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Index introduction 
A definitive and comprehensive paper assessing the effects of
climate change on the terrestrial and marine flora and fauna in
Antarctica.

The review explores the lessons that can be drawn from this
regional climate and the need to understand the interactions
between different anthropogenic causes of environmental
change.
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Antarctica provides records of change preserved in ice and
sediments which provide evidence of natural patterns of
subdecadal and longer-term patterns.

It is an important natural laboratory to study and identify
contemporary human influences on the ecological consequences
of change.

Summary
In addition to warming, the northern Antarctic Peninsula,
associated archipelagos, and some sub-Antarctic islands are also
experiencing a rapid increase in de-glaciated terrain and changes
in precipitation and irradiation patterns.

The newly available land provides fresh but immature habitat for
colonisation by land plants: combined with the influence of
climatic warming and changes in patterns of water availability,
some have undergone a rapid increase in abundance and
changes in the utilisation of life history strategies.

The changes in climate have more subtle effects on terrestrial
animals and, while responses to or consequences of individual
elements of climate change can be identified at species or
individual level, as yet few attempts have been made to
synthesise these across either communities or multiple
environmental variables.

In addition to consequences attributable to environmental
change, Antarctic ecosystems now also face the direct impacts of
human presence, in the form of increasing incidence of
introduction and establishment of non-indigenous ("alien")
species.

Direct (introduction) and indirect (via environmental change)
consequences of human action will act synergistically to further
impact native ecosystems, through a combination of lowering the
barriers to successful colonisation and establishment and
increasing the frequency and diversity of biota introduced to the
region.



To date, most marine and oceanic habitats have shown only
equivocal evidence of warming, but there has been a marked
decrease in sea ice extent in the region west of the Antarctic
Peninsula, most recently linked with evidence of rapid warming at
near-surface (< 100 m) depths.

Antarctic Peninsula regional warming, decreasing sea ice extent,
and some biological parameters, are linked through global
teleconnection to ENSO events.

Contemporary marine environmental changes, while small in
absolute terms, are likely to be sufficient to influence the
population dynamics of many marine organisms, and also
approach the tight ecophysiological stress tolerance limits of
some, as strong stenothermy is often a feature of their biology.

Southern Ocean marine ecosystems have, however, already been
heavily and possibly irreparably impacted by the direct effects of
human economic activity.
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Glossary

ACC: Antarctic Circumpolar Current — an eastward moving
oceanic current surrounding the Antarctic Continent in the
Southern Ocean

ENSO: El Nino Southern Oscillation

Gene chip (or “microarray”): A glass microscope slide that is
coated with 10005 of minute spots, each of which contains DNA
representing a gene from a particular organism(s). Using this
technology, we can screen the activity of large numbers of genes
in relation to changes in environmental conditions.

NIS: non indigenous species - an "alien" organism that does not
form part of the native biota of a defined region.



PAR: photosynthetically active radiation, 3 term used to describe
the wavelength range (ca 400 - 700 nm) of visible light that can be
absorbed by the various pigments involved in photosynthesis,
providing the energy to permit the fixation of carbon from
atmospheric carbon dioxide into organic molecules (sugars).

Poikilothermic: an organism that does not generate sufficient
heat internally to allow maintenance of a body temperature
different from that of its environment.

Stenothermy: term used to describe an organism that can
survive only within a narrow temperature range

UV: ultra-violet radiation

Calcite compensation depth: the ocean depth, usually several
km, below which calcite does not accumulate because it is a level
on the sea floor at which the rate of carbonate supply is equal to
the rate of carbonate dissolution. it is analogous to the snow line
on land.

Introduction     
The Antarctic is remote from most human experience and activity,
even today, and it is only a little over a century since a person first
set foot on the continent.

However, it is not remote from the consequences of human
actions, a fact spectacularly illustrated not least by the exceptional
rates of climate change seen in parts of the region over the last 50
years or so, but also by its exposure each austral spring since the
early 1980s to the ”ozone hole", a separate consequence of
anthropogenic pollution of the upper atmosphere.

