodgsoni occurs in
southern Victoria Land and on Ross Island. (¢, d) Nanorchestes antarcticus is a tiny red mite
that is widespread from maritime Antarctic islands to nunataks far inland on continental Antarc-
tica. Here it is viewed from below (c¢) and above (d). (e) Coccorhagidia keithi is a larger mite from
the continent. (f) Tydeus tilbrooki is found in maritime Antarctica (a, b Adapted from Carpenter
1921; ¢, d Adapted from Womersley and Strandtmann 1963; e, f Adapted from Strandtmann 1967)

About 420 species have been described from Antarctica with about 75 % of these
occurring in maritime regions (Lewis-Smith 2007c). Of the 90-100 species in
continental Antarctica, about 50 % are endemic, i.e. they occur only in that region
and nowhere else worldwide. Perhaps these lichens survived glaciations in the
limited areas that remained ice-free, such as on nunataks. Over long periods of
isolation in Antarctica they have evolved their unique characteristics which enable
them to occupy very challenging habitats.

In maritime Antarctica, at favourable coastal locations, lichens can thickly cover
several hectares of ground, with up to 2 kg of lichens occurring within each square
metre. They grow on rock, soil and moss, as well as on concrete and wood
structures. Even though they are not immediately apparent in the arid regions of
continental Antarctica, such as the McMurdo Dry Valleys, they may occur hidden
just below rock surfaces (see endolithic communities).

Lichens have been found in almost all areas where rock is exposed, although
their altitudinal limit is around 2,500 m and only 15 species are known beyond
85°S. The most southerly occurrence is at La Gorce Mountains (86°29’S) at about
1,800 m altitude, where three species occur as minute surface growths (Fig. 11.9e, f;
Broady and Weinstein 1998). The distribution of lichens is often patchy on the scale
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Fig. 11.9 Lichens in continental Antarctica. (a) Moss cushions thickly encrusted by diverse
lichens. (b) The fruticose lichen Usnea growing among large stones where it is sheltered from
the damaging effects of strong winds. (¢) Small specimens of the foliose lichen Umbilicaria
growing along a crevice penetrating a rock surface. The moisture supply would be slightly
enhanced in this microhabitat. Each division on the scale is 5 mm. (d) The crustose lichen Buellia
on a small boulder at Cape Geology, Granite Harbour, southern Victoria Land. This same boulder
was photographed by members of Scott’s northern party in 1911. Careful comparison of the
historical photograph with this recent image could detect no growth of these apparently healthy
lichens over a period of 90 years (Schroeter et al. 1993). Growth rates must be very slow. (e)
Mt. Roland in La Gorce Mountains is the site of the farthest south record of lichens (86°30'S).
(f) The foreground rock face supported the sparse growth of two crustose species (© Paul A. Broady)

of centimetres to metres as conditions that support growth can be very localised. For
example, freeze-thaw processes erode some rocks too rapidly for lichen colonisa-
tion and surfaces facing strong winds are abraded by wind-borne sand and ice
crystals. Lichens are also greatly restricted in the wettest habitats where luxuriant
growths of mosses dominate.
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The availability of mineral nutrients influences lichen growth. Large supplies of
nitrogen, in the form of ammonium, are associated with coastal and inland sea bird
colonies and with individual bird nests. This stimulates growth of crustose,
nitrophilous (nitrogen-loving) lichens such as vivid orange Caloplaca and
Xanthoria (Fig. 11.4d). At the other extreme are nitrophobous (nitrogen-avoiding)
crustose lichens such as Acarospora, which grow distant from these habitats.

Foliose species are mostly found close to the coast. In maritime Antarctica,
Umbilicaria grows to a diameter of 45 cm in sheltered habitats but reaches only 1—
2 cm in colder, more exposed positions. Exceptionally, some fruticose lichens grow
to a length of over 40 cm.

Usnea sphacelata is a black fruticose lichen that tolerates extreme conditions in
continental Antarctica. Its temperature may drop below —50 °C during winter on
bare windswept mountain ridges where an insulating cover of snow is unlikely. In
summer, water is supplied from moisture in clouds but clear days have intense solar
radiation and it is extremely dry. Dark pigments provide protection from damaging
ultra-violet radiation.

11.3.1 Photosynthesis and Growth

Lichens can photosynthesise when their temperature is well below 0 °C, even as
low as —17 °C in some continental species, although rates are very slow (Kappen
and Schroeter 2002). In temperatures above 5 °C and in full sun, lichens undergo
rapid drying and are subjected to intense radiation, both of which inhibit photosyn-
thesis. Most can survive losing 95 % or more of their water content and will rapidly
resume metabolic activity if remoistened. During the brief summer, lichens usually
spend a large proportion of their time dry and inactive (Fig. 11.10). Conditions that
allow growth occur for only 6-10 % of the year.

Even in the most favourable localities growth rates are very slow. In maritime
Antarctica crustose lichens enlarge from their outer edge at about 0.01 to 0.7 mm per
year (Hooker 1980). The few measurements made in continental Antarctica suggest
rates at the lower end of this range or less (Brabyn et al. 2005). Most larger lichens are
at least several centuries old and some have been estimated to be up to 5,000 years old.

11.4 Microbes in Soil

Most soils in Antarctica are lithosols (mineral soils) made of silt, sand and gravel
produced by weathering and glacial erosion of rocks. Generally any organic
material is very minor and most likely derived from microorganisms growing in
the soil. Organic material can also be introduced through the erosion of rocks which
harbour living organisms and by dried microbial mats being blown from stream
beds and shore lines of lakes and ponds (Hopkins et al. 2006). More bizarre sources
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Fig. 11.10 In early summer at Cape Geology, Granite Harbour, southern Victoria Land, solar
heating can warm lichens encrusting rocks to temperatures well above freezing despite air
temperatures remaining below freezing. However, photosynthesis occurs only when the lichens
are hydrated following melt of a recent snowfall and when they receive melt water from adjacent
snow banks (Adapted from Schroeter et al. 1997)

of organic material are the seals and penguins that become disorientated and
wander into ice-free areas, die and mummify. These carcasses act as additional
sources of nutrients.

Richly fertilised soils occur among nesting birds and on beaches where elephant
seals congregate. These contain considerably more organic matter than lithosols. As
both birds and seals feed at sea the result is a transfer of nutrients from the marine
ecosystem to soils when animals release their wastes or die on land.

Soils of dry environments in continental Antarctica are often saline (Campbell
2000). Salts can form surface crusts or occur as interior layers. At high-altitude
locations inland, nitrate salts are common because snowfall contains traces of
nitrate and this remains following evaporation. Close to the coast the salt sodium
chloride increases due to seawater droplets being blown inland. Also, salts originate
from earlier periods when land was inundated by the sea. Yet other salts are derived
from rock weathering.

In all these soils the abundance of life is usually determined by the availability of
water.

11.4.1 Microbial Life in Moist and Wet Soils

Some lithosols become saturated with melt water from snow banks and ice fields,
and wetlands occur along the edges of streams, ponds and lakes (Fig. 11.12). Wet
sites are less common with progression south and to higher altitudes. Mats and
crusts of cyanobacteria cover between a few square metres and several hectares of
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Fig. 11.11 Algae growing on soils that receive a good supply of melt water during summer. (a) A
distant view of boggy ground in front of the terminal ice walls of Joyce Glacier in Garwood Valley,
southern Victoria Land. Several hectares are covered by black growths of the blue-green alga
Nostoc. (b) Patterned ground at Cape Geology, southern Victoria Land. Colonies of Nostoc grow
in channels containing large stones that lie between the small patches of sandy soil. Melt water
percolates through the channels. (¢) A closer view of colonies of Nostoc. The scale is equivalent to
10 cm. (d) Chains of cells (filaments) of Nostoc viewed at 400x magnification. The filaments are
embedded in jelly-like mucilage that is secreted by the cells. The scale line is equivalent to 1/20th
mm. (e) A thin mat of the blue-green alga Phormidium (see Fig. 10.2) growing on moist penguin
guano at an Adélie penguin colony on Ross Island. (f) The sheet-like green alga Prasiola crispa
growing on penguin guano in melt water percolations (© Paul A. Broady)

wet ground and comprise usually filamentous species, of which Phormidium is
common (Fig. 11.11e), similar to mats in ponds and lakes. Jelly-like colonies of
Nostoc can cover swampy ground in front of glaciers (Fig. 11.11a—d). Living within
these mats are other algae including single-celled greens, yellow-greens and
diatoms.
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Where water supply is not persistent, algal crusts can still develop. In early
summer in the McMurdo Dry Valleys, small, valley-side snow banks moisten
underlying soil before they melt completely. Here, dark brown to black granular
crusts are dominated by a filamentous cyanobacterium called Microcoleus.

Far south at the La Gorce Mountains an unusual habitat is provided below a few
millimetres thickness of moist lithosol on the surface of glacier ice surrounding
nunataks (Fig. 11.12e, f; Broady and Weinstein 1998). If the lithosol is brushed
aside, brightly coloured patches of the green alga Desmococcus are revealed
growing over the underlying ice. During summer, solar heating of the dark soil
surface, to at least 7 °C, causes slight melting of the ice, and light reaches the alga
by being scattered back upwards after shining into adjacent ice with no soil cover.
These micro-environmental conditions support algal growth despite above-ground
summer air temperatures of around —14 °C.

Heavily fertilised soils in the vicinity of bird and seal colonies support luxuriant
sheet-like growths of the green alga Prasiola crispa, but only where melt water
percolates and if the soil is not too disturbed by animals (Fig. 11.11f). This alga is
evidently easily dispersed as it grows in coastal penguin colonies and also among
petrels nesting on nunataks far inland (Ryan et al. 1989).

11.4.2 Microbial Life in Dry Soils

In continental Antarctica, sparse populations of microscopic algae occur in dry
soils. How active these are is unknown. They may be dispersed from elsewhere by
wind and survive in an inactive state or perhaps grow during brief periods of
increased moisture following occasional snow fall.

Moisture is slightly enhanced in some situations. For instance, patterned ground
in the McMurdo Dry Valleys is made of furrows, about 30 cm deep, surrounding
polygonal-shaped areas of ground (Fig. 11.12a, b). Beneath the surface, soil is
cemented by permafrost. Following rare summer snowfall, snow persists in the
shelter of furrows longer than it does over polygon surfaces from where it soon
evaporates or blows away. Melting of snow in these furrows enhances moisture
resulting in a greater abundance of the single-celled yellow-green alga Botrydiopsis
(Broady 2005).

Despite only small populations of algae, the abundance of bacteria can be high
even in the driest soils. Up to 100 million cells have been found in each gram of soil
(Aislabie et al. 2008). There is gathering evidence that bacteria are diverse and
differ considerably among different soil types (Cary et al. 2010). There also appears
to be a high proportion of species that are unique to Antarctica while others are
global in their distribution. A surprisingly small proportion is capable of maximum
growth at temperatures below 15 °C (psychrophilic). Most can tolerate tempera-
tures from 4 to 8 °C but grow best above 15 °C. In this capacity they seem adapted
to the brief summer periods of warm micro-climates. For instance, in the Ross Sea
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Fig. 11.12 Algae growing in habitats of intermittent summer water supply. (a) Extensive areas in
the McMurdo Dry Valleys consist of patterned ground. Shallow furrows surround each polygonal
area. Infrequent snowfall results in snow accumulating in the furrows. Subsequent melt of this
supplies additional moisture for growth of microscopic algae. In Victoria Valley, the microalgae
are dominated by a single-celled yellow-green alga called Botrydiopsis (b); scale line is equivalent
to 1/100th mm. (c¢) La Gorce Peak is a nunatak on Edward VII Peninsula. Small colonies of green
algae (d) grow among stones on the rock exposures to the right of the camp site. (e) In the far south
La Gorce Mountains, nunataks are flanked by areas of thin moraine covering the glacial ice. Where
the moraine is sandy and only a few millimetres thick, patches of green algae can be revealed by
brushing the sand off the underlying ice. The green alga, Desmococcus, forms clusters of cells (f),
here viewed at 400x magnification, scale-line equivalent to 1/100th mm (© Paul A. Broady)
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region the average annual soil temperature ranges from —15 to —40 °C, but in
summer, when soil receives direct sunlight, surface temperatures can reach 20 °C.

Filamentous fungi and yeasts are also ubiquitous in dry valley soils (Connell
et al. 2006). Although filamentous fungi prefer soils with slightly elevated moisture
content, yeasts occur in even the driest soils. Little is understood about their
functions and it is even possible that some might be relics from the past when
climate was more conducive to reproduction.

11.4.3 Life on Geothermal Ground

On Antarctic volcanoes, where heat is supplied by geothermal activity, soil surfaces
can be warmed to temperatures well above those of the air (Fig. 11.13). Maximum
soil surface temperatures ranging from 40 to 100 °C have been recorded (Broady
1993). A favourable environment is also provided by a reliable moisture supply
from snow melt and condensation of steam. Unusual communities, unlike anything
else found in Antarctica, develop.

In total these sites cover no more than a few hectares. Several locations, all
below 550 m in altitude, occur in maritime Antarctica. Best known are those in the
South Sandwich Islands and on Deception Island, South Shetland Islands. In
continental Antarctica, sites are found at high altitudes of 2,250-3,750 m close to
the summits of three heavily glaciated volcanoes: Mount Melbourne and Mount
Rittmann in northern Victoria Land and Mount Erebus on Ross Island.

Geothermal soils have surface crusts and mats of algae, mosses and liverworts,
which include species known only from such sites in Antarctica. For instance, 18 of
the 36 species of mosses and liverworts known from the South Sandwich Islands are
restricted to geothermal soils. The single moss species on the summits of Mount
Erebus and Mount Melbourne is absent elsewhere in Antarctica but is well known
in Australasia and South America (Skotnicki et al. 2001). All these species must be
easily dispersed to Antarctica. For high altitude continental sites, dispersal is by
wind, while in maritime Antarctica migrating birds are likely to play a role.

Surface temperatures are greatest within steam vents and reduce rapidly only a
few centimetres from a vent. Soil temperatures also increase with depth. The
warmest soils at above 40 °C contain thermophilic (heat-loving) bacteria (including
cyanobacteria), archaea and fungi. Other algae, mosses and liverworts inhabit a
zone further from vents where temperatures are cooler. On Mount Melbourne, this
zone contains just one species of protozoan, a testate amoeba which is the sole
grazer of microbes.

On Mount Erebus, the powerful techniques of molecular genetics have been used
to reveal an unusual and diverse assemblage of bacteria and archaea (Soo
et al. 2009). This is very similar to assemblages found on other continents in
rocks deep beneath Earth’s surface, leading to the suggestion that the Mount Erebus
microbes might be derived from this deep-subsurface biosphere.
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Fig. 11.13 Life on geothermal ground close to the summit of two Antarctic volcanoes. (a) In the
foreground is an area of open ground warmed by volcanic heat close to the summit of Mount
Erebus, Ross Island. A small cloud of steam has just erupted from the summit crater. This area has
been designated as an Antarctic Specially Protected Area because of the scientific importance of
the site and the susceptibility of the microbial and moss community to disturbance and introduc-
tion of new organisms. (b) Geothermal ground on the edge of the ice-filled summit crater of Mount
Melbourne, northern Victoria Land. Steam vents surrounded by exposed ground are partially
covered by ice hummocks that are formed when steam emissions freeze. (¢) The moss Campylopus
pyriformis on geothermal soil on Mount Melbourne. This species also occurs on Mount Erebus but
only as an immature form called protonema. The scale line is equivalent to 1 cm. (d) A thin mat of
cyanobacteria on geothermal soil with a surface temperature of about 30 °C. The quadrat is 15 cm
wide. (e) A single-celled green alga from Mount Erebus geothermal soil at a surface temperature of
about 15 °C. (f) A thermophilic (heat-loving) blue-green alga, Mastigocladus laminosus, from
Mount Erebus geothermal soil with a surface temperature of about 45 °C. (e) and (f) The scale line
is equivalent to 1/100th mm (© Paul A. Broady)
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11.5 Microbes Associated with Rocks and Stones

11.5.1 Life Below Stones: Hypolithic Communities

Soil a few centimetres below the surface can be moistened by melting permafrost. If
light reaches this moist sub-surface soil, photosynthetic organisms can grow. This
combination of light and moisture occurs in the hypolithic (i.e. below a rock)
habitat when light striking the upper, exposed surfaces of translucent stones passes
through to underlying moist soil. Green and blue-green algae encrust the lower
surfaces of the stones and, rarely, mosses and lichens grow there too. This habitat
can be likened to a miniature greenhouse (Fig. 11.14a, b).

The Vestfold Hills is a region where the hypolithic habitat is widespread.
Translucent quartz stones are extensively scattered over the desert soils (Broady
1986). Each square metre of ground has an average of 10 stones which cover about
66 cm”. Algae live below these in dim light, typically about 1-3 % of the intensity
at the soil surface. In summer, this radiation is sufficient to produce temperatures
well above those of overlying air. For instance, at midday under a cloud-free sky
when air is at —5 °C, the under-surface of a stone can reach 10 °C.

In the lower-altitude valleys of the McMurdo Dry Valleys region, the hypolithic
environment hosts a wide range of organisms (Kahn et al. 2011). This community is
distinct from that of surrounding soil. It includes blue-green and green algae,
mosses, fungi, decomposer bacteria and archaea. Details of how all these organisms
interact remain unknown.

11.5.2 Life Within Rocks: Endolithic Communities

In continental Antarctica, the very dry environment greatly restricts the growth of
vegetation on rock surfaces. However, if the rock is translucent, then lichens and
algae are able to find a favourable habitat below the rock surface to a depth of a few
millimetres. These communities are termed endolithic (i.e. inside a rock; Nienow
and Friedmann 1993).

At Vestfold Hills and the McMurdo Dry Valleys, endoliths are the most exten-
sive form of vegetation. Suitable rock types include granites and sandstones, both of
which contain translucent crystals of quartz. Layers of differently coloured algae
and lichens are revealed when these rocks are broken open with a hammer. In
contrast, the dark, opaque, basaltic rocks of Ross Island completely lack endoliths.
On the Antarctic Peninsula, endoliths have been found within crusts of gypsum
(calcium sulphate) that form over boulder surfaces.

Endoliths are either chasmoendolithic or cryptoendolithic. Chasmoendoliths
inhabit narrow cracks which penetrate into rock from its weathered surface, as in
granites of the Vestfold Hills and lower-altitude regions of the McMurdo Dry
Valleys (Fig. 11.14c—f). Cryptoendoliths grow in minute spaces between individual
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Fig. 11.14 Algae associated with rocks and stones. (a) A typical dry desert landscape at the
Vestfold Hills. A thin scattering of white quartz stones can be seen resting on the soil surface. It is
below these that hypolithic microbial communities are found. (b) An overturned quartz stone with
a thick mat of blue-green algae attached to its under-surface. A wide diversity of other microbes
and possibly invertebrate animals will be associated with the mat. The scale line is equivalent to
10 cm. (c¢) A small quartz stone that has been broken open through a narrow crevice in order to
reveal chasmoendolithic blue-green algae. The scale line is equivalent to 1 cm. This community is
often dominated by Chroococcidiopsis (d). The scale line is equivalent to 1/100th mm. (e)
Hammering a granitic boulder at Cape Geology, southern Victoria Land, in order to dislodge
thin flakes of surface rock to reveal chasmoendolithic algae. (f) A chasmoendolithic crust
consisting of both green and blue-green algae. The scale line is 1 cm (© Paul A. Broady)

crystals of more porous rocks such as sandstone. Additionally, they are usually
sealed from the exterior by a thin crust that develops from fine dust blown into the
rock surface.
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Life in sandstones at high altitudes is dominated by cryptoendoliths. At 1,800 m
altitude on Battleship Promontory, in the McMurdo Dry Valleys, inhabited rocks
are next to those that lack life and at this boundary the limits for life on Earth are
reached. At these sites, a small change in climate could result in local extinction.
Such changes have occurred at sites where cryptoendoliths are now dead or
fossilised.

Cryptoendoliths occupy a very shaded environment. When rock is moist, a
maximum of 1 % of sunlight striking its surface can penetrate to the uppermost
microorganisms. This rapidly reduces to 0.1 % a few millimetres deeper, at the
bottom of the inhabited layer. When the rock is dry, sunlight intensities are a tenth
of these.

Cryptoendoliths have the least requirement for water of any Antarctic microbial
communities, but sufficient supply is still critical for their development. Often snow
sublimates directly into the dry atmosphere or is blown away, but if rock surface
temperatures exceed 0 °C, some melt will be absorbed into the rock. This is stored
in the minute spaces between rock crystals. In summer, rock surfaces warmed by
the midday sun can reach 15 °C when air temperatures are around —5 °C. Warming
of the rock also boosts the metabolism of the inhabitants, as long as they are
sufficiently hydrated to respond.

Another advantage for cryptoendoliths is that they are protected from abrasive
ice and dust particles blown by strong winds, and from the frequent freeze-thaw
cycles that can kill cells. Clouds shading the sun and cold wind gusts can rapidly
cool rock surfaces to freezing temperatures while some warmth is retained within
the rock and endoliths can be at temperatures above freezing.

Conditions suitable for growth persist for only short periods during summer
(Fig. 11.15). Even in the best positioned rock face, this totals only about 800 h each
year. Growth rates are slow. A period of 10,000 years is estimated to be required for
a community to replace itself through one cycle of death and re-growth.

In high altitude sandstones, different organisms occur where rocks are exposed
to different light intensities and moisture availability. Also, over a scale of a few
millimetres, different organisms occupy increasing depths below the rock surface.
Most extensive are lichens that inhabit a zone up to 10 mm deep directly below the
rock crust where light intensities are greatest. Below the lichen, in dimmer light, a
layer is dominated by a single-celled green alga called Hemichloris antarctica
which is known only from Antarctica. Cyanobacteria usually occur in the lower
part of this layer where light is reduced to the minimum that sustains photosynthe-
sis. Within rocks shaded by overhangs, lichens are absent and Hemichloris antarc-
tica dominates. Additionally, there are communities of different cyanobacteria.
Where snow melt is most frequent, Gloeocapsa dominates but is replaced by
Chroococcidiopsis in particularly cold, dry rocks.

Cryptoendolithic lichens and algae can be identified using a light microscope
and cultures grown in the laboratory. However, DNA analysis shows that there is
considerably more complexity to cryptoendolithic communities (de la Torre
et al. 2003). For instance, a community dominated by Chroococcidiopsis contained
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Fig. 11.15 At Linnaeus Terrace, altitude 1,650 m, McMurdo Dry Valleys, temperatures adequate
for growth of cryptoendolithic microbial communities occur for only short periods during summer.
The winter period of constant night persists from mid-April to early September. The graphs show:
light intensity at the rock surface, air temperature at about 70 cm above the rock and on rock
surfaces that were horizontal and sloped 30° from the vertical towards the north-east. The latter
receives more insolation than the horizontal surface. The fine lines in the bottom two graphs
indicate the limits of maximum and minimum daily temperatures. Thick lines are daily averages.
The total period over a year when temperatures and moisture availability allowed metabolic
activity was estimated to be about 32 days for the horizontal rock surface. This was spread over
about 135 days. Metabolic activity must start and stop many times during a year, being absent
when the organisms are frozen or dry or both (Adapted from Nienow and Friedmann 1993)

26 distinct types of bacteria including some new to science. The functions of these
are unknown.

Chasmoendolithic communities are found at lower altitudes in the McMurdo
Dry Valleys and in coastal continental regions such as the Vestfold Hills. At 600 m
altitude in the Taylor Valley, Chroococcidiopsis inhabits cracks in weathered
granite (Biidel et al. 2008). At night, dew forms from atmospheric water vapour
that condenses when rock surfaces become cooler than air. This water soaks into the
rock and stimulates communities that are more active than those at higher altitude.

At Cape Geology, a coastal ice-free area just north of the McMurdo Dry Valleys,
and at the Vestfold Hills, chasmoendolithic communities are often dominated by
two green multicellular algae (Broady 2005). These relatively complex forms are
not encountered at higher altitude sites. Prasiococcus calcarius thrives at high
salinity where strong winds blowing off the open sea or across saline lakes deposit
salt onto rock surfaces, while Desmococcus prefers less saline environments.
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11.6 Microbes in Snow and Ice

Microbes occur in all the massive volume of Antarctic snow and ice. They are at
low numbers and barely, if at all, metabolically active in the Antarctic ice sheet. In
contrast, their high abundance in melting snow banks adds to the colour of the
landscape in some coastal regions (Fig. 11.16).

11.6.1 Snow Algae

Although each individual is microscopic, snow algae grow to such abundance that
surface layers of snow turn pinkish-red, green, yellow or grey depending on the
species present (Fig. 11.16a, b).

Snow algae are psychrophiles (cold loving) as they are adapted for growth at
temperatures close to 0 °C in melt water occupying spaces between ice crystals.
Cell numbers can exceed 200,000 per millilitre. For growth to occur, snow must be
wet with melt water for a sufficient period of time during summer. Consequently,

Fig. 11.16 Microbes associated with snow and ice. Farthest south (77° 35'S) snow algae at (a)
Cape Royds and (b) Cape Crozier, Ross Island. Single-cell green algae (chlorophytes) are present
at sufficient abundance to colour the snow green. Growth is stimulated by melt water percolating
through the snow for periods during summer and by fertilisation from guano deposited by Adelie
penguins walking to and fro between nearby colonies and coastal waters. The scale is 10 cm. (¢)
Part of the Antarctic ice sheet in the vicinity of La Gorce Mountains. There is no melt of the snow
and ice over the majority of the ice sheet but a low abundance of bacteria, archaea and fungal
spores have been found from the surface down to more than 2 km depth (© Paul A. Broady)
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snow algae are more frequently encountered in maritime (Corte 1970) than conti-
nental Antarctica (Ling 1996) and mostly in coastal regions.

Cells are exposed to potentially damaging light intensities and ultra-violet
radiation. For protection they accumulate substances such as orange-red carotenoid
pigments that act as sunscreens. Usually these algae are seen near penguin colonies
where adjacent snow fields are fertilised by the birds. The furthest southern records
(76°34'S) on Ross Island are close to Adélie penguin colonies. However, in some
regions the most extensive snow algae are distant from fertilisation. At the Wind-
mill Islands (66°20'S, 110°30/E) grey snow covers an area of about 50 km?” and
develops in snow with few nutrients. The species found here are different from
those in fertilised snow.

11.6.2 The Continental Ice Sheet

Although usually regarded as lifeless, the continental ice sheet is by no means
devoid of microbes (Fig. 11.16c). Surface snow collected at an uncontaminated site
near the Amundsen-Scott South Pole Station contained bacteria at concentrations of
200-5,000 cells per millilitre of snow melt (Carpenter et al. 2000). In the labora-
tory, these bacteria are able to make protein and DNA at temperatures as low as
—17 °C. Analysis of DNA reveals several types of bacteria including those that
grow best at low temperatures and one which is very resistant to desiccation and
ionising radiation. Perhaps a similar abundance of bacteria can be found within the
entire ice sheet. Although numbers of cells per millilitre are low, their total mass in
the entire ice sheet could be considerable when its huge area is considered.

Slow accumulation of snow, at a rate of 2—10 cm per year, moves microorgan-
isms that were initially at the surface progressively deeper into the ice. Bacteria,
yeasts and filamentous fungi from deep within the Vostok ice core have all been
grown in cultures (Abyzov 1993). The greatest diversity of microbes is in the upper
600 m, the deepest of which are in ice that is about 39,000 years old. Fewer are
found with increasing depth but bacteria occur down to 2,400 m deep in ice about
200,000 years old. The search is on for 1 million year old ice. Perhaps microbes are
also held within that.

11.7 Life in Subglacial Wetlands

Lakes are not the only water found below continental ice. Melting occurs under the
entire extent of the ice sheet at the interface with rocks and sediments. Microor-
ganisms trapped in ice and transported down from the surface over hundreds of
thousands of years are thought to be released there. On the continental scale,
melting averages about 2 mm per year and water probably soaks into underlying
rocks and sediments, possibly to depths of hundreds of metres. It has been
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suggested that this could be Earth’s largest wetland (Priscu et al. 2008) and that it
might be an important habitat for microbial life. This has yet to be investigated.

11.8 Future Study of Terrestrial Ecosystems

Climate change is increasingly impacting the Antarctic terrestrial ecosystem. In
maritime Antarctica, temperatures continue to rise and this is causing longer
summers. Effects of this include changes to species distribution patterns and
reductions in the duration of ice cover on lakes, with consequences for lake
ecology. Warmer temperatures also increase the possibility of organisms invading
from more temperate regions and establishing populations. Continued monitoring
of these effects makes the terrestrial ecosystem a valuable and sensitive indicator of
global change.

At a more pragmatic level, benefits could flow from discoveries made about the
biochemical and genetic properties of indigenous Antarctic organisms (e.g. Heath
et al. 2009). Many have evolved to cope in a highly stressful environment which can
be on the margin of conditions that support life on Earth. Their genes undoubtedly
encode metabolic pathways that produce biochemicals enabling their survival and
growth. Bioprospecting is the search for these genes and their products and subse-
quent assessment of their potential for use in medicine, food technology, waste
treatment and a variety of other industrial applications. The impact of
bioprospecting on the natural environment is minimal as samples for laboratory
study require a few grams of material at most. For instance, a teaspoonful of
Antarctic soil is likely to contain many undescribed bacteria, some of which
could produce novel proteins or antibiotics of great potential (Chap. 22).

Conservation of the terrestrial ecosystem in a condition unperturbed by scientific
activity and tourism is essential if its natural values are to be maintained. With
around 50,000 people visiting Antarctica each year, the possibilities of physical
damage and the introduction of new organisms is higher than it has ever been. An
extensive network of protected areas is needed which encompasses examples of the
full diversity of habitats and their biota. Antarctic Specially Protected Areas require
permits for entry and provide an additional level of protection over that provided for
Antarctica in general. They have been increasing in number for about 40 years and
some protect examples of this diversity. However, many unique habitats remain
outside these areas. Before we can be confident that protection is adequate, we need
to complete an inventory of species from all groups of organisms and map their
distribution patterns at scales from local to regional. Additional protected areas can
then be chosen on the basis of this knowledge.

Human curiosity is stimulated by the unusual. As we have seen, there is much
that is outside our day-to-day experience in the organisms and their habitats in the
Antarctic terrestrial ecosystem. In this there are potential educational benefits. The
iconic animals of the Antarctic marine ecosystem have always inspired people’s
interest in the natural world. The more bizarre inhabitants of the terrestrial
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ecosystem have that potential too. We will need both expert biologists and well
informed citizens in a rapidly changing world where solutions to many challenges
will use biological knowledge.
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Chapter 12
Life Beyond the Ice

Marine Ecosystems in the Southern Ocean
José C. Xavier and Lloyd S. Peck

Abstract The Antarctic Circumpolar Current isolates Antarctic waters and their
living organisms from warmer waters to the north. Over the last 25-35 million
years, this isolation has led to specific environmental conditions, including a sharp
drop in water temperatures south of the Polar Frontal Zone and the formation of sea
ice during winter. Three key factors control productivity in the Southern Ocean
today. Firstly, the Southern Ocean contains about 1.8 times as much oxygen as
tropical seawater because more oxygen can dissolve in water at lower temperatures.
Secondly, upwelling currents bring nutrients from the seabed to feed microscopic
algae at the surface, and, lastly, the seasonal formation of sea ice has a profound
impact on marine life. In addition, there is a long period of low or no light in winter,
extreme physical disturbance from icebergs and a very high level of coastal
productivity. All these factors have been important in the evolution of the charac-
teristic Southern Ocean species and have resulted in a high degree of endemism,
particularly in certain groupings of Antarctic organisms such as crustaceans and
fish. The Southern Ocean represents 9.6 % of the world’s oceans and is a key part of
Earth’s system. As the climate changes and sea level rises, the behavior of deep-
ocean currents associated with the global thermohaline conveyor belt is altered and
marine organisms respond. Our knowledge of the Southern Ocean has increased
considerably in the last 20 years, but our understanding of adaptations, biological
cycles and responses to change is still poor and more research is needed.
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12.1 Primary Production

During the summer, between October and March, the 24-h daylight and availability
of nutrients result in periods when conditions are favourable for primary produc-
tion, which in turn leads to phytoplankton blooms (Fig. 12.1, Clarke et al. 2008).
This marked seasonal variability propagates through the food web, so organisms
that feed on these blooms, the pelagic consumers, must be able to make full use of
the short summer periods to breed and build up energy to survive the
low-production periods of winter. In contrast, various benthic species spawn in
early or mid-winter and have their developmental periods during winter, suggesting
that benthic species are not solely dependent on the main phytoplankton bloom and
that they are able to survive long periods with low concentrations of food.

The primary production consists of the synthesis and storage of organic matter
during the growth and reproduction of photosynthetic organisms. Almost all life on
Earth is directly or indirectly reliant on primary production. In marine ecosystems,
the main organisms responsible for primary production are algae. Within algal
cells, chlorophyll is an extremely important biomolecule, critical in photosynthesis,
which allows plants to obtain energy from light. Chlorophyll has been widely used
as an index of phytoplankton biomass for primary production estimates.