Between these two major environmental perturbations, four
changing environmental variables can be predicted to have a
direct influence on Antarctic biota: temperature, water {to the
terrestrial environment, through precipitation and melt), solar
radiation (PAH and UV) and atmospheric CO  concentrations.2



The first three have been the focus of research in the Antarctic. In
contrast, although increasing levels of CO  are recorded across
Antarctica as across the planet, its biological consequences have
not been directly addressed in the region. Now, despite its
remoteness, Antarctica and its biology is, through its exposure to
rapid environmental change, becoming a "canary in the coal
mine" (Convey, Scott & Fraser, 2003) providing fundamental
biological lessons applicable to the rest of the planet.

The field of climate change is obviously far more complex than
the often used (and misused) term “global warming” would imply.

However, it is now generally accepted that one important element
of climate change — the recent warming trends evident in global
and many regional data records — is both real and linked
intimately with the rapid increase in the release of “greenhouse"
gases (particularly CO ) into the atmosphere as a result of human
activity since the industrial Revolution (King 2005).

Most attempts to model this warming process, notwithstanding
justifiable caveat and recognition that contemporary models fall
short of real world accuracy (eg. King et al, 2003), closely agree in
predicting enhanced rates of climate change, particularly
temperature increase, at higher latitudes.

The Antarctic terrestrial and limnetic environments, with their
extremely low indigenous biodiversity linked with severe
environmental stresses, geographical isolation and the youth of
most habitats, are currently faced with rates of climate change
amongst the most rapid on the planet (Quayle et al. 2002,
Vaughan et al. 2003, Bergstrom. . 2006), with the latest analyses
showing increases of 0.56°C decade  over the last 50 years
(Turner . 2005a).

Polar ecosystems are expected to show particular sensitivity and
rapid biological responses (Freckman & Virginia 1997, Quayle et
al. 2002, 2003), and were singled out by the Inter— governmental
Panel on Climate Change (lPCC) Third Assessment (lPCC 2001) as
areas of special concern. 
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The severe conditions of the Antarctic terrestrial environment
have ensured that to date it has not been a focus of economic
activity, although throughout the Twentieth Century attempts
have been made to establish agricultural outposts on some sub-
Antarctic and more northern cold temperate oceanic islands (eg.
Headland 1984).

While not being economically viable, these have served both wide-
scale political purposes and enhanced local recreational
opportunities or quality of life for the transient human
populations of these islands. Their main tangible consequence for
Antarctic biology has been the introduction and establishment of
a wide range of non—indigenous vertebrate herbivores and
predators, invertebrates and plants, some of which have had, and
continue to have, considerable deleterious impacts on native
biota and ecosystems (Frenot et al. 2005).

In contrast, the Southern Ocean marine ecosystem has been a
focus of economic activity since the discovery of large fur seal
(Arclocephalus gazella) populations in the late Eighteenth Century.

The history of overexploitation and destruction of stocks of seal
and successive whale species is hardly glorious (Fig. 1; see, e.g.,
Headland (1984) and Basberg (2004) for descriptions of the
history of these industries on South Georgia) but today, through
the auspices of the Convention for the Conservation of Antarctic
Marine Living Resources (CCAMLR, an international convention
agreed by the signatories of the Antarctic Treaty), at least the
ongoing legal Southern Ocean fisheries for krill, squid and various
fish species are probably the most effectively monitored and
regulated in the world.

In this critical review, our aim is to draw together diverse strands
of contemporary Antarctic biological research, placed in a context
of ecosystems subject to the most rapid rates of regional climate
change currently occurring on the planet.

We highlight biological messages that can be drawn out from the
Antarctic and used to improve understanding of actual and likely
consequences of environmental change worldwide, both for



natural and managed ecosystems.