The oceanic part of the Southern Ocean is an example of a high-nutrient,
low-chlorophyll region, although in specific areas chlorophyll can be very high
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Fig. 12.1 Total chlorophyll a (a specific form of chlorophyll used in oxygenic photosynthesis) at
the Rothera Oceanographic and Biological Time-Series (RaTS) station, Ryder Bay (Antarctica) at
15 m depth, between 1997/1998 until 2005/2006 (Clarke et al. 2008). It shows strong intra- and
inter-annual variability of chlorophyll a. In 1997/1998 there was a single bloom with a well-
defined January peak, whereas in the 2000/2001 season the bloom was extended in time over the
entire summer from late November to late March with at least three separate peaks in total
chlorophyll. In the 2003/2004 season the bloom showed a steady deepening from late January to
late March (Reprinted from Clarke et al. 2008, with kind permission from Elsevier)
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(Holm-Hansen et al. 2004; Peck et al. 2010a). Some of the most intense phyto-
plankton blooms on Earth build up close to the outlets of glaciers from the Antarctic
continent. These glaciers supply key nutrients such as iron, which is required for the
synthesis of chlorophyll. In Marguerite Bay, on the Antarctic Peninsula, near-shore
productivity within 3—4 km of the coast is amongst the highest on Earth, with
chlorophyll levels over 20 mg m° reported regularly (Clarke et al. 2008).

A lack of micronutrients, especially iron, is the major factor limiting phyto-
plankton growth and community composition during the summer. Experiments
involving the addition of iron to the Southern Ocean resulted in dramatic increases
in phytoplankton activity (Kaiser et al. 2005). The phytoplankton blooms at the
beginning of summer are often dominated by large diatoms, as well as other species
including dinoflagellates, bacteria and tintinnids. Silico-flagellates are also impor-
tant. Over 100 diatom and 60 or so dinoflagellate species have been found in
Antarctic waters (Knox 2007). Only one species of silicoflagellates, Dictyota
speculum, is common in Antarctic waters and sometimes individuals outnumber
those of any of the diatom species.

With the loss of ice shelves and a retreat of coastal glaciers around the Antarctic
Peninsula in the last 50 years (Chaps. 5 and 25), new open water has been exposed,
allowing phytoplankton blooms in areas where they did not previously occur (Peck
et al. 2010b, Fig. 12.2).

Few observations have been made of phytoplankton biomass and primary
production in the Southern Ocean and values vary widely, with evident geograph-
ical variability (Clarke et al. 2008; Peck et al. 2009a). The overall estimate of
Southern Ocean phytoplankton production is 740—1,000 Tg C y~' (Teragram of
Carbon per year; 1 Tg C =1 million metric tons Carbon) (Knox 2007), which is
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Fig. 12.2 These satellite images of the Larsen B ice shelf show the ice-covered area in 2000 (left
panel), before its collapse, and chlorophyll a from the dense phytoplankton bloom that was present
there from December to March 2004/2005 (right panel) (Peck et al. 2010a). This is an example of
how an opening of new coastal areas can enhance biological productivity. Following the collapse
of the Larsen B ice shelf, a large amount of new production has built up in the area that was
previously covered by ice. The area of the ocean previously covered by the Larson B ice shelf and
now open is about 9,700 km?, and a bloom covers a significant portion of this area (Reprinted from
Peck et al. 2010a, b, with kind permission from Wiley)
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similar to the average values in temperate zones but higher than tropical ones per
square kilometre.

The annual growth and decay of 10-15 million km? of sea ice each year is the
most prominent physical process in Antarctica and has a profound impact on marine
life (Brierley and Thomas 2002). Only a very small percentage of sea ice lasts for
more than one season. Rates of primary production in the underlying water column
are often low because of shading by sea ice, but the sea ice itself forms a layer that
provides habitat for great quantities of bacteria, algae and grazers that, at times, can
be significantly higher than those in ice-free areas. Decay of sea ice in summer
plays a major role in biogeochemical cycling by releasing organic particles and
dissolved organic matter to the water column, which may lead to phytoplankton
blooms (Brierley and Thomas 2002).

The most conspicuous organisms in the sea ice are unicellular photosynthetic
microalgae called pennate diatoms. A biomass of diatoms up to 1,000 pg chloro-
phyll 17" has been recorded in sea ice, which is high compared with the 0-5 pg
chlorophyll 17" in surface waters in the Southern Ocean (Legendre et al. 1992;
Lizotte 2001). The primary production in Antarctic sea ice accounts for 63—70 Tg C
y !, which corresponds to 5 % of the total annual primary production in the sea-ice
influenced zone of the Southern Ocean (Kaiser et al. 2005). There are high levels of
primary production at the ice edge. This is partly due to the adaption of Southern
Ocean algae, which can photosynthesis at low levels of luminosity, between 0.1 and
0.01 % (Berkman 1992).

12.2 Zooplankton and the Key Role of Antarctic Krill

Within the zooplankton, Antarctic krill, Euphausia superba, (hereafter referred to
as krill) are usually the major link between primary production and vertebrate
predators in the Southern Ocean food webs (Box 12.1) (Everson 2000).

Box 12.1: Top Predators and Antarctic Krill

Within the top predators, whales, seals, penguins and albatrosses are amongst
those that consume high quantities of krill. For example, crabeater seals,
Lobodon carcinophaga, and minke whales, Balaenoptera acutorostrata, liv-
ing closer to the Antarctic continent, feed almost exclusively (>95 % by
mass) on krill (Armstrong and Siegfried 1991; Adam 2005). At Bird Island,
South Georgia, the mean percentage of krill consumed by mass by Macaroni
penguins Eudyptes chrysolophus between 1977 and 1995 was 89.8 %, with
years higher than 90 % (Croxall et al. 1999). The diet of black-browed
albatrosses Thalassarche chrysostoma, breeding on the same site, may con-
tain more than 60 % of krill by mass (Xavier et al. 2003). In the diet of

(continued)
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Box 12.1 (continued)

Antarctic fur seals Arctocephalus gazella from the Antarctic Peninsula, South
Shetland Islands, South Georgia and South Orkney Islands, krill has also been
the most frequent and numerous prey in various years (>50 %).

Krill have a 5- to 7-year life cycle and are most common near the
continent, between 75°S and 65°S approximately (Box 12.2). However, in
the Scotia Sea krill distribution extends further north than in any other region
of the Southern Ocean, with high densities occurring north of 53°S (Murphy
et al. 2007). Krill are omnivorous, and their prey includes phytoplankton and
copepod crustaceans (Everson 2000). Krill stocks in the Southern Ocean are
estimated to exceed 1.5 billion tones. At early stages in their life cycle, krill
may be eaten by carnivorous zooplankton, such as chaetognaths and amphi-
pod crustaceans, and older individuals form the primary food for numerous
species of predators (see Everson 2000). Juvenile krill require a constant
supply of food, but adult krill can survive extended periods of starvation, even
shrinking over winter periods. The distribution patterns of krill are closely
linked to sea-ice conditions.

Sea ice is an important nursery habitat for krill because they graze sea-ice algae,
protected from surface predators by the overlying ice (Brierley and Thomas 2002).
In years following prolonged sea-ice cover, krill numbers are significantly higher,
and in some regions krill abundance can be predicted on the basis of cyclical
variations in sea-ice extent (Atkinson et al. 2004). When krill numbers are lower,
due to reduced sea ice, salps, Salpa thompsoni, are able to exploit the spring
phytoplankton bloom and undergo massive population growth, resulting in a
negative relationship between salp numbers and sea-ice extent (Atkinson
et al. 2004). As salps are far less nutritious to predators, it is likely that populations
of species that depend on krill, such as Antarctic fur seals, may be affected when the
extent of sea ice is low and salp numbers are high.

Box 12.2: Antarctic Krill Stages (Fig. 12.3)

The eggs hatch as a nauplius larva which then moults into a metanauplius.
The next two larval stages, termed second nauplius and metanauplius, still do
not eat but are nourished by the remaining yolk. Growing larger, additional
larval stages follow (i.e. second and third calyptopis, first to sixth furcilia).
They are characterised by increasing development of the additional legs, the
compound eyes and the setae (bristles). As juvenile krill, they resemble the
adults. Krill reach maturity after 2-3 years. Like all crustaceans, krill must
moult in order to grow.

(continued)
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Box 12.2 (continued)
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Fig. 12.3 The Antarctic krill life stages, from egg to adult krill (With kind permission from
Bruno Boto/MARE)

12.3 Cephalopods

Cephalopods play an important role in Southern Ocean ecology. They feed on fish
and crustaceans and themselves are eaten by higher predators such as seabirds, seals
and whales (Xavier and Cherel 2009; Xavier et al. 2011). There are approximately
70 species of Southern Ocean cephalopod and many are endemic. Loliginid squid,
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Fig. 12.4 The Antarctic squid, Galiteuthis glacialis (José Xavier, MARE/BAS). From the left,
close to the fins, it is possible to see the caecum/gonads (yellow), stomach (darker, close to the
caecum/gonads) and digestive gland/liver/ink sac (dark and fusiform) in the middle of the body.
The Antarctic squid is a moderately large cranchiid squid, with a circumpolar Antarctic distribu-
tion and is considered one of the most abundant squid species in Antarctic waters. It is consumed
by a wide range of predators, including wandering, black-browed and grey-headed albatrosses,
Antarctic fur seals, Patagonian toothfish, sleeper sharks, sperm whales, gentoo, emperor and king
penguins (Reprinted from Xavier and Cherel 2009, with kind permission from José C. Xavier,
MARE/BAS)

sepiids and sepiolids, that are important for fisheries elsewhere in the world, are
absent from the Southern Ocean, and all the squid are oceanic pelagic species
(Fig. 12.4), including the colossal squid, Mesonychoteuthis hamiltoni (Box 12.3).
The octopodids species are very diverse and dominate the coastal cephalopod
fauna.

Box 12.3: The Colossal Squid Mesonychoteuthis hamiltoni

This Antarctic squid species is the largest squid on Earth and is estimated to
be bigger than 14 m in length, overtaking the giant squid Architeuthis
sp. Moreover, M. hamiltoni is also thought to have the largest animal eye in
our planet, at more than 28 cm long (from a specimen 8 m long and 450 kg).
This squid species is thought to descend at least to 2,000 m depth and is
known to occur in the diets of a wide range of Antarctic predators, including
sperm whales Physeter macrocephalus, wandering albatrosses Diomedea
exulans, Patagonian toothfish Dissostichus eleginoides, sleeper sharks
Somniosus spp. and Southern elephant seals Mirounga leonina. For example,
M. hamiltoni can make up to 77 % by mass of the prey ingested by sperm
whales in Antarctic waters and 52 % in the diet of sleeper sharks. Both of
these predators ingested adult specimens. Other predators, such as wandering
albatrosses (<1 % by mass), Patagonian toothfish (<1 %) and Southern
elephant seals (<1 %), feed mostly on sub-adults and juveniles.
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Southern Ocean cephalopods appear to be semelparous, but growth rates are
probably lower and longevity greater than in their temperate counterparts (Collins
and Rodhouse 2006). Reproduction may be seasonal in the squid but not for
octopodids, which have big eggs. The extended development times at low temper-
atures, particularly in species with large eggs, make it difficult to coordinate the
timing of spawning with the brief summer season and many species of octopod
appear to have extended spawning seasons or even spawn throughout the year.
Antarctic squid feed mostly on pelagic prey (e.g. lanternfish, krill and other
crustaceans) while octopods feed on benthic prey. The estimated consumption of
cephalopods annually by predators is more than 30 million tons. To date Southern
Ocean cephalopods have not been commercially exploited, but there is potential for
the harvesting of muscular species of the family Ommastrephidae such as the
seven-star flying squid Martialia hyadesi (Xavier et al. 2007).

12.4 Fish

Fish in the Southern Ocean play an important role in the transfer of energy from
primary producers to higher predators (Kock 1992), although the diversity of fish
species is low (Clarke and Johnston 2003). After krill, fish are the most important
food for higher predators. The energy-rich pelagic lanternfish found in open waters
and the Antarctic silver fish, Pleuragramma antarcticum, found in the high Ant-
arctic zone are most significant.

Of approximately 200 fish species in the Southern Ocean, those living above the
continental shelf show a high degree of endemism (more than 85 % are endemic).
Antarctic fish families are absent in waters less than 200 m deep (Rodhouse and
White 1995). Fish families that occur deeper than 200 m are descended from
species that live in water deeper than 1,000 m, and from species that live on or
close to the bottom. They are mostly members of the families Nototheniidae,
Channichthyidae and Myctophidae. These species have become secondarily
adapted to permanent or temporary mid-water life (Eastman 1993; Rodhouse and
White 1995).

Most deep-water adult fish, including the Patagonian toothfish, Dissostichus
eleginoides, live on the bottom and lack swim bladders, but some species have
also evolved to occupy mid-waters, especially for feeding (Eastman 1993). For
example, some deep-water mesopelagic fish, such as the Antarctic silver fish,
Pleuragramma antarcticum, and the lanternfish, Electrona antarctica, may migrate
to shallow depths beneath sea ice to feed on the high concentrations of shallow
zooplankton there (Brierley and Thomas 2002).

The Antarctic silver fish occupies a critical role in the food web close to the
continent. This species comprises more than 90 % of the biomass of mid-water fish
and is one of several species that produce antifreeze proteins as an adaptation
against the extreme cold of Antarctic waters (Chap. 14). In times and locations
where ice krill, Euphausia crystallorophias, are absent, or in greatly reduced
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numbers, P. antarcticum may provide the major link between primary production
and vertebrate predators. In areas of reduced sea ice, other fish species are impor-
tant. For example, in the northern Scotia Sea, energy-rich lanternfish (15 species in
5 genera) that live in the water column dominate the fish fauna, with species such as
the Antarctic deep sea smelt, Bathylagus antarcticus, and Antarctic snaggletooth,
Borostomias antarcticus, abundant in deeper waters (Collins et al. 2008).
Antarctic fish in general can feed on a wide range of prey, including copepods,
krill, other crustaceans, cephalopods and fish (e.g. Shreeve et al. 2009). Squid and
fish interact, probably consuming each other at various stages of their lives, and
both are major components of the diets of marine mammals and other top predators.

12.5 Top Predators

The enhanced production of the Southern Ocean supports some of the largest and
most diverse concentrations of seabirds and marine mammals anywhere on Earth
(Everson 1977). The top predators of the Antarctic ecosystem include penguins,
seals, whales and albatrosses, and certain species of fish and squid (Fig. 12.5).
Typical top marine predators that mostly live close to, or on the continent, include
the emperor penguins, Aptenodytes forsteri, Adélie penguins, Pygoscelis adeliae,
Antarctic petrels, Thalassoica antarctica and Weddell seals, Leptonychotes
weddellii, (e.g. Ducklow et al. 2007). These predators feed typically on a range of
endemic cephalopods (e.g. Psychroteuthis glacialis, Galiteuthis glacialis), crusta-
ceans (e.g. krill) and Antarctic fish (e.g. P. antarcticum, Electrona antarctica) that
forage close to the sea ice (e.g. Cherel 2008; Plotz et al. 2008). Leopard seals,
Hydrurga leptonyx, are considered a top predator, feeding on penguins, fur and
elephant seals. Killer whales, Orcinus orca, are also top predators in this region,
feeding on minke whales, Balaenoptera bonaerensis, penguins, fish, squid and
seals, including leopard seals (Visser et al. 2008).

In relatively open, ice-free waters of the northern Southern Ocean, other top
predators are common, including albatrosses (e.g. wandering albatrosses,
Diomedea exulans), king, Aptenodytes patagonicus, and macaroni, Eudyptes
chrysolophus, penguins and Antarctic fur seals, Arctocephalus gazella. Their
diets comprise typical Antarctic prey, such as krill and fish (e.g. lanternfish
Gymnoscopelus spp., Protomyctophum spp., mackerel icefish Champsocephalus
gunnari) but they also contain subantarctic and subtropical prey
(e.g. ommastrephid squid Martialia hyadesi, histioteuthid squid Histioteuthis
eltaninae and the pelagic octopodid Haliphron atlanticus) depending on the forag-
ing range of each predator (e.g. Williams 1995; Xavier et al. 2004; Staniland and
Robinson 2008).