Our approach, necessarily selective and synthetic, builds on a
palaeobiological foundation and considers responses from the
level of the genome upwards through levels of complexity
including organism physiology, life history strategy and
populations, and community and ecosystem processes.

Antarctic climate history
Climate change has occurred throughout the Earth’s history. The
Earth was in a state of extreme global warmth from the
Cretaceous (144 to 65 million years (ma) ago) to the early Eocene
(ca 55 ma), during which time Antarctica was part of the
supercontinent Gondwana, with a terrestrial fauna and flora
typical of south temperate rainforest regions (Poole & Cantrill
2001).

With the opening of the Drake Passage (30—35 ma) (Livermore et
al. 2005) and the separation of the Tasman Rise from Antarctica
(33.5 ma) deep water circulation became possible around the
Antarctic.

The resulting Antarctic Circumpolar Current (ACC) isolated a cool
body of water (the Southern Ocean), established a polar front and
accelerated a major cooling of the Antarctic continent. By the
middle to late Eocene (42 ma) there were a series of several small
glaciations and one major transient glaciation of the Antarctic.

Studies of the oxygen isotope composition of marine calcite in
sediment cores suggest that this “greenhouse_icehouse"
transition was closely coupled to the evolution of atmospheric
carbon dioxide, and that negative carbon cycle feedbacks may
have initially prevented the permanent establishment of large ice
sheets (Tripati et al. 2005).

However, by 34 ma, at the Eocene-Oligocene transition, large ice
sheets appeared on the Antarctic continent evidenced by
decreasing atmospheric carbon dioxide concentrations and a
deepening of the calcite compensation depth in the world's
oceans coinciding with changes in seawater oxygen isotope ratios.



After 15 ma, a further cooling is believed to have caused the
transition from an ephemeral to a permanent Antarctic ice sheet
(Barret 2003).

Since the formation of the Antarctic ice sheet, the continent’s
climate has been far from stable. During the most recent
geological period, the Quaternary, that spans approximately the
last 2 ma, the polar ice sheets developed their characteristic cycle
of slow build up to full glacial conditions, followed by rapid
deglaciation to interglacial conditions (Williams et al. 1998).

Even within the interglacials there have been periods of lower and
higher temperature, for example the optima at ca 11,500-9,000
cal yr BP (Masson et al. 2000) and 3,800-1,400 cal yr BF (Hodgson
& Convey 2005) in the Holocene.

The broader glacial— interglacial changes in the configuration of
the ice sheets are largely driven by the cyclical changes in the
Earth’s orbital path around the sun, controlling the amount of
solar radiation reaching the Earth (Milankovitch cycles].

The most influential of these are the 41 kyr (thousand years)
obliquity cycle that paced the Quaternary glaciations prior to 400
kyr ago and the 100 kyr eccentricity cycle that has paced the
Quaternary glaciations since 400 kyr (Williams et al. 1998).

However, if glacial-interglacial cycles were solely driven by cyclical
changes in the Earth’s orbital path around the sun, then one
would expect alternating glaciations in the Northern and
Southern Hemispheres, as one, and then the other pole became
positioned nearer to the sun.

What has ensured near synchronous glacial behaviour between
both poles, despite the difference in their respective positions
relative to the sun, are the changing levels of global atmospheric
CO experienced during glacial cycles.

Carbon dioxide in the atmosphere originates from a variety of
sources, for example, the natural decay of organic material, the
combustion of organic matter, and aerobic respiration. These
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natural sources are nearly balanced by physical and biological
processes that remove carbon dioxide from the atmosphere.

For example, the oceans exert an important control on global
CO  concentrations, and contain over 60 times more carbon than
the atmosphere.

The oceans can remove CO  from the atmosphere through two
processes. the biological pump (which fixes carbon through
photosynthesis, respires it back into the ocean, and transports
about ten per cent to the deep ocean) and the solubility pump
(where cold saline water transfers dissolved CO  to the deep
ocean). Changes in the efficiency of these pumps and their link
with the Milankovitch cycles and global atmospheric CO  is
believed to be, in part, due to changes in ocean circulation
together with changes in high latitude surface ocean productivity
and variations in total ocean nutrient distribution.