Whales occur in both ice-covered and ice-free areas of the Southern Ocean and
none is exclusive to the region. Among baleen whales the most frequently recorded
are blue, Balaenoptera musculus intermedia, fin, Balaenoptera physalus, sei,
Balaenoptera borealis, minke, Balaenoptera bonaerensis, humpack, Megaptera



238 J.C. Xavier and L.S. Peck

e

it

Fig. 12.5 Examples of marine predators in the Southern Ocean: (a) macaroni penguins, which are
the most numerous penguins in the world (~18 million individuals, population trend declining,
conservation status vulnerable); (b) black-browed albatrosses (~1.2 million individuals, popula-
tion trend declining, conservation status endangered); (c¢) leopard seal (~250,000 individuals,
population trend stable, conservation status least concern); and (d) southern elephant seal
(~740,000 individuals, population trend stable, conservation status less concern) (With kind
permission from José C. Xavier, MARE/BAS)

novaeangliae and southern right, Eubalaena australis, whales (Shirihai 2008).
Baleen whales breed in tropical and subtropical areas, but generally migrate to
Antarctic waters in the summer to take advantage of the abundant krill, and to
establish sufficient food reserves to sustain them for the rest of the year. Some
species such as fin, blue and humpback whales feed mostly, and more intensively,
in the Southern Ocean for about one-third of the year, during the summer, and at a
reduced rate, and sometimes taking no food for extended periods, for the rest of the
year (Knox 2007).

Each whale species tends to arrive at different times of the year. Within toothed
whales, southern bottlenose whales, Hyperoodon planifrons, and killer whales,
Orcinus orca, are most abundant in the southernmost ice-edge waters, whereas
sperm whales, Physeter macrocephalus, occur mostly south of 60°S (Kasamatsu
and Joyce 1995), but their populations are still poorly known. Sperm whales eat
squid and fish (Table 12.1).
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Table 12.1 Distribution of some of the most well-known species of the Antarctic marine
ecosystem

Common Bathymetric
name Species name Distribution range (m)

Crustacea Antarctic Euphausia Circumpolar 0-3500
krill superba

Crustacea Giant Glyptonotus Pacific and Atlantic sectors 0-585
isopod antarcticus

Cephalopoda | Antarctic Galiteuthis Circumpolar 0-5188
cranchiid glacialis
squid

Cephalopoda | Antarctic Kondakovia Circumpolar 0-890
hooked longimana
squid

Fish Antarctic Dissostichus Circumpolar 88>2000
toothfish mawsoni

Fish Antarctic Pleurogramma | Circumpolar 0-700
silverfish antarcticum

Penguin Emperor Aptenodytes Circumpolar 0>500
penguin forsteri

Penguin Macaroni Eudyptes Atlantic (includes Antarctic 0-163
penguin chrysolophus peninsula) and Indian sectors

Albatross Grey- Thalassarche Circumpolar 0-6.5
headed chrysostoma
albatross

Seal Antarctic Arctocephalus | Between 60° W and 155° E 0-354
fur seal gazella (mostly in Atlantic and Indian

sectors)

Whale Killer Orcinus orca Circumpolar 0>240

whale

12.6 Benthic Food Web

The benthic zone is usually regarded as rich and diverse in contrast to the pelagic
system which appears relatively simple but productive (Clarke and Johnston 2003;
Barnes and Griffiths 2008; Knox 2007). Over 4,100 benthic species live in the
Southern Ocean and the benthic fauna is characterised by gigantism, slow metab-
olism, longevity and a reduced number of offspring combined with late maturation
(Brandt 2005).

Although the Antarctic Polar Front limits the distribution of many pelagic
species, this surface-ocean feature is no barrier to the Antarctic benthic fauna.
Indeed, the northward movement of deep water formed in the Weddell Sea
(Chap. 7) makes close faunal connections between the Southern Ocean and other
ocean basins more likely (Brandt et al. 2007). The Antarctic marine environment
has more than 8 % of the world’s species in many major groups, including sea
spiders (pycnogonids), marine worms (polychaetes), moss animals (bryozoans), sea
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Fig. 12.6 Proportion of total number of global species present in the Southern Ocean for several
major animal groups. Pycnogonids have the highest percentage of their members living in the
Southern Ocean, the gastropods have the least. Antarctica has around 2.6 % of the world’s
coastline (although >50 % of this is ice bound) and about 8 % of the world’s continental shelf.
Surprisingly, Antarctica has less than 8 % of the world’s species in many major groups, such as
pycnogonids and polychaetes. Horizontal lines: proportions of global coastline and shelf area for
the Southern Ocean in relation to the world’s continental shelf and world’s coastline, e.g. the
Antarctic continental shelf area only represents approximately 8 % of the world’s continental shelf
area (Reprinted from Barnes and Peck 2008, with kind permission from Inter-Research Science
Center)

cucumbers (holothurians) and isopod crustaceans, with marine worms and amphi-
pod crustaceans containing the most species (Clarke and Johnston 2003; Brandt
2005). Locally, the variety of species is very high compared to the Arctic and to
most temperate and even tropical localities apart from coral reefs (Fig. 12.6, Barnes
and Peck 2008). For example, 90 % of Antarctic sea spiders and 80 % of amphipod
crustacean species are endemic (Arntz et al. 1997).

On the other hand, the low diversity of sea snails (gastropods), bivalves
(e.g. clams, oysters, scallops and mussels) and decapod crustaceans in the Southern
Ocean is striking in comparison with the richness of both groups in some tropical
regions (Clarke and Johnston 2003). In tropical reef systems, sea snail and bivalve
diversity is very high, and many of their species live in very shallow or intertidal
habitats, whereas in Antarctica the ice that covers the vast majority of the coastlines
prevents the presence of such species. Some decapod crustacean groups (lobsters
and crabs, except spider crabs but not shrimps and prawns) are absent from
Antarctica. These groups have high levels of magnesium in their blood. Magnesium
is a narcotic which has a more powerful effect as temperature decreases. It is
believed that this is the factor precluding these groups colonising the coldest of
Earth’s environments.
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Antarctic benthos shows significant differences compared with benthos else-
where. For example, growth and development are an order of magnitude slower
compared to that in temperate and tropical areas (Peck et al. 2007). This may be
partly due to very slow protein synthesis and relatively fast protein degradation seen
in Antarctic marine species. There has been a debate over the last four to five
decades about whether slow growth is the result of the low temperature per se, or
due to seasonal restriction of resources. There is good evidence that temperature
plays a major role in slowing development of marine species (Hoegh-Guldberg and
Pearse 1995; Peck et al. 2007) but the relative importance of both factors in limiting
growth of juveniles and adults remains a topic of debate. As well as growing slowly,
Antarctic benthos can reach a great age compared to similar species elsewhere.
Some sponges and starfish may grow for 100 years or more, bivalves and sea
urchins may live half a century (Peck and Bullough 1993, Table 12.2). This great
age may be a result of the generally lowered metabolic rates of cold-blooded
species living at low temperatures, and a concomitant reduction in the build-up of
deleterious products and cellular damage (Abele and Puntarulo 2004).

Table 12.2 Growth and reproduction of Antarctic taxa

Maximum
Common name Species Growth known age
Brachiopoda | Antarctic articulate | Liothyrella uva | 0.96-2.3 mm year ' | >50 years
brachiopod
Bryozoa Antarctic bryozoan | Cellaria incula 8 mm branch length >14 years
year’1
Crustacea Antarctic krill Euphausia 1-8.5 mm total length | 6-7 years
superba at age 0
Asteroidea Antarctic red Odontaster 30 g in 9 years >9 years
starfish validus
Cephalopoda | Antarctic Pareledone ~0.1 % body weight
octopodid charcoti day™!
Cephalopoda | Seven star flying Martialia 1.10-1.46 mm mantle | 1-2 years
squid hyadesi length day ™"
Cephalopoda | Great hooked squid | Moroteuthis 1.13-2.11 mm mantle | ~1 year
ingens length day
Cephalopoda | Glacial squid Psychroteuthis 2-3 years
glacialis
Fish Antarctic toothfish | Dissostichus 1 m total length at >48 years
mawsoni 8 years
Fish Antarctic silverfish | Pleurogramma ~20 years
antarcticum
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Fig. 12.7 Typical benthic species endemic of the Antarctic ecosystem: On the right, the
valviferan isopod Antarcturus spp. standing proud on a strand of Desmarestia at a depth of 4 m
(Simon Brockington, BAS); on the /eft, giant sea spider in shallow water off Rothera Research
Station (Western Antarctic Peninsula). Antarctic sea spiders can grow up to 500 mm across and
have up to 12 legs (Terry Souster, BAS, with kind permission from BAS)

12.6.1 The Continental Shelf

The continental shelf around Antarctica includes some of the least known regions of
our planet (Barnes and Peck 2008). The average depth of water is over 450 m,
which is much greater than the 100-220 m depth typical of continental shelves
elsewhere in the world (Clarke and Johnston 2003). The Antarctic continental shelf
also provides some of the most stable temperatures and oceanographically stable
environments because there is minimal disruption by warm northern currents.
However, the shelf also has seasonally intense conditions for benthic life due
particularly to the formation of sea ice (Fig. 12.7a, b; Barnes and Peck 2008). At
depths shallower than 250 m the seafloor is frequently gouged and destroyed by the
bases of large icebergs as they move across the ocean, affecting the benthic
biodiversity in these areas (Arntz et al. 1997).

Despite these conditions, the Antarctic continental shelf has abundant and rich
benthic life, with high biodiversity of sea worms, molluscs and echinoderms, such
as starfish and sea urchins (Clarke and Johnston 2003; Brandt 2005).

The cold and vertically well-mixed water on the Antarctic shelf has very high
levels of oxygen, allowing some marine organisms, notably some amphipod crus-
taceans, isopod crustaceans and sea spiders, to become relative giants (Chapelle and
Peck 1999). The macro- and megafauna is dominated by sessile suspension feeders
(Arntz et al. 1997), and even some of the predators, such as sea spiders, sea urchins
(echinoderms), or sea slugs (nudibranch molluscs), have been observed as moving
little more than a meter in a week (Barnes and Peck 2008).

Availability of food is seasonal and is more easily available during the summer.
Phytoplankton, ice algae and benthic microalgae that produce energy from sunlight
are most productive then. Food provided by small marine items such as algae,
detritus, fecal pellets and plankton is consumed by suspension feeders
(e.g. sponges, jellyfish, marine worms and sea cucumbers, holothurians). Much of
this material is also consumed by deposit feeders (e.g. sea urchins, sea cucumbers,
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Table 12.3 Diet of some species of zooplankton, squid, fish and top predators in the Antarctic
marine ecosystem

Common Predator
name species Main components
Crustacea | Antarctic Euphausia Diatoms and copepods
krill superba
Crustacea | Giant Glyptonotus Ophiuroids
isopod antarcticus
Squid Great Moroteuthis Fish (mostly myctophids)
hooked ingens
squid
Fish Patagonian | Dissostichus Fish and crustaceans
toothfish eleginoides
Penguin | Emperor Aptenodytes Fish (mostly nototheniid Pleuragramma
penguin forsteri antarcticum)
Albatross | Wandering | Diomedea Squid and fish
albatross exulans
Seal Crabeater Lobodon Krill
seal carcinophagus
Whale Killer Orcinus orca Minke whales, seals (mainly Weddell and crabeater
whale seals), penguins, fish (particularly Antarctic
toothfish)

starfish and sea worms). Numerous benthic invertebrates are herbivorous (e.g. some
amphipod crustaceans and sea snails species), or scavengers (e.g. starfishes, sea
urchins and sea worms; examples in Table 12.3). Others are omnivorous (e.g. some
sea snails) and opportunistic (e.g. the isopod crustacean Glyptonotus antarctica).
Compared to any other shelf environment, there are very few crushing predators
around Antarctica (Aronson et al. 2007).

12.6.2 The Deep Sea

The composition, biodiversity and zoogeography of the Southern Ocean deep-sea
animals is poorly known in comparison with shelf areas (Brandt 2005). Despite
latitudinal gradients in species diversity being hotly debated in the literature
(e.g. Gray 2001), the basis for these data is still quite weak, as vast areas of the
deep sea, especially of the Southern Hemisphere, remain unexplored.

Based on available data, there is a rich variety of benthic species in the Antarctic
deep sea (e.g. foramifera, roundworms (nematodes), seed shrimps (ostracod crus-
taceans), sea worms), with most diversity occurring at about 3,000 m depth. In
general the number of individuals decreases with depth, but the number of species
increases (Brandt 2005; Gutzmann et al. 2004). Bathymetric and biogeographic
trends vary between groups of organisms, such as sea worms (polychaetes) and
isopod crustaceans. Deep-sea fauna with good dispersal capabilities, such as fora-
minifera, tend to have strong links to other oceans (Brandt et al. 2007).
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There is significant variation in the diversity of large marine invertebrate and fish
species on the Lord Howe Rise and Norfolk Ridge, and in the Southern Ocean to the
south of the Tasman and Southern Coral Seas (Williams et al. 2011). This was
thought to result from hydrography, topography and the type of seabed. Most deep-
sea studies lack the resolution to identify spatial patterns, but this is becoming an
important topic as more studies find differences in biodiversity patterns between sites.

12.7 Pelagic Food Web

In contrast to the tremendous diversity of benthic organisms, only a limited range of
fish inhabits the water column, producing a relatively simple but productive pelagic
system. Microscopic algae, particularly large diatoms, are involved in nitrate-based
production (Box 12.4). This provides food for krill, the key Southern Ocean
species, which in turn are eaten by fish, squid, whales, seals and birds (Fig. 12.8).

Antarctic Food Web
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Fig. 12.8 The Antarctic marine food web. It emphasises the key role of Antarctic krill, Euphausia
superba, which is the major link between primary production and vertebrate predators in the
Southern Ocean food web. The copepod Calanus propinquus is one of the dominant copepod
species in the zooplankton of the Southern Ocean. Amphipods are common and abundant
members of the benthic scavenging community and a very biodiverse group in the Southern
Ocean (With kind permission from BAS)
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Box 12.4: Nitrate-Based Production

Phytoplankton photosynthesis and growth take place in the euphotic zone
when nutrients from deeper waters are used. This primary production, based
upon external inputs, is termed new production. An example is the use of
nitrate by algae from the deep reservoir (huge pool of nitrogen whose
availability to primary producers in the euphotic zone is controlled largely
by physical processes like water mixing), in the euphotic zone.

However, in many regions across the Southern Ocean there are alternative
pathways as other key species such as ice krill, Euphausia crystallorophias, and
copepods dominate the food web at different times (Murphy et al. 2007; Ducklow
et al. 2007). For example, in certain years the food web (phytoplankton, lantern fish,
king penguins and seals) may occur when krill is low in abundance (Murphy
et al. 2007, Fig. 12.9).

a b
Seals Penguins Other predators Seals Penguins Other predators
Igefish
Myctophids Myctophids
Krill Amphipods Krill Amphipods
‘ Copepods Copepods
Phytoplankton Phytoplankton

Fig. 12.9 Schematic illustration of alternative pathways in part of the Scotia Sea food web,
showing shifts between: (a) years when krill are abundant across the Scotia Sea, krill consumes the
majority of the phytoplankton available and is predated by a wide range of predators such as seals
and penguins and (b) years when krill are scarce, phytoplankton is mainly consumed by copepods
that are predated by amphipods and myctophid (also known as lanternfish) that compose the diet of
the top predators. Major pathways shown as black arrows (Reprinted from Murphy et al. 2007,
with kind permission from the Royal Society)
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12.8 Effects on Antarctic Marine Ecosystems

12.8.1 Climate Change

The Southern Ocean is of special significance to climate change because of the
variety of water masses produced there and the effect these water masses have on
the global ocean and global heat balance (Chap. 7). If climate change is sustained, it
is likely to produce long-term and perhaps irreversible changes in the large-scale
physical environment of the Southern Ocean (Anisimov et al. 2007). These changes
will also alter the nature and amount of life in the ocean and on surrounding islands,
shores and ice (Barnes and Peck 2008).

During the last 50 years, air temperatures have risen by 2-3 °C, sea ice has
declined and ocean temperatures have increased by 1 °C to the west of the Antarctic
Peninsula and in the Scotia Sea (Meredith and King 2005). In near-shore waters this
has lead to a dramatic increase in the area of open ocean available for productivity
due to the loss of coastal glaciers and ice sheets. Antarctic marine species are
generally amongst the least capable of responding to environmental change. There
are three main reasons (Peck 2005):

 the range over which they can live or disperse is restricted;

« they have evolved to live in a very specific environment and are unable to cope
with a wide range of environmental constraints; and

« they have long life histories and consequently slow rates of adaptation.

12.8.2 Benthic Species

Benthic species have been shown to be particularly sensitive to warming (Peck
et al. 2009a, b; Fig. 12.10). Scallops are unable to perform essential activities, such
as swimming, with less than a 2 °C warming above current average summer
maximum temperatures, and the most sensitive species, the brittle star Ophionotus
victoriae, is incapable of surviving 1 month at a temperature less than 0.5 °C above
experienced summer maxima (Peck et al. 2009b). The ability of species to survive
warming environments is probably set by their aerobic scopes, their abilities to
supply tissues with oxygen (Portner et al. 2007).

Experimental evidence suggests the shallow mega- and macrobenthos are also
very sensitive to temperature change (stenothermal). Being warmed to about 5 °C
kills most species tested to date over periods greater than 1 month, but even smaller
experimental rises (just 2 or 3 °C above normal) drastically hinder their ability to
perform critical functions, such as avoid predators (Barnes and Peck 2008). For
example, the critical physiological limit for the large bivalve mollusc Laternula
elliptica is around 5-6 °C, when no individuals of this species are able to rebury
after removal from sediment, and 50 % of the population fail at temperatures of
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Fig. 12.10 Development rate (triangles) and embryo viability (circles) for sea urchin Sterechinus
neumayeri, from a population from Signy Island (Antarctic Peninsula), over a range of tempera-
tures from —2 to 2.5 °C (with development rate shown as the natural logarithm of the inverse of the
time between fertilisation and hatching of 50 % of the embryos). This figure shows an optimum
window between 0.2 and 1.7 °C where development rate is maximum and embryo viability
optimum, with temperatures higher than 1.7 °C causing a significant increase of the number of
non-viable embryos (Reprinted from Peck 2002, with kind permission from Springer)

2-3 °C (Peck 2005). Another example is the scallop Adamussium colbecki which
lose their capacity to swim between 1 and 2 °C and die at 5-6 °C (Barnes and Peck
2008).

12.8.3 Pelagic Species

Changes to key pelagic species have also been notable, with over 50 % of the krill
stock lost in the Scotia Sea region (Atkinson et al. 2004). This appears to be
associated with changes in sea ice in the southern Scotia Sea and around the
Antarctic Peninsula. Future reductions in sea ice in this region are likely to lead
to further changes in distribution and abundance of krill across the whole area. This
will impact food webs, where krill are currently key prey items for many predator
species and where the additional pressure of krill fishing occurs (Chap. 20, Reid and
Croxall 2001). For example, reductions in krill abundance may have negative
effects on species of fish, as the fish then become a greater target for predators
(Anisimov et al. 2007).

For species other than krill the uncertainty in climate predictions leads to
uncertainty in determining the impacts of climate change, but increases in temper-
atures and reductions in winter sea ice would undoubtedly affect the reproduction,
growth and development of numerous species, leading to further reductions in
population sizes and changes in distributions. For example, species inhabiting the
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Southern Ocean seabed have less scope to migrate away from poor conditions
(e.g. increased temperatures) than faunas elsewhere. However, the potential for
species to adapt is mixed, some cold-blooded (poikilothermic) organisms may die if
water temperatures rise to between 5 and 10 °C, while the bald rock cod,
Pagothenia borchgrevinki, which uses antifreeze proteins in its blood to live at
sub-zero temperatures (Chap. 14), can acclimatise so that its swimming perfor-
mance at 10 °C is similar to that at —1 °C (Seebacher et al. 2005).

Changes at the ecosystem level are inevitable as climate changes in the coming
decades. To maintain the societal benefits of the Antarctic marine ecosystem,
including harvestable marine resources, it is essential that we rapidly obtain knowl-
edge that will enhance our ability to predict ecosystem changes as global climate
changes.

12.8.4 Cyclical Phenomena

The extent and duration of sea ice in the Southern Ocean fluctuates periodically
under the influence of global climatic phenomena including the El Nino Southern
Oscillation and the Southern Annular Mode (Chaps. 6 and 25) (Forcada and Trathan
2009). The impacts of these and climate change may differ between regions, species
and populations. For certain penguin species, the most likely mechanism of
response is dispersal when adaptation mechanisms fail to maintain performance
(Forcada et al. 2006; Forcada and Trathan 2009). Penguin species or populations
with low adaptability or low dispersal ability are likely to be most affected
(Box 12.5).

The best long-term data for high-latitude Antarctic seabirds (Adélie and emperor
penguins and snow petrels) indicate that winter sea ice has a profound influence on
their population dynamics (Croxall et al. 2002). However, some effects are incon-
sistent between species and areas, some have effects in opposite directions at
different stages of breeding and life cycles, and others remain paradoxical (Croxall
et al. 2002; Forcada et al. 2006). Changes to the ecosystem resulting from fishing,
krill harvesting and climate change may produce rapid shifts rather than gradual
changes. For example, information for a 55-year period shows that the entire
community of Antarctic seabirds in East Antarctica now arrive at their colonies
9.1 days later, on average, and lay eggs an average of 2.1 days later than in the early
1950s (Barbraud and Weimerskirch 2006). These delays are linked to a decrease in
sea-ice extent that has occurred in eastern Antarctica from the twentieth century up
to 1980 (Curran et al. 2003). These changes in sea ice may be just one of several
physical changes resulting from climate change (others include temperature and
food resources at sea) and may explain why certain Antarctic seabirds tend to arrive
and reproduce later (Barbraud and Weimerskirch 2006).
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Box 12.5: Penguins Affected by Ice Extent

The only long-term data set for the populations of emperor penguins,
Aptenodytes forsteri, is from Adélie Land. These data show that populations
were essentially stable from the 1950s to the mid-1970s, followed by a rapid
decline until about 1982. Since then, populations have fluctuated around a
level about half of that in the 1960s. This decline is apparently caused by a
significant reduction (about 10 % per annum, corresponding to halving life
expectancy) in adult survival from 1973 and 1979 (Croxall et al. 2002).

12.9 Conclusions

Overall, marine ecosystems across the world are complex. In Antarctica, pelagic
ecosystems are less complex than elsewhere, and they are the habitat for some of
the most iconic animals known to science. Species on the seabed are amongst the
most sensitive to warming globally. The environment around the Antarctic Penin-
sula is one that is warming as fast, or faster than anywhere else. There is great need
to identify how life on Earth is responding to, and will continue to respond to
change. Antarctica offers unparalleled opportunities to understand responses to
change from organism to ecosystem, and there is now an imperative to focus efforts
on this unique environment and biota.
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Chapter 13
Antarctic Megafauna

The Birds and Mammals of Antarctica
Regina Eisert

Abstract The megafauna (Greek peyo: great; Latin fauna: animal life) of
Antarctica is defined by absence. Two classes of vertebrates, reptiles and amphib-
ians, are missing from the continent and its surrounding waters, and Antarctica has
lacked true land vertebrates since dinosaurs last roamed the continent in the late
Cretaceous. The ocean is the foundation of all vertebrate life in Antarctica, and
none of its native birds and mammals can survive permanently in the continent’s
frigid, white interior. Antarctic vertebrates are all classified as marine and ulti-
mately derive their food from the sea. Unlike in much of the Arctic, the harsher
climate of Antarctica does not allow for significant plant growth, and no vertebrate
herbivores exist. Antarctica’s long isolation from other landmasses has resulted in
the absence of surface predators such as the polar fox Alopex lagopus or polar bear
Ursus maritimus, an important distinction between Antarctic and Arctic habitats.
Antarctica and the Southern Ocean present some of the most challenging environ-
mental conditions on Earth, including extreme cold, wind, dryness, radical seasonal
changes in photoperiod, and extensive ice cover. But Antarctica also offers tremen-
dous opportunity because it is a continent free of terrestrial mammalian predators,
and the Southern Ocean surrounding the Antarctic continent includes some of the
most productive marine habitats in the world.

Keywords Megafauna « Birds ¢ Seals « Whales ¢ Adaptation « Thermoregulation ¢
Insulation

13.1 Introduction

Antarctic animals possess numerous distinct morphological, physiological and
behavioural adaptations that enable them to live and thrive in this unique environ-
ment. The Antarctic megafauna covered in this chapter comprises seabirds and
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mammals, including seals and whales (Table 13.1). While whales are fully aquatic,
seals and birds require ice or land as a substrate to care for their young, as well as for
moulting, resting and to escape from predators. In the Arctic, sea ice allows surface
predators to access their prey — for example, polar bears depend on sea ice to access
seal pupping colonies. By contrast, all Antarctic vertebrate predators are either
small seabirds and thus independent of ice cover (e.g. south polar skua), or marine
(e.g. leopard seals, killer whales), and are excluded from areas of continuous ice
cover because they need access to the surface to breathe. The only exception to this
rule is the Weddell seal, which is able to find and maintain breathing holes and lives
deep inside the Antarctic fast ice (Box 13.1).

Many Antarctic mammals and birds exhibit strong philopatry, i.e. they return to
the same breeding areas every year. In terms of habitat, one can distinguish breeding
and moulting areas, summer feeding grounds and overwintering areas. Breeding
habitats are present along the coastline of the Antarctic continent, on the Antarctic
Peninsula, and on Antarctic and subantarctic islands. For animals that use ice rather
than land (most seals and the emperor penguin), different habitats include fast ice,
and heavy and loose pack ice that is present at varying distances from the Antarctic
coast depending on the time of year (Chap. 5). Outside the breeding period, Antarctic
animals feed in the Southern Ocean, and many species spend most of their life at sea.
Some species migrate great distances north during the Antarctic winter, and return to
summer feeding grounds. Many seabirds, seals and whales undertake long, directed
foraging trips to oceanographic (fronts, polynyas, edge of pack ice) and bathymetric
(ridges, shelf slopes, seamounts) features that are associated with high primary
productivity (Bornemann et al. 2000; Bost et al. 2004, 2009; Erdmann et al. 2011;
Ribic et al. 2011) (Fig. 13.1).

Although the Southern Ocean forms a continuous body of water surrounding the
continent of Antarctica, different regions are dominated by different food webs, and
there may be considerable heterogeneity in diet and foraging patterns of circumpolar
predators depending on local conditions (Trathan et al. 2007). The climate of the
Antarctic Peninsula is milder and wetter than in the Antarctic heartland, and supports
a much greater diversity of wildlife than the rest of the continent (Shirihai 2008).

Antarctic megafauna is protected by the Antarctic Treaty (Chap. 16) and by the
Convention for the Conservation of Antarctic Marine Living Resources
(CCAMLR) (Chaps. 20 and 21), which prohibits the kind of exploitation that
brought several Antarctic species close to extinction during the nineteenth and
twentieth centuries. However, CCAMLR permits scientific research and ‘rational
use’ of marine resources such as regulated fishing. The latter has the potential to
impact Antarctic megafauna both directly (e.g. mortality of seabirds in longline
fisheries) and indirectly (through removal of important prey species such as krill or
fish). In addition, under the premise of scientific whaling, killing of whales in
Antarctic waters is ongoing (Baker et al. 2010).
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Fig. 13.1 Gentoo penguins breed on the Antarctic Peninsula (With kind permission from Jon
Brack/NSF)

Box 13.1: Masters of the Fast Ice (Fig. 13.2)

The Weddell seal is the only Antarctic mammal that can live inside the fast
ice, because Weddell seals can find cracks that result from wind and tidal
action, and they maintain breathing holes by abrading the ice with their teeth.

Fig. 13.2 A Weddell seal sports a video data recorder scientists use to create three-
dimensional maps of its movement in the water (With kind permission from Randall
Davis/NSF)

(continued)
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Box 13.1 (continued)

As long as the ice does not break out, Weddell seals are virtually immune
from predation (since there are no sharks in Antarctica, and killer whales and
leopard seals do not enter closed ice), and there is little competition for fish
and other prey. But the seals’ upper canines and second incisors become
progressively worn with age, and jaw infections and the inability to keep ice
holes open are major causes of mortality in Weddell seals. By contrast,
crabeater seals live in heavy pack ice, where pups face severe predation
pressure from killer whales and leopard seals, but those that survive to
adulthood may live almost twice as long as Weddell seals.

13.2 Overview of Antarctic Megafauna

13.2.1 Birds (Aves)

The native birds of Antarctica belong to two major groups, the flightless penguins
(family Spheniscidae) and the volant (flying) seabirds including storm petrels,
gulls, terns, cormorants, petrels, fulmars, shearwaters, sheathbills and skuas (fam-
ilies Chionididae, Hydrobatidae, Laridae, Phalacrocoracidae, Procellariidae,
Stercorariidae; Table 13.1). With the sole exception of the emperor penguin,
which raises its offspring on fast ice, all Antarctic birds return to land to incubate
and raise their young. Many more seabirds than listed in Table 13.1 breed elsewhere
and visit the Antarctic during summer to take advantage of the high productivity of
the Southern Ocean (Chap. 7), such as the albatrosses (Diomedeidae) and diving
petrels (Pelecanoididae). A famous example of long-distance migration is the
Arctic tern, Sterna paradisaea, which nests in the Arctic and migrates to Antarctica
during the boreal winter. Similar long migrations are made by Wilson’s petrel and
the south polar skua, which breed on the Antarctic continent during summer and
migrate as far as Alaska and Greenland in the austral winter, boreal summer
(Shirihai 2008).

The volant seabirds of Antarctica range in size from 40 g to 3.5 kg and include
Antarctica’s smallest endotherms (Shirihai 2008; Obst et al. 1987), or warm-
blooded animals. Unlike some of the larger penguin species, all volant seabirds
complete breeding (mating, incubation and rearing of chicks to fledging) during the
Antarctic summer season. The three most southerly breeding species, the snow
petrel, Antarctic petrel and south polar skua, regularly face temperatures of 0 °C,
and sometimes as low as —25 °C, during the breeding season (Weathers et al. 2000;
Hodum and Weathers 2003). Antarctic seabirds rarely build anything that resem-
bles a conventional nest; larger species such as the cape petrel, giant petrel,
southern fulmars and the skua incubate their eggs in shallow scrapes, whereas
smaller species such as Wilson’s storm petrel, snow petrel, and the Antarctic
prion tend to nest in burrows or crevices that protect nestlings and adults from
harsh weather and predators. Antarctic petrels nest on steep cliffs and nunataks,
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sometimes far from the sea, to escape predation by skuas and giant petrels (Brooke
et al. 1999; van Franeker et al. 2001). Only the more northerly-breeding shags and
the kelp gull construct nests out of seaweed or plant material (Shirihai 2008).

Both parents generally share the duties of incubation and provisioning of chicks.
Antarctic seabirds often show philopatry, returning to the same nesting site or their
natal site year after year, and many colony sites may be very old. For example, a
colony of snow petrels in Dronning Maud Land has existed in the same place for at
least 37,000 years (Thor and Low 2011).

Antarctic volant seabirds forage on a wide variety of marine prey including krill
(Euphausia spp.), copepods, amphipods, fish and fish larvae, cephalopods (mostly
squid) and molluscs that they catch either at the surface or by shallow diving
(Shirihai 2008; Croxall and Prince 1996). An exception are the shags (family
Phalacrocoracidae) which dive the deepest (~40—90 m maximum depth) and lon-
gest (1-3 min) among all flying birds in Antarctica (Casaux and Barrera-Oro 2006).
Storm petrels feed by skimming zooplankton off the surface but practically never
settle on the water to rest, instead spending the entire time at sea on the wing (Obst
et al. 1987). Like the kiwi, Apteryx spp., many seabirds have a well-developed sense
of smell (Zelenitsky et al. 2011; Wright et al. 2011), which is important in locating
food sources such as krill patches or carrion (Lequette et al. 1989).

Several prominent Antarctic birds such as the south polar and subantarctic skuas,
southern giant petrel and the snowy sheathbill are facultative scavengers, i.e. they
consume dead animals and waste such as faeces, eggs, or afterbirth. Scavengers
congregate near breeding colonies of birds and seals, and also attend kills made by
marine predators such as killer whales or leopard seals that dismember their prey at
or near the surface (Pitman and Durban 2010). The willingness of many scavengers
such as skuas and snowy sheathbills to eat almost anything frequently proved fatal
during the early days of human occupation of Antarctica, because birds would be
attracted to open incinerators or ingest toxic materials at rubbish dumps (dumping
and open burning of refuse are now prohibited under Annex III of the Protocol on
Environmental Protection to the Antarctic Treaty; Chap. 16). Depending on the
season and available resources, scavengers also actively hunt marine fish and
invertebrates (Hahn et al. 2008), as well as preying on other Antarctic birds.
Skuas and sheathbills will attack and kill penguin chicks (Shirihai 2008), and
skuas and giant petrels prey on chicks and adults of smaller seabird species such
as Antarctic fulmars, Antarctic petrels, cape petrels and Wilson’s storm petrels
(Weidinger 1998; Baker and Barbraud 2001).