Important changes in ocean circulation include the rate of North
Atlantic Deep Water (NADW) formation. During glacial stages
NADW flow into the Antarctic is reduced and this results in a
dominance of up—welled Circumpolar Deep Waters (CPDW) in
the surface layers with an increased partial pressure of CO .

This corresponds to the reduced atmospheric CO  measured
during glacial stages in ice cores. Other factors may also be
involved such as sea ice extent limiting out-gassing from the
ocean (Stephens & Keeling 2000), and colder ocean temperatures
increasing the solubility of CO .

Whilst the magnitude of the leads and lags between CO  and
atmospheric temperature during different phases of the glacial
cycles are debated, several ice core records now show that the
atmospheric global (CO and temperature have been more or less
coupled for at least the last 800,000 years.

Thus, the coupling between CO  as a principle greenhouse gas
(along with other greenhouse gases such as (CH4 and N 0) and
global temperature is well established (Houghton 2007, King
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2005). Modelling studies also confirm that CO  variations have an
important amplifying effect on the glacial- interglacial cycles
(Weaver et al. 1998).

Under natural conditions the level of CO  in the atmosphere
during the Quaternary glacial - interglacial cycles has varied
between 180 and 300 ppm.

Through the burning of fossil fuels, largely since the Industrial
Revolution, humans have driven the level beyond the bounds of
this natural variability, currently to about 380 ppm, with a rise of
about 20 ppm over only the last ten years (Fig. 2).

The result is that atmospheric CO  is now at levels about 30%
higher than at any time in the Quaternary, and methane 130 per
cent higher, and that the contemporary rates of increase are
exceptional – for CO , 200 times faster than at any time in the last
650,000 years.

The consensus amongst most scientists {Houghton 2001, King
2005) is that these increases in CO  and other greenhouse gases
are causing global temperatures to rise, forcing the Earth toward
a new and potentially unsteady state. This increase in
temperature has not been uniform across the globe but has been
particularly focused on the polar regions.

Contemporary Antarctic climate change
Since the 1950s the western Antarctic Peninsula and associated
island archipelagos has been one of the three most rapidly and
consistently warming areas of the world (Fig. 3; Smith 1990,
Skivarcs et al. 1998, King et al. 2003, Vaughan et al. 2003,
Turner et al. 2005a), notwithstanding considerable interrannual
variability.

At Faraday/Vernadsky Station (Argentine Islands, ca 65°S) mean
annual air temperature has increased by 0.56°C decade
 (Vaughan et al. 2003, Turner et al. 2005a).
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Warming trends are also seen at several sub-Antarctic islands
(Bergstrom & Chown 1999) and at some coastal locations of
continental Antarctica, although much of the continental area
shows no clear trend or even local cooling (Doran et al. 2002).

The rapid increases along the Antarctic Peninsula seem to be
linked locally with decreasing winter sea ice extent and, on a
larger scale. to El Nino Southern Oscillation (ENSO) events in the
southern Pacific Ocean (Cullather et al. 1996, Harangozo 2000). 

Recent analyses of long-term datasets of life history parameters
of Southern Ocean megafauna have likewise detected a link with
environmental variability and ENSO events (Forcada et al. 2005,
2006).

Until recently, these temperature trends have not been extended
to include detectable effects in the surrounding seas. However,
Meredith & King (2005) have now reported an analysis of
oceanographic data indicating that surface (< 100 m depth)waters
west of the Antarctic Peninsula have also warmed by as much as
1°C over the last 50 years, along with changes in salinity, although
there was no detectable effect at greater depth.

Air temperature trends may vary both throughout the year and
with location. Along the western Antarctic Peninsula the strongest
trend is due to warming during the winter (11 ± 9°C per century),
with much less (but still significant) warming in summer (2.4 ±
1.7 C per century) (King & Harangozo 1998, King et al. 2003,
Vaughan et al. 2003). in contrast, at Signy island (South Orkney
Islands) most warming has occurred during the summer (Smith
990, Convey et al. 2003).