Predation by skuas and giant petrels on breeding birds may be severe and a major
determinant of breeding success (Weidinger 1998). Skuas at the American
McMurdo Station (77°55" S, 166°39’ E) will attack humans who carry food by
flying at their faces, and frequently succeed in getting people to spill food on the
ground (Eisert pers. obs.). This behaviour is possibly a modified form of
kleptoparasitism, a type of parasitism by stealing of food, which is common
among the Laridae (sea gulls) and Stercorariidae (skuas and jaegers).
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In contrast to volant seabirds, penguins are mostly limited to the Southern
Hemisphere. But despite their reputation as the quintessential Antarctic birds,
only 2 of 17 extant species of penguin (emperor and Adélie) breed on the Antarctic
mainland, with an additional four species breeding on the Antarctic Peninsula and
in the maritime Antarctic (gentoo, king, macaroni, and chinstrap penguins). For
comparison, six distinct species of penguin breed in New Zealand and its subant-
arctic islands (Shirihai 2008).

Antarctic penguins are large birds, ranging in size from 3 to 40 kg (Table 13.1).
All penguins are flightless. Their wings have evolved into flippers and their hind
limbs are short and placed far back on the body, resulting in the typical upright
posture on land. While penguins may move somewhat awkwardly out of the water,
their streamlined shape, a result of ample fat reserves and special modified plumage
(Taylor 1986), allows them to move with speed and ease through the sea propelled
by their front flippers (Fig. 13.3).

Like seals, penguins are active marine hunters with superb diving abilities, and
catch their prey by pursuing it underwater. As an example of parallel evolution,
penguins and marine mammals have developed similar adaptations to diving,
including increased tissue oxygen storage (Burns and Kooyman 2001)
(Box 13.2). Depending on species and area, penguins eat small crustaceans includ-
ing krill, small fish such as Pleuragramma antarcticum, and squid (Croxall and
Prince 1996; Ainley et al. 2003). Penguins, in turn, are preyed on by Antarctic fur
seals, leopard seals, and killer whales, and penguin chicks are vulnerable to attacks
by skuas and giant petrels (Janes 1997; Charbonnier et al. 2010).

Fig. 13.3 Adélie penguins look after their chicks at Cape Royds, their southernmost breeding
colony (With kind permission from Peter Rejcek/NSF)
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Box 13.2: Dive Physiology

For air-breathing vertebrates, diving to depth means coping with oxygen
deprivation (hypoxia) and high pressure, and avoiding decompression sick-
ness (DCS) (Kooyman and Ponganis 1998). Adaptations that prolong dive
duration are increased body oxygen stores and decreased use of oxygen
(Burns and Kooyman 2001) e.g. by regional heterothermy (Blix
et al. 2010). Seals, whales and penguins have increased oxygen stores in the
form of high haematocrit values (red cells per ml of blood; Fig. 13.6 at left)
and high concentrations of oxygen-binding molecules in red blood cells
(haemoglobin) and in muscle (myoglobin). Blood flow during diving is
restricted to prioritise essential organs (e.g. heart, brain), whereas muscle is
supported by tissue oxygen stores. When oxygen stores run low, by-products
of anaerobic metabolism such as lactate start accumulating in the blood, and
this signals the aerobic dive limit (ADL). Larger divers have typically longer
ADLs because they have greater capacity to store oxygen in their tissues and
a lower mass-specific metabolic rate. ADL values for king penguins, emperor
penguins, adult Weddell seals and sperm whales are 4.2 min (Culik
et al. 1996), 5.6 min (Meir and Ponganis 2009), 20-23 min (Kooyman and
Ponganis 1998), and 54 min (Watwood et al. 2006), respectively.

DCS (also known as the ‘bends’) is caused by absorption of nitrogen from
the lungs under pressure during deep or prolonged dives. During rapid ascent,
the decrease in pressure releases dissolved nitrogen (N,) from body fluids as
gas bubbles, potentially causing tissue damage and death. Shallow divers
(small penguins, cormorants) have a low risk of DCS. Human divers, who
breathe air under pressure and can absorb excess nitrogen, use decompression
stops during the ascent to allow N, to gas off slowly and to avoid bubble
formation. It has been proposed that whales may use similar behavioural
mechanisms to avoid DCS (Jepson et al. 2003; Piantadosi and Thalmann
2004). In seals, the thorax and respiratory tract is modified so it collapses
under pressure reversibly and without injury. Because little air remains in the
lungs, only small quantities of nitrogen are absorbed and seals are immune to
DCS (Falke et al. 1985). It is not clear how sperm whales and emperor
penguins avoid DCS (Beatty and Rothschild 2008; Moore and Early 2004).

Penguins nest in large, traditional colonies on ice (emperor penguin) or land (all
other species). Penguin eggs have an organic coating or cuticle that reduces water
loss, something that may be of adaptive value in the extremely dry climate of
Antarctica (Handrich 1989; Thompson and Goldie 1990; Tyler 1965). Most land-
breeding penguins construct shallow nests of stones or other debris (Fig. 13.5),
whereas in emperor and king penguins (Fig. 13.4), the egg is incubated by being
placed on the adult’s feet and enclosed in a specialised structure called a brood
pouch. Inside the brood pouch, the egg is in contact with an area of bare skin, the
brood patch, that is both moist and highly vascularised (i.e. contains many blood
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Fig. 13.4 Dive bout of a lactating Weddell seal. Mean dive duration is ca. 22 min and within the
aerobic dive limit for Weddell seals. Because dives do not exceed the ADL, surface intervals can
be brief (4—6 min). Total bout length was 13 h (Adapted from Eisert and Oftedal, unpublished data)

vessels to effectively transfer body heat), and thus creates a favourable microcli-
mate for egg incubation (Handrich 1989; Oftedal 2002).

The length of the breeding cycle in penguins varies with species size. The
smaller species (Adélie, chinstrap, gentoo, and macaroni) complete the entire
breeding cycle during the summer season, whereas the emperor penguin incubates
its eggs during the winter (no doubt this is only possible because the species has a
brood pouch), and chicks fledge by the following spring (Stonehouse 1953). The
king penguin, which is smaller than the emperor penguin and has a much more
northerly distribution (Table 13.1), breeds on average twice during each 3-year
period, with chicks overwintering before fledging (Stonehouse 1956; Olsson and
Brodin 1997). While incubating and rearing chicks, both parents take turns to tend
to the offspring and go on foraging trips. After the chick has reached a certain
degree of maturity, both parents may leave to forage (Janes 1997). In the two
winter-breeding species, parents (emperor, king) and chicks (king) must undergo
prolonged periods of starvation while one parent or both are at sea to feed. Penguin
chicks waiting for the return of their parents congregate in tight groups called
creches that may include several hundred individuals (Shirihai 2008). This behav-
iour is thought to reduce the risk of predation, confer a thermo-regulatory advan-
tage, and to minimise the impact of intraspecific aggression of brooding adults
against unrelated chicks (Le Bohec et al. 2005).

Of all birds, penguins are the ones most completely adapted to the marine
environment (Cherel et al. 1993). It is now clear that penguins represent a highly
specialised taxon, but it was once thought that because penguins were flightless,
they represented a primitive stage in the evolution of birds; an erroneous view that
motivated one of the most famous of all Antarctic journeys (Cherry-Garrard 2010)
(Box 13.3).
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Box 13.3: The Worst Journey in the World Was Made for Science

Polar exploration is at once the cleanest and most isolated way of having a bad time
which has been devised. (Cherry-Garrard 2010)

When Apsley Cherry-Gerrard accompanied Robert Falcon Scott to Ant-
arctica in 1910, the scientific wisdom of the day was that the embryonic
development of individual animals represented a time-lapse sequence of the
species’ evolution from more primitive ancestral forms. This principle was
summarised as “ontogeny (individual development) recapitulates phylogeny
(evolution of species)” by the German scientist Ernst Haeckel in 1874.
Because penguins were then considered the most primitive living birds, the
biologist on Scott’s expedition, Edward Wilson, believed that the study of
penguin embryos might reveal much about the evolution of birds (Wilson
1907). This is why Wilson, Cherry-Gerrard and Bowers set out in the middle
of the Antarctic winter to cross Ross Island on foot to bring back emperor
penguin eggs. After barely surviving incredible hardship, the men managed to
bring back three intact eggs. We know now that penguins are not at all
primitive, and Haeckel’s theory has been revised in the light of modern
molecular evidence (Sander 2002). But Cherry-Garrard immortalised the
quest for the emperor’s eggs in a book, The Worst Journey in the World,
which is widely regarded as one of the finest books on Antarctic exploration
ever written.

13.2.2 Seals (Carnivora: Pinnipedia)

Seals or pinnipeds are aquatic animals in the mammalian order Carnivora and have
evolved from arctoid carnivore (bear or weasel-like) ancestors (Berta et al. 2006).
Seals occur in all oceans of the world as well as some freshwater lakes, and include
apex predators in both the Arctic and Antarctica. Pinnipeds are classified into three
families, the fur seals and sea lions (Otariidae; 16 species), the true seals (Phocidae;
18 species) and the walrus (Odobenidae; 1 species). Six species of seal breed in
Antarctica (Table 13.1): Ross, leopard, crabeater, southern elephant and Weddell
seals (all Phocidae) and the Antarctic fur seal (Otariidae) (Siniff 1991). Two
Antarctic species were extensively exploited during the eighteenth and nineteenth
centuries; Antarctic fur seals for fur and southern elephant seals for oil (Chap. 15).
Antarctic fur seals were considered extinct in Antarctica in the early 1900s
(Rudmose Brown 1915). Five Antarctic fur seals were discovered on South Georgia
in 1919, and the species has since made a spectacular comeback (Payne 1977;
Kooyman and Kooyman 2009). There was little persecution of the more southerly
Antarctic seals due to their inaccessibility.

Unlike the fully aquatic cetaceans, seals require a solid substrate on which to
breed, moult and rest. All Antarctic seals give birth to single offspring (very rarely,
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twins are born but never survive; Gelatt et al. 2001), and breeding is tightly
synchronised. In the spring, seals congregate in breeding colonies on land or fast
ice (Antarctic fur, southern elephant, Weddell seal) or enter the pack ice (Ross,
crabeater, leopard seal) to give birth, nurse their young and mate. In the two
sexually dimorphic species, southern elephant and Antarctic fur seals, dominant
males guard groups of females called harems, whereas Weddell seal males defend
underwater territories (maritories), and the pack ice seals are presumed to form
transient mated pairs. Females come into oestrus and mate around the time their
pups are weaned (Siniff 1991). The Weddell seal breeds in colonies near tidal
cracks deep into the closed fast ice that forms above the continental shelf zones of
Antarctica (Box 13.1). A colony of Weddell seals at White Island (78°10'S,
167°20'E), near Scott Base, has the distinction of being the most southerly breeding
population of mammals in the world (Gelatt et al. 2010; Littlepage and Pearse
1962). Because Weddell seal colonies are frequently located in the vicinity of
research stations and easily accessible via sea ice (e.g. Scott Base and McMurdo
Station), scientists have investigated, among other things, the diving physiology,
population dynamics, foraging behaviour and lactation energetics of Weddell seals
(Stirling 1969; Testa 1994; Dearborn 1965; Eisert and Oftedal 2009; Ainley and
Siniff 2009), making them probably the most intensively studied marine mammal in
the world. By contrast, conducting research in pack ice is very difficult, and
comparatively little is known about reproduction and general biology in the pack
ice seals (Southwell et al. 2003).

Seals cannot feed while hauled out (moving out of the water onto a solid
substrate, i.e. tidal rocks, land or ice). This problem is particularly acute during
the lactation period, since the mother has a greatly increased demand for energy and
substrates to support milk production. Phocid and otariid seals have evolved
different solutions to this problem (Oftedal et al. 1987a, b; Boness and Bowen
1996). Phocid seals meet the energy demand of lactation primarily by catabolising
(breaking down) body stores, and at least half of 18 extant phocid species fast
completely during lactation (Schulz and Bowen 2005). Lactation in the phocid seals
is greatly abbreviated relative to terrestrial mammals of similar size, milk is high in
energy (Box 13.4) and transferred to the pup at tremendous rates, and pup growth is
rapid (Oftedal 1993). An Arctic phocid, the hooded seal Cystophora cristata, weans
its pup after nursing it for only 4 days, during which the pup at least doubles its birth
mass (Oftedal et al. 1993). In Antarctic phocids, lactation lasts from 2 to 4 weeks
(Ross, leopard, crabeater, southern elephant seal) to 6-7 weeks (Weddell seal)
(Stirling 1969; Southwell et al. 2003; Thomas and DeMaster 1983; Laws
et al. 2003). Lactating seals typically invest a large proportion of their body stores
into milk production (Oftedal 2000). For example, elephant seals lactate for 23 days
and lose 35 % of their initial body mass, whereas Weddell seals lose 40 % or more
of their initial body mass during a 6-week lactation, despite the fact that Weddell
seals forage during lactation while elephant seals fast (Carlini et al. 2004; Eisert
et al 2005; Sato et al. 2002). In contrast to the abbreviated lactation in phocid seals,
otariid seals such as the Antarctic fur seal nurse their offspring for relatively long
periods (120 days in the Antarctic fur seal), and leave their young intermittently to
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forage. Lactation in the Antarctic fur seal consists of a brief initial fast of ca. 1 week
followed by a nursing-foraging cycle (4—6 days at sea, 2 days nursing pups ashore)
(Costa and Trillmich 1988; Arnould et al. 2001).

Provisioning of offspring in fur seals thus resembles in some respects the pattern
found in seabirds (Boyd 1999). Otariid pups grow more slowly than phocid pups,
because they fast during maternal foraging trips, and the average rate of milk
transfer is much lower than in phocid seals (Oftedal et al. 1987a, b; Luque
et al. 2007). Foraging Antarctic fur seal mothers may travel more than 300 km
away from the breeding colony (Staniland et al. 2010) and may leave their pup for
as long as 13 days (Boyd 1999). In mammals including phocid seals, cessation of
suckling typically abolishes lactation, but all otariids have the unique ability to
maintain the mammary gland in an active state despite very long inter-suckling
intervals (234 days in some species) while the mother forages (Reich and Arnould
2007).

Seals are active predators and have exceptional diving abilities (Box 13.2).
Recorded maximum depth of Ross, Weddell, and southern elephant seals are
792 m (Blix and Nordgy 2007), 904 m (Andrews-Goff et al. 2010), and 1,500 m
(Bennett et al. 2001), and seals may stay submerged for as long as 95 min (Weddell
seal) to 2 h (elephant seal) (Kooyman and Ponganis 1998). Phocid seals swim
primarily with their hindflippers, whereas otariids propel themselves with their long
front flippers. All Antarctic seals take krill, fish and cephalopods (squid and
octopods), but the relative contribution of different diet items varies with region,
season and species (Boyd 2008). Weddell seals are generalists and consume a wide
variety of prey (Casaux et al. 2009; Plotz 1986), whereas Ross and southern
elephant seals prefer squid (Blix and Nordgy 2007), and the crabeater seal is a
krill specialist (Siniff 1991). Antarctic fur and leopard seals both consume krill and
fish but also prey on other Antarctic megafauna including penguins (Antarctic fur
and leopard seal) and seal pups (leopard seal) (Casaux et al. 2003, 2009; Hall-
Aspland and Rogers 2004). Weddell seals have been observed preying on penguins,
but it is not clear whether this behaviour is representative for the species (Cobley
and Bell 1998; Todd 1988).

Box 13.4: Feeding Baby

The milks of marine mammals are high in fat, protein and energy, and support
rapid fattening of nursing young (Oftedal et al. 1988; Oftedal 2011). Fast
growth and acquisition of an insulating fat layer is vital for the offspring of
polar birds and mammals (Blix and Steen 1979), and energy is required to
meet thermo-regulatory costs. From the lining of their oesophagus, male
emperor penguins secrete a milk analogue, crop milk, which contains 28 %
fat and 59 % protein in dry mass (Prévost and Vilter 1962). Crop milk has
evolved independently in emperor penguins (Schmidt-Nielsen 1997), pigeons
and doves (Davies 1939), and the flamingo (Ward et al. 2001). Albatrosses

(continued)
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Box 13.4 (continued)

and petrels (families Diomedeidae, Hydrobatidae, Procellariidae) produce
stomach oil, a high-energy mixture of wax esters, triglycerides and other
lipids extracted from prey and stored in the proventriculus (a forestomach
chamber located between the crop and the muscular stomach or gizzard in
birds) (Warham 1977). Parents add stomach oil when regurgitating feed for
hatchlings, and this increases the energy content of a feed to ~16 kJg ', or by
a factor of 1.3 (Antarctic prions) (Roby et al. 1997) to 3 (Wilson’s petrel)
relative to an unsupplemented feed (Obst and Nagy 1993). Unlike milk,
stomach oil is also a serious weapon. Petrel chicks and adults, in particular
giant petrels and southern fulmars, spit stomach oil in self-defence. If a bird is
hit, its feathers are matted by the oil, and this may result in death from
starvation and/or hypothermia (Warham 1977) (Fig. 13.5).