Such differences between local trends may have considerable
biological significance (reviewed by Convey 2003, 2006) at least in
terrestrial ecosystems, as they influence the length of the active
season, and the timing of release and duration of presence of
liquid water and nutrients.
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The potential biological significance of the changes seen to date is
emphasised by the use of a measure of physiological time (day
degrees above 0°C — a measure integrating the length of time
and amount by which temperature remains positive).

Again, using data from Faraday/Vernadsky Station, Vaughan
(2006) has shown a highly significant 74 per cent increase in this
measure over the last 55 years, equating to approximately 77 day
degrees.

It has separately been shown that increases of only 100-300 day
degrees per season are sufficient to generate major shifts in life
history of some polar invertebrates (Strathdee et al. 1993, Arnold
& Convey 1998).

If temperature is a highly noticeable changing environmental
variable, the availability of liquid water is thought to be an even
more fundamental factor influencing the biology of many polar
terrestrial biota (Kennedy 1993, Somme 1995, Block 1996).

Although currently impossible to model or describe at an
appropriate spatial scale, it is clear that precipitation is linked with
other variables (e.g. insolation — including receipt of PAR and UV,
cloud cover, wind speed), while temperature obviously influences
its form (rain vs snow).

Meteorological records show a general increase in precipitation in
coastal areas of the maritime Antarctic (Turner et al. 1997, 2005b),
and also that, especially in the northern maritime Antarctic,
summer precipitation increasingly occurs as rain (Quayle et al.
2003) and therefore becomes available immediately to terrestrial
biota.

Decreases in precipitation are also being reported from some
Antarctic locations, particularly in the Sub-Antarctic (Bergstrom &
Chown 1999; Convey 2006).

Although an important source of water to terrestrial ecosystems,
precipitation in the form of snow, or onto frozen ecosystems,
does not become immediately available to biota.



Subsequent snowmelt and the melting of glacial ice are the
normal routes by which water enters terrestrial ecosystems.

In this context, recent rapid glacial retreat, along with loss of
permanent snow cover, become significant (e.g. Smith 1990, Fox
& Cooper 1998, Kiernan & McConnell 2002, Skvarca & De Angelis
2003).

Warming trends and earlier melt also raise the possibility of
exhaustion of available ice or snow, paradoxically thereby
increasing rather than reducing water stress on terrestrial biota
during the summer period (see Convey et al. 2003). More subtly,
recent evidence of rapid changes in salinity in some coastal
continental Antarctic lakes is interpreted as indicative of a change
in the balance between water input to the lakes and evaporation
and sublimation (Hodgson et al. 2006).

The final environmental variable for which change processes are
of fundamental biological relevance is solar radiation. Direct
insolation is clearly inseparable from the environmental variables
already discussed, with any changes (e.g. through changing cloud
cover) likely to alter primary production, the fundamental basis of
most ecosystem processes.

Separately, since the early 19803, depletion of the stratospheric
ozone layer (Farman et al. 1985) has altered spectral composition
and intensity of incoming radiation, causing increased exposure
to damaging shorter wavelength UV radiation (UV-B) for terrestrial
and shallow marine biota.

Levels of exposure to UV-B at ground level under the ozone hole
are similar to those normal in mid-summer, and its biological
significance lies with the fact that these occur much earlier in the
season than normal (Fig. 4), at a time when many terrestrial
organisms have not resumed normal physiological activity and
remain in their winter frozen or desiccated and inactive state.

Ozone depletion is caused by a separate anthropogenic pollution
process to that underlying warming, although the two share a
common influence relating to the strength of the upper



atmospheric polar vortex (Thomson & Solomon 2002).