- 2.7kl.gl  17kl.g? 19k).gl  23kl.gl 2.7k).gt
_. 80
=
€
) [ fat
é I water
S 60 [ protein
2 [ sugar
= N ash
o
=40
0
o
Q
=
S
o
20 4
0
dairy blue Antarctic ~ Weddell emperor
cow whale fur seal seal penguin

Fig. 13.5 Composition and energy content of the milks of Antarctic megafauna relative to
cow’s milk

13.2.3 Whales (Cetacea)

Whales are the largest representatives of the Antarctic megafauna and include the
largest animal that has ever lived on Earth, the blue whale (<160 t) (Berta
et al. 2006). Whales are a fully aquatic animals that evolved from proto-ungulate
terrestrial ancestors (the group that also gave rise to modern hoofed mammals), and
are grouped together with the even-toed ungulates (formerly order Artiodactyla)
into the superorder Cetartiodactyla (Agnarsson and May-Collado 2008). Like
pinnipeds, whales give birth to single offspring. There are two suborders of whales,
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Odontoceti (toothed whales; 72 species) and Mysticeti (baleen whales; 14 species),
and representatives of both groups occur in Antarctic waters (Table 13.1). Differ-
ences between odontocetes and mysticetes include dentition (teeth vs. baleen) and
the use of echolocation (Box 13.5), which is thought to only occur in odontocetes
(Thomas et al. 2004). Mysticete whales are generally larger than odontocetes, with
the exception of the sperm whale, which equals the great baleen whales. Unlike
birds and seals, many whales are thought to breed north of the Antarctic Conver-
gence, and migrate south during the austral summer to feed. Whales generally avoid
solid sea ice, but both Antarctic minke whales and killer whales penetrate into
heavy pack ice, and killer whales may follow narrow leads into the fast ice (Gill and
Thiele 1997; Thiele and Gill 1999; Ainley et al. 2007) (Fig. 13.6).

The polar regions are a central component of the life cycle of the large
mysticetes. In both hemispheres, populations of fin, sei, blue, humpback and right
whales commute annually between high-latitude feeding areas and low-latitude
breeding grounds where calves are born. It is assumed that whales fast or feed very
little in tropical and warm temperate waters, which means they may fast for 5-
6 months every year (Oftedal 1997). Possible reasons for why whales move from
the productive polar oceans to lower latitudes where they cannot feed include that
newborn calves cannot tolerate cold water (Berta et al. 2006), and to avoid
predation by killer whales (Corkeron and Connor 1999). However, no generally
accepted explanation for the phenomenon of whale migrations has been proposed to
date. Female mysticetes are thought to follow a fasting lactation strategy similar to
that found in the phocid seals, i.e. offspring growth is rapid (the estimated growth
rate of a nursing blue whale calf is ~80 kg per day), and the energy and substrate
demand of lactation is met primarily through the catabolism of body stores. This

Fig. 13.6 A humpback whale near Palmer Station on the Antarctic Peninsula (With kind
permission from Peter Rejcek/NSF)
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strategy is possible because the enormous abundance of krill in the Southern Ocean
allows whales to amass extensive fat reserves during the summer season (Laws
1977). The relatively small Antarctic minke whale probably does not fast during its
migrations, and some individuals appear to remain in the Antarctic pack-ice zone
year-round (Berta et al. 2006; Thiele and Gill 1999).

Mpysticetes, or baleen whales, are named for their unique feeding apparatus.
Baleen consists of closely packed plates, made of a keratinaceous material, that are
arranged along the upper jaw to form a highly effective tool for filtering zooplank-
ton (small marine invertebrates including krill) out of the sea. The size and
arrangement of baleen differs between species, and correlates with different feeding
techniques. The southern right whale (family Balaenidae) has very long baleen
(£2.4 m) in a strongly curved jaw that admits water and prey through a gap in the
front (Fig. 13.7). Right whales feed predominantly by skimming relatively dis-
persed prey out of the water.

The so-called rorquals (whales in the family Balaenopteridae) have shorter,
wider baleen and feed by gulping or lunging at clustered prey, often from below.
In both cases, water taken into the oral cavity during feeding is expelled through the
fringe of baleen, which retains the prey (Bannister 2008). Mysticetes generally feed
in the upper 100 m of the water column. Their digestive tract is complex, resem-
bling that of the closely related ruminants, and may permit efficient digestion of
wax esters present in krill (Nordgy 1995).

Baleen whales (grey and right whales) were heavily exploited during the clas-
sical period of unregulated whaling (eighteenth to nineteenth centuries) as well as
in the twentieth century, for oil and for their baleen (whalebone), a unique and
desirable raw material before the invention of plastics. In 1904, Antarctic whaling
started in earnest with the establishment of the Grytviken station on South Georgia,
and the pace further accelerated with the introduction of ship-board processing in
1925 (Francis 1990).

Although protection measures were instituted in the 1930s, whaling continued in
Antarctic waters. In the period from 1951 to 1971, Soviet whalers alone took at least
3,335 southern right whales, in addition to smaller numbers of southern blue and
humpback whales, despite a total ban on the commercial exploitation of all three

Fig. 13.7 Southern right whale showing baleen. The side of the baleen plate facing the inside of
the mouth has a feathery fringe that helps retain krill (Drawing © Regina Eisert)
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species (Tormosov et al. 1998). In the period from 1900 to 2000, an estimated total
of two million whales were killed in the Southern Hemisphere (Clapham and Baker
2008); Antarctic blue whales may have been reduced to less than 1 % of their
original abundance (Branch et al. 2007). Large cetaceans are a central component
of Southern Ocean food webs, and the severe reduction in their numbers and total
biomass is likely to have a significant impact on the Antarctic ecosystem (Ainley
et al. 2010). It has been suggested that the removal of great whales has created a
krill surplus, resulting in increased populations of seals and penguins, but the long-
term consequences for the Antarctic ecosystem are likely to be complex and
resistant to simple extrapolation (Laws 1977; Ainley et al. 2010) (Fig. 13.8).

Six species of odontocetes occur regularly in the Southern Ocean south of 60°S.
The largest of these is the sperm whale, which is often grouped with the large
mysticetes into the great whales, and suffered similar exploitation. The sperm
whale was hunted for blubber oil and the oil extracted from its spermaceti organ
(a specialised structure believed to be involved in echolocation), and commercial
sperm whaling only ceased following an International Whaling Commission (IWC)
moratorium in 1988 (Whitehead 2008). The sperm whale is the only odontocete that
undertakes migrations comparable in distance to mysticete migrations. Only male
sperm whales migrate to the Antarctic to feed (Hooker 2008; Kasamatsu and Joyce
1995). Sperm whales hold the mammalian world record for dive duration (138 min)
(Watwood et al. 2006; Box 13.2). Among Antarctic odontocetes, sperm whales are
the least numerous, followed by, in ascending order of abundance, killer whales,
hourglass dolphins, pilot whales and beaked whales. As their name suggests,
odontocetes have teeth rather than baleen, and do not filter-feed but capture discrete

Fig. 13.8 Antarctic minke whale (With kind permission from Steven Profaizer/NSF)
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prey including cephalopods, fish, and marine mammals and birds. Many odontocetes
have a homodont dentition consisting of a large number of uniformly shaped, often
conical, teeth (Fig. 13.9). Sperm whales only have teeth in their lower jaw. The
medium-sized beaked whales (family Ziphiidae) have few or no functional teeth and
feed primarily on squid that they ingest by suction (Heyning and Mead 1996).
Little is known about the breeding grounds of Antarctic odontocetes. It is
possible that killer whales remain, and perhaps give birth, at high latitudes in winter
(Gill and Thiele 1997), but conclusive data are lacking. In contrast to the short,
intensive lactation in mysticetes, odontocetes have prolonged lactation periods

Fig. 13.9 Dentition in Antarctic megafauna: Dentition of Antarctic seals (fop three rows) in order
of increasing complexity. The killer whale (bottom) has a homodont (uniform) dentition typical of
the delphinids. (top left) southern elephant seal, (fop right) Antarctic fur seal, (middle left) Ross
seal, (middle right) Weddell seal, (bottom left) leopard seal and (bottom right) crabeater seal.
Squid feeders (top row) and generalist feeders (middle row) have relatively simple cheek teeth,
whereas krill feeding (bottom row) is associated with complex postcanines that are used to strain
prey out of the water (Drawing © Regina Eisert)
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lasting between 32 and 100 weeks, and mothers are thought to feed throughout the
lactation period. Even after calves start taking solid food, they may remain depen-
dent for several years. In some species (e.g. killer whales and pilot whales), grown
calves remain in family groups for their entire lives (Berta et al. 2006; Oftedal 1997;
Hooker 2008; West et al. 2007).

By far the best-studied toothed whale in Antarctica is the orca or killer whale
(Fig. 13.13). Killer whales in Antarctica occur as three different ecotypes (A, B, C),
i.e. as sympatric (occurring in the same place) populations that do not interbreed,
prefer different prey and differ in morphological and behavioural traits (Shirihai
2008). It has been suggested that these ecotypes represent in fact different species
(LeDuc et al. 2008). Killer whales of type A are thought to specialise in preying on
Antarctic minke whales, type B preys mainly on seals and penguins, and type C, the
Ross Sea killer whale, prefers fish (Ainley et al. 2009; Pitman and Ensor 2003).

While mysticetes do not have particularly large brains in relation to body mass
(Thewissen et al. 2011; Marino 2007; Marino et al. 2006; Knudsen et al. 2002),
odontocetes are highly encephalised, i.e. they possess complex, highly evolved
brains that are large relative to body mass. The family Delphinidae, which includes
the killer whale, are more highly encephalised than non-human primates (Marino
1998). Killer whales form matrilineal social groups (pods) of five to ten individuals
led by a dominant female, and practice complex cooperative hunting tactics for
capturing seals or penguins resting on ice floes (Visser et al. 2008; Pitman and
Durban 2012) (Fig. 13.10).

Fig. 13.10 A C-type killer whale spyhopping (With kind permission from Jaime Ramos/NSF)
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Box 13.5: Acoustic Ecology

Sound travels faster in water than in air, and all marine mammals have a more
or less complex vocal repertoire. Proposed functions of vocalisations include
communication, courtship displays, territorial defence, stunning of prey
through sound and echolocation. Echolocation has evolved independently
in several mammalian lineages, most notably in bats and odontocetes, and
is defined as the detection and identification of objects using sound generated
by an animal (Berta et al. 2006). Because resolution improves with increasing
frequency, measured in Hertz (Hz), sounds used in echolocation are in the
ultrasonic range, i.e. above the human auditory range. Killer whales can
detect sounds to at least 120 kHz (Au 2008), whereas the upper limit for
humans is 15-20 kHz.

Pinnipeds and mysticete whales do not possess the specialised morpho-
logical features associated with echolocation. At breeding colonies, mother-
pup pairs recognise each other by their calls. This is particularly important in
the Antarctic fur seal, which needs to find her pup on returning from extended
foraging trips. The underwater vocalisations of Antarctic pinnipeds are suf-
ficiently distinct so that presence and distribution of species can be monitored
using hydrophone arrays (Van Opzeeland et al. 2010). One proposed function
of underwater calls is sexual advertising by adult males. While Ross,
crabeater and leopard seals do not form breeding aggregations, Weddell
seal males defend maritories (underwater territories, from Latin mare: sea)
beneath fast-ice breeding colonies and frequently vocalise while patrolling
underneath the ice. With 14 distinct call types, Weddell seals have the most
complex vocal repertoire of any Antarctic pinniped. The otherworldly quality
of their calls has inspired recording artists and filmmakers, such as Werner
Herzog (Encounters at the End of the World 2008), and even an underwater
opera (Anon. 2011).

13.3 Adaptation: How to Survive at the End of the World

Adaptations are morphological, physiological or behavioural features or mecha-
nisms that species acquire through evolution and that enable them to thrive in a
particular environment. Antarctica represents one of the most challenging environ-
ments on Earth. The birds and mammals of Antarctica need to cope with extreme
cold, extreme seasonality and dependence on the marine environment for food.
Thus specific adaptations in Antarctic megafauna primarily relate to thermoregu-
lation, i.e. the ability to maintain body temperature, and seasonality, or the ability to
synchronise life history with radical seasonal changes.
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13.3.1 Thermoregulation

Birds and mammals are endotherms, i.e. they maintain and defend a set core body
temperature against environmental fluctuations. Successful maintenance of body
temperature depends on four factors: the physical environment, generation of body
heat (thermogenesis), insulation and behavioural mechanisms. Unlike fish
(Chap. 14) and some invertebrates such as the New Zealand alpine weta, Hemideina
maori (Wharton 2011), birds and mammals do not possess antifreeze compounds.
In a cold environment, animals lose heat by conduction (heat flux through direct
contact), convection (heat transmission by a fluid, gas or liquid), radiation (emis-
sion of long-wave infrared radiation) and evaporation (heat consumed by the phase
transition of water from liquid to vapour). Total heat loss depends on the interplay
between environmental factors and the animal’s adaptive response (Fig. 13.11).

13.3.1.1 Physical Environment

Antarctica is not just the coldest, it is also the windiest place on Earth, and the
majority of Antarctic megafauna feed while immersed in the icy waters of the
Southern Ocean. Both air flow and immersion greatly increase the rate of heat loss.
In still air, a boundary layer forms next to the body surface and this layer retards the
loss of heat, since air has low thermal conductivity. Heat loss in still air is primarily
through conduction and radiation (Willmer et al. 2005). Movement of air disrupts
the boundary layer and changes the mode of heat loss from conduction to the more

Fig. 13.11 Penguin feet on
ice are an example of
conductive heat loss (With
kind permission from
Patrick Rowe/NSF)
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rapid convective heat loss, thus creating wind chill. For penguins or seals immersed
in icy water, heat loss is accelerated for two reasons: water is a much better
conductor of heat than air, and movement through the medium (water) increases
convective heat loss.

Box 13.6: Controlling Heat Loss

Thermoregulatory adaptations of the vascular system include countercurrent
heat exchangers (CCHE) and selective perfusion. CCHE (Fig. 13.15) consist
of arteries surrounded by veins, often in form of a rete (net), and occur in
flippers and fins of whales (Scholander and Schevill 1955), seals (Kvadsheim
and Folkow 1997) and penguins (Thomas and Fordyce 2008), in the legs of
seabirds (Irving and Krog 1955) and the tongue of baleen whales (Heyning and
Mead 1997). Hot arterial blood flowing from the core to the periphery transfers
heat to cold venous blood returning to the core (Fig. 13.16), with the net effect
of retaining body heat. Heat loss can be adjusted by selective perfusion of the
periphery and CCHE (Kvadsheim and Folkow 1997). By decreasing periph-
eral perfusion (vasoconstriction) and increasing flow through CCHE, heat is
conserved, the temperature of body layers decreases from core to periphery
and is coldest in appendages. This regional heterothermy reduces the temper-
ature difference between the skin and the environment and thereby minimises
heat loss, which is proportional to the temperature gradient (Irving and Krog
1955). Loss of excess heat is achieved by increasing peripheral blood flow
(vasodilation) and the proportion of venous return that bypasses CCHE. In
contrast to fur and feathers, which are external to the vascular system, insula-
tion provided by blubber can be controlled by changes in perfusion and a
concomitant increase in the proportion of heat loss by convection (i.e. blood
flow). Species that rely primarily on fur or feathers for insulation have areas of
bare skin, so-called heat windows, that can be perfused to prevent overheating
(Schmidt-Nielsen 1997) (Fig. 13.12).

Fig. 13.12 Countercurrent
heat exchanger (CCHE)
consisting of a central artery
(red) surrounded by a rete,
or net, of thin-walled veins
(blue)
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Fig. 13.13 Principle of countercurrent heat exchangers (CCHE). Heat flows from arteries (A) to
adjacent veins (V), thus reducing convective heat loss to the body periphery

Sunlight intensity greatly affects the net balance of radiative heat flux in polar
animals. When exposed to sunlight, animals experience a net gain of radiation as
they are absorbing more heat than they are radiating. Evaporative heat loss in
Antarctic megafauna occurs primarily from the respiratory surfaces. Most of
Antarctica is a polar desert, i.e. a low-humidity environment, and this accelerates
water loss and evaporative cooling.

Mammals and birds possess respiratory turbinates, convoluted structures in the
nose (Fig. 13.13) or beak that slow down air flow and promote countercurrent
exchange of heat and water (Hillenius 1994). Water vapour in exhaled air con-
denses inside the turbinates, whereas inspired air is warmed and enriched with
moisture before entering the lungs, thus conserving both heat and water (Van
Valkenburgh et al. 2004).