However, the consequential impacts of increased UV-B radiation
on biota are also modulated by other environmental variables,
particularly cloud cover and type (Gautier et al. 1994, Sabburg &
Wong 2000), and even the presence and properties of thin layers
of snow (Cockell et al. 2002).

Life history strategies and population
changes
The most frequently cited example of a biological response to
environmental change in the Antarctic is that of the continent’s
only two native flowering plants (the
grass, Deschampsia antarctica, and the pearlwort, Colobanthus
quitensis).

Very rapid increases – up to two orders of magnitude – in their
populations (numbers and local extent) have been reported in
studies in the maritime Antarctic (Fowbert & Smith 1994, Smith
1994, Grebe et al. 1997, Gerighausen et al. 2003).

It is thought that increased temperatures have encouraged
growth and vegetative spreading. And increased the likelihood
that germinating seedlings will develop sufficiently to permit
establishment.

Separately, warming has led to a greater frequency of successful
sexual reproduction (Convey 1996a), and is reported to stimulate
growth of seeds from soil propagule banks (McGraw & Day 1997).

There have yet to be comparable quantitative and non—
manipulative field studies of either the bryophyte flora (the
dominant vegetation type in the maritime Antarctic) or of the
invertebrate fauna of the habitats provided by the plants.

Qualitative observations support a similar increase in local scale
extent and abundance of bryophytes, and also that newly
available vegetated habitats are rapidly colonised by an
invertebrate fauna typical for the location concerned. 



Exceptional flexibility is a general feature of the life history
strategies of many Antarctic terrestrial organisms {Convey 1996b,
1997, 2000), and potentially allows accelerated development and
shortening of the life cycle in response to improving
environmental conditions.

Although there are few experimental demonstrations of this
occurring, the sub—Antarctic diving beetle, Langustis
angusticoflis, is a species likely to show a rapid response, as the
levels of warming being experienced in its natural habitat are
already almost sufficient to permit a step change in its life cycle
from biennial to annual (Arnold & Convey 1998).

As the top predator in its ecosystem, any such change will have a
large though unpredictable impact on local trophic dynamics. An
analogous step change in life history characteristics (in this case
of an aphid) has been described in a manipulation study of an
Arctic tundra habitat (Strathdee et al. 1993).

In the context of understanding responses to changing patterns
of water availability, a meter practical problem to be faced both in
the Antarctic and elsewhere relates to the difference in physical
scale between that of meteorological and micrometeorological
monitoring equipment and that at which an individual organism
operates, particularly in soil habitats.

Thus, in the only study of the water relations of maritime Antarctic
micro-arthropods (mites and springtails), Block & Convey (2001)
and Convey et al. (2003) used an alternative approach, treating
ecophysiological data as a proxy measure of environmental
conditions, and identifying patterns in animal water content that
suggested consistency with local climate trends.

With the limited availability of quantitative field data, extended
(months to years) field manipulation studies involving passive
cloches or screens (often described as greenhouse
methodologies) have been used to imitate the predictions of
climate change and attempt to identify likely responses (Fig. 5).



Such studies in the Antarctic uniformly result in very rapid
responses (in terms of increased population densities) across the
bryophyte and microbial flora and the invertebrate fauna (Smith
1993, 2001, Kennedy 1994, Wynn-Williams 1996a, Convey &
Wynn-Williams 2002), and also illustrate the importance of
dormant propagule banks in the rapid establishment of
communities (to date consisting only of local species) in
manipulations on previously visibly bare ground (Smith & Couper
1986, Smith 1987, 1993, Convey & Smith 2006, Hughes et al.
2006).

Amendment methodologies have also been attempted in the
Antarctic, to date limited to the use of lights to alter exposure of
natural habitats to the UV spectrum (Montiel et al. 1999,
George et al. 2001), and analogous experiments have been
completed in laboratory controlled environment cabinets
(Rozema et al. 2001).

At non-Antarctic locations augmentation studies have also
addressed CO  enrichment (Henry 1997) and ground heating
using buried heaters. Such methodologies carry severe practical
constraints in terms of power and maintenance or manpower
requirements, and have yet to be applied in remote and severe
environments such as the Antarctic.