13.3.1.2 Thermogenesis

To maintain body temperature, heat production (thermogenesis) has to equal heat
loss. Metabolic activity such as cellular respiration, digestion and muscular exertion
(exercise) always results in heat production, because the chemical reactions that
constitute metabolism proceed with less than 100 % efficiency. The higher an
animal’s metabolic rate, the higher is the rate of heat production.

On a seasonal time scale, animals can increase their metabolic rate and insula-
tion to improve cold tolerance (Chaffee and Roberts 1971). To acutely increase heat
production, an animal can engage in shivering, i.e. rapid reflexive muscular con-
tractions that produce little net movement, and non-shivering thermogenesis (NST)
(Willmer et al. 2005). NST takes place in specialised adipose tissue that is highly
vascularised to allow transport of heat generated there to the rest of the body, and
contains a high density of mitochondria, the sites of cellular energy production
(Blix et al. 1975). In NST, oxidation of fat (an exergonic metabolic reaction that
results in a net release of energy) is decoupled from its usual metabolic goal of ATP
production, so that most of the energy produced by the oxidation reaction is
released as heat. Both shivering and NST require substrates (fatty acids, glucose),
and therefore increase food requirements. Newborn seals use both shivering and
NST (Blix et al. 1979). Birds appear to be capable of NST, but it occurs in muscle
rather than adipose tissue (body fat), and the exact mechanism remains to be
clarified (Teulier et al. 2010).
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13.3.1.3 Insulation

The primary means of thermal insulation in many mammals and birds is a layer of
subcutaneous adipose tissue, which may be complemented to a varying degree by
hair, fur or feathers. Adipose tissue consists of adipose cells containing large
quantities of triglycerides (fat) that are embedded in a matrix of connective tissue;
in marine mammals, the subcutaneous fat layer is called blubber. Fat is a very good
insulator. The fluidity of fat at low temperatures depends on its constituent fatty
acids and increases with the degree of unsaturation and increasing length of the
fatty acid carbon chain. Consider, for example, the behaviour of butter (mostly
saturated) versus plant oils (mostly unsaturated) in the fridge. Marine animals and
birds manipulate the composition of subcutaneous fat to maintain adequate fluidity
of cellular membranes and flexibility of outer body layers (Willmer et al. 2005;
Chaffee and Roberts 1971). In addition, body fat also serves as an important energy
store to buffer seasonal fluctuations in food supply and energy demand, for example
during reproduction. The high fat content of whales, seals and penguins motivated
their exploitation for oil rendered from subcutaneous adipose stores.

While cetaceans rely on blubber alone to keep warm, seals and birds possess
additional insulation in the form of hair, fur or feathers. Penguins and other
Antarctic birds have down covered by outer contour feathers. Down consists of
specialised feathers that trap a large amount of air, which provides the actual
insulation. Penguin chicks and other nestling birds are kept warm by a thick layer
of down (Taylor 1986). While down is an efficient insulator, it is delicate and only
works while dry, and rain can cause hypothermia and significant mortality among
penguin chicks (Boersma 2008). In adult birds, down is protected from wetting and
abrasion by stiff outer feathers, which the birds waterproof by applying oily
secretions from the uropygial gland (preening).

Seals possess both hair and blubber as insulation but the relative importance of
the two components varies with species. Otariid seals have a thinner layer of
blubber than phocid seals but very dense fur that consists of a soft undercoat
protected by outer guard hairs, analogous to down and contour feathers in penguins.
Phocid seals have a relatively sparse, hairy coat devoid of an undercoat, and rely
mostly on a thick layer of blubber for insulation. The only otariid breeding in
Antarctica, the Antarctic fur seal, is limited to a more northern range than the
phocid seals, suggesting that its insulation may be less effective than that of the
phocid seals. In addition to the insulation provided by the skin and associated
structures (blubber, feathers, fur), Antarctic megafauna have vascular adaptations
that regulate the flow of heat from the core to the periphery (Box 13.6). Seal pups
are born with very little body fat, 3-7 % of body mass compared to 2040 % in
adults (Oftedal et al. 1996). Pups must accumulate blubber as quickly as possible
(Box 13.4) to reduce heat loss, particularly in severe weather, and in preparation for
swimming and diving. The same applies to penguin chicks (Raccurt et al. 2008).
Newborn seals have a special woolly neonatal coat called lanugo (Fig. 13.14) that
has a similar function to the down of penguin chicks, and is effective only when dry
(Blix et al. 1979).
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Fig. 13.14 Anteroposterior
view of a seal skull showing
the maxilloturbinal bones
(© Regina Eisert)

Seal pups and chicks moult their neonatal lanugo and down, respectively, and
acquire an adult coat prior to weaning/fledging. Adult seals and birds moult
annually to replace worn fur or feathers and to maintain their insulating properties.
During moult, the animal’s insulation is compromised due to loss of fur or feathers,
and because the skin is heavily perfused with blood to support the growth of new
feathers or hair. Thus moulting animals generally remain on land or ice and fast
(Boily 1995).

13.3.1.4 Behavioural Mechanisms

Examples for behavioural adaptations to cold include use of shelter, migration and
huddling with conspecifics (Ancel et al. 1997). Antarctic petrels nest in burrows or
crevices that provide protection against the cold as well as predation during the
summer breeding season. During the winter, most Antarctic birds and mammals do
not remain in the deep south, but move further north to varying degrees. Migration
may be motivated by additional factors, such as ice cover or lack of food. Two
notable exceptions to the annual exodus north are the Weddell seal and the emperor
penguin. Emperor penguins form large colonies on sea ice where eggs are incubated
by male penguins during the Antarctic winter (Cherry-Garrard 2010; Pinshow
et al. 1976). The male emperor penguin fasts from the arrival at the colony in
March to April for about 115 days until hatching and the return of the female. To
reduce heat loss, incubating males huddle in dynamic groups of thousands of
penguins that slowly circulate to regulate intra-huddle temperature and balance
the exposure of each individual (Ancel et al. 1997; Le Maho et al. 1976; Gilbert
et al. 2006). This strategy greatly decreases the thermoregulatory costs of huddling
penguins relative to isolated penguins (Gilbert et al. 2008). Because emperor
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penguins must fast while incubating, the reduction in energetic costs achieved by
huddling is an essential adaptation that allows males to survive the entire incubation
period while living off their body stores.

Penguin chicks also use huddling as a thermoregulatory strategy. Penguins and
small seabirds keep their offspring warm by physical contact (brooding). In snow
petrels, the resting metabolic rate of hatchlings doubles after brooding ceases at
5 days of age due to an increase in the amount of energy devoted to thermoregu-
lation (Weathers et al. 2000).

13.3.2 Extreme Seasonality

Radical seasonal changes in climate, photoperiod and biological productivity are
characteristic of the polar regions. The Antarctic summer presents a brief window
of opportunity for Antarctic animals to complete activities that depend on transient
resources (e.g. fattening on krill) and/or require relatively mild climatic conditions
(e.g. moulting, raising offspring). The timing of birth or hatching is constrained by
incompletely developed thermoregulation of neonates (Blix and Steen 1979), as
severe weather (blizzards, rain) may cause high mortality among young animals.
Another constraint is the need for offspring to acquire sufficient skills and body
reserves before the onset of the next polar winter. Reproduction in Antarctic
megafauna is tightly synchronised to take advantage of favourable conditions,
and timing of reproduction may vary with latitude in parallel to climatic gradients.
For example, Weddell seals in McMurdo Sound (77°S 168°E) pup 6-8 weeks later
than Weddell seals on Signy Island at 60°S (Croxall and Hiby 1983).

Breeding cycles of Antarctic megafauna generally fit into either a summer
breeding cycle (volant seabirds and penguins except the genus Aptenodytes), or
an annual cycle (seals, whales, emperor penguin). The only exception is the mostly
subantarctic king penguin, which breeds asynchronously and completes two breed-
ing cycles per 3-year period (Gauthier-Clerc et al. 2002). In phocid seals, the
synchronisation of parturition (pupping) is achieved by delayed implantation.
Female seals mate around the time they wean their pup (3—7 weeks after giving
birth), i.e. 10—11 months prior to the next pupping period. Because this is longer
than the time required for embryonic development, the implantation of the blasto-
cyst (very early embryo) is delayed for a variable period so that pups are born
around the same time every year (Sandell 1990; Smith 1966). Weddell seal pups
that are born either early or late in the pupping season have reduced chances of
survival (Thomas and DeMaster 1983).

The young of Antarctic seals and birds are relatively precocial (Bucher
et al. 1986), meaning that they are born in an advanced state of maturity, which
gives them a head start. Despite this advantage, rapid growth and fattening of
newborn young is essential both for their immediate survival in extreme cold and
to ensure their survival once parental care ceases (fledging/weaning) (Raccurt
et al. 2008). Antarctic fulmarine petrels complete their entire breeding cycle from
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mating to fledging in 90-99 days and chick growth rates are up to twice as fast as
predicted (Hodum and Weathers 2003). Seal pups triple to quadruple their birth
mass during the lactation period. A large proportion of weight gain is fat that
provides insulation as well as an energy reserve for the immediate post-weaning
period while pups acquire the necessary skills to become effective marine hunters.

Extreme cold reduces the efficiency of growth, as dietary energy and substrates
that could be used for growth are instead used to maintain body temperature
(Kgwatalala and Nielsen 2004; Lopez et al. 1991). Rapid postnatal growth and
fattening of Antarctic offspring is made possible by parental provisioning of high-
energy, readily digestible food in the form of concentrated milks (seals, whales) or
partially digested prey (birds) that in petrels is supplemented with stomach oil.
Male emperor penguins produce a milk-like secretion from their crops that they
feed to newly hatched chicks. A general difference in parental provisioning
between birds and mammals is that the amount of food birds can deliver to chicks
is limited by the stomach and crop capacity of the parent and associated transport
costs, whereas milk is synthesised from already digested and assimilated substrates
and is not subject to the same constraints (Boyd 1999). Antarctic petrels produce
stomach oil that is fed to chicks. Stomach oil (Box 13.4) is functionally analogous
to milk insofar as it represents a processed concentrate (stomach oil contains 5-35
times the energy of the original prey) and provides an easily digestible, high-energy
substrate to the young. In Wilson’s storm petrel, the smallest endotherm breeding in
Antarctica, a typical feed of regurgitated prey given to chicks contains 42 %
stomach oil by mass. Energy budgets calculated for chicks and adults indicate
that Wilson’s storm petrel could not breed successfully in the Antarctic without the
ability to produce stomach oil (Obst and Nagy 1993).

Another important aspect of the life cycle of Antarctic megafauna is seasonal
starvation. Three examples of seasonal starvation in Antarctic megafauna are the
emperor penguin already mentioned, king penguin chicks, and lactating phocid
seals. During incubation, emperor penguins lose 35—40 % of their initial body mass
(Ancel et al. 1997; Pinshow et al. 1976). King penguin chicks overwinter in their
natal colony and are rarely or never fed for 5 months before completing their growth
and fledging the following summer (Olsson and Brodin 1997). During their 23-day
lactation, southern elephant seals catabolise on average 35 % of their initial body
mass, consisting of 60 % of their body fat and 22 % of their body protein (Carlini
et al. 2004).

In contrast to involuntary starvation caused by random catastrophic events,
seasonal starvation is adaptive in the context of life-history patterns of Antarctic
mammals and birds and has evolved in response to predictable seasonal food
shortages, or to accommodate essential activities that conflict with foraging (breed-
ing, lactation, brooding, moult). Among mammals and birds, the ability to tolerate
starvation is positively correlated with body fat content (Cuendet et al. 1975; Elia
et al. 1999; Goodman et al. 1984) and species size. With increasing body mass, the
capacity to accumulate body stores increases faster (proportional to body mass to
the power of 1.0) than the animal’s energy expenditure (proportional to body mass
to the power of 0.75). Thus larger species have larger reserves, both absolutely and
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relative to energy demand, and can tolerate longer periods without food (Oftedal
1993, 2000).

Seasonality also imposes limitations on scientific research. Antarctic megafauna
are typically accessible only for a fraction of their life cycle (breeding, moult), and
this enforced selectivity may severely distort our understanding of the life history of
species. For example, the Ross seal was long considered to be a rare pack-ice seal,
but satellite-linked instrumentation revealed that Ross seals only move into pack ice
to breed and moult. The rest of the year, Ross seals forage in the open ocean, where
they cannot be observed directly (Blix and Nordgy 2007).

13.4 Science and Antarctic Megafauna

Owing to its singular status as a continent dedicated to science, Antarctica has been
called a natural laboratory. Antarctic megafauna has been the focus of scientific
research from the earliest days of human exploration of Antarctica (Wilson 1907).
Research on Antarctic megafauna continues to generate fascinating insights rele-
vant not only to the polar regions, but of global significance.

13.4.1 Unique Solutions to Difficult Problems

Antarctic megafauna is predominantly endemic (i.e. consists of species that occur
nowhere else in the world) and represents a unique and fascinating species assem-
blage adapted to the cold, dry, icy and radically seasonal environment of Antarctica.
Species that evolve in challenging environments frequently develop adaptations
that represent an extreme end of the spectrum of physiological mechanisms found
in all birds and/or mammals. Such extreme adaptations can advance scientific
understanding, not only through demonstrating what is possible, but also by
highlighting the limits of a given physiological process, such as hypoxia tolerance,
thermoregulation, or the ability to rapidly mobilise body tissues during starvation.

13.4.2 Indicators of Change

As a result of its geographical and ecological isolation, Antarctica remains com-
paratively unaffected by anthropogenic changes that have significantly modified
most other terrestrial and marine ecosystems. High-latitude regions of the Southern
Ocean present an opportunity to study the last relatively intact marine ecosystems
on Earth (Halpern et al. 2008), although the impacts of whaling on Southern Ocean
food webs are largely unknown. The absence of pervasive human modification in
Antarctica also allows the quantification of ecological effects of naturally occurring
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oscillations in physical parameters, such as the El Nino-Southern Ocean (ENSO)
cycle. This in turn permits the assessment and prediction of the effects of future
climate change on the Antarctic ecosystem (Trathan et al. 2007). Because Antarctic
megafaunal species occupy key positions in the food web as predators (seals,
whales, penguins) and megaconsumers (baleen whales), they are central to this
endeavour. Megafauna populations integrate the complex interactions of multiple
ecosystem drivers and effectively act as ecosystem sentinels (Boersma 2008).
Climate warming leading to a loss of ice and a greater incidence of liquid precip-
itation (rain, sleet) is a significant threat to immature seals and penguins, whose
thermal insulation (down, lanugo) is only effective when dry.

13.4.3 Antarctic Megafauna Needs Science

Antarctic megafauna is protected by international agreements and through the
establishment of protected areas. At the same time, there is considerable concern
regarding the potential impact of fisheries for krill and Antarctic toothfish on
Antarctic megafauna (Ainley and Siniff 2009; Ainley et al. 2009; Schiermeier
2010). While it was previously believed that removal of large whales produced a
krill surplus, there is now considerable uncertainty regarding the magnitude of krill
stocks and the sustainability of large-scale harvesting (Schiermeier 2010).
Harvesting of Antarctic toothfish, Dissostichus mawsoni, is of concern because
there are insufficient data regarding the dependence of Weddell seals (Fig. 13.15)
and C-type killer whales on toothfish (Pinkerton et al. 2010). Clearly, effective
protection and rational management of Antarctic megafauna can only occur on the
basis of solid scientific knowledge, and understanding the ecological vulnerabilities
and requirements is essential for identifying and mitigating potential threats. For
example, during the breeding season, Antarctic megafauna may depend on a

Fig. 13.15 Newborn
Weddell seal with lanugo,
next to its very fat mother
(© Regina Eisert)
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Fig. 13.16 A Weddell seal with a large adult Antarctic toothfish it has brought to a hole in the sea ice
near Scott Base (77.85° S, 166.75° E). Weddell seals hold the head of captured toothfish out of the water
and then tear the fish apart by shaking it vigorously (often at the surface), possibly because the seal’s
dentition is relatively unsuited for handling large prey. Toothfish captured by seals are estimated to
measure 1-1.5 m in length and weigh 20-50 kg (With kind permission from Sal Genovese)

relatively narrow range of prey (Trathan et al. 2007). Because reproduction in
Antarctic megafauna is characterised by high parental investment and tight sea-
sonal synchronisation to use brief windows of opportunity, changes that delay
offspring development or increase the cost of parental provisioning, such as
decreased availability or quality of prey, may disproportionately decrease offspring
survival and recruitment (Raccurt et al. 2008) (Fig. 13.16).
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