However, the long-term application of field manipulation
methodologies, while certainly an imperfect mimic of climate
model predictions, is the only practicable experimental approach
to the study of biological responses to change in the field,
whether in remote locations such as the Antarctic, or more
familiar areas at lower latitude.

Many manipulation studies have explicitly focused on the
consequences of warming or irradiation receipt, and have
justifiably attracted methodological criticism through failing to
take into account adequately that most actually alter not only the
target but also a suite of inter-related environmental variables
(Kennedy 195a, 1995b).

2



It is now clear that an holistic and inevitably more complex
approach is required, incorporating multivariate manipulations
and more complex statistical analyses (Day et al. 1999, 2001,
Convey et al. 2002).

From such studies, where temperature, water and radiation
regimes can be manipulated together and responses quantified in
the contexts of plant biochemistry, morphology, life history and
ecology, the decomposition cycle and the wider food web, it has
been concluded that biological responses, while present, are
often likely to be subtle and hard to detect.

While this conclusion is not simple and clear-cut, as might be
desired in the non- scientific political and media realm, it does
carry a message of fundamental importance. Even subtle
responses involve changes in gene activity and resource
allocation at cellular and organism level (Clark et al. 2004, Peck et
al. 2005), and hence in life history strategy, and it is vital to
understand how they may integrate through food webs and lead
to considerably greater impacts at community or ecosystem levels
(Day 2001, Searies et al. 2001, Convey 2003).

In addition to the indirect consequences of human activity on
biological systems, acting through climate change, direct impacts
are also evident.

The impacts on the Antarctic marine environment through human
exploitation of marine resources may alter the relative success of
different life history strategies and, through this, have impacts on
both marine and terrestrial biology.

As an example of this, fishing of long-lived ground fish species in
the Southern Ocean may lead to their replacement by
cephalopods with much more rapid life cycles (Caddy & Rodhouse
1998).

It is not clear whether such a change is automatically reversible or
whether this element of the marine ecosystem has been moved
into a new stable state. Changes in the marine ecosystem may



also lead to spectacular consequences for the biodiversity of
terrestrial ecosystems.

Thus, the recent very rapid recovery in populations of Antarctic
fur seal from near-extinction to pre-exploitation levels (Boyd
1993) has been accompanied by a large range expansion in which
resting and moulting seals occupy previously non-impacted
terrestrial and freshwater habitats (Hodgson & Johnston 1997,
Hodgson et al. 1998), rapidly leading to destruction of these
habitats and their biodiversity (Smith 1988).

Again, it is unclear whether this is a ‘temporary’ state, with the
shorter fur seal life cycle allowing more rapid population recovery
than is the case for competing whale species, or whether the
marine ecosystem has shifted to a new state.

Impacts of climate change on marine
biodiversity, biogeography, and ecosystem
function
The best-known elements of Antarctica’s marine life are probably
krill (Euphausla superba, a euphausiid crustacean) and their
vertebrate consumers, including penguins, seals and whales.

Krill can be very abundant in some areas at sometimes, but
copepods also dominate zooplankton in other areas or times. In
addition to the vertebrate predators, squid (cephalopod molluscs)
can be very abundant krill consumers in Antarctic waters and, in
turn, are important to many higher predators.

Whilst there are many species of Antarctic copepods, pelagic fish
are poorly represented. Most human focus has been, and still is,
directed at these water column species, partly because of their
historical importance as a resource (including the charismatic
megafauna), but also more recently through their profile in the
fields of tourism and conservation.

This perception of the Antarctic or Southern Ocean marine
ecosystem is not entirely accurate, as the greatest contribution to
the biodiversity of Antarctic waters comes from the seabed of the



continental shelf (Clarke & Johnston 2003).

Here, benthic animals face scouring from the near random
gouges of stranded icebergs for much of the year. Respite comes
when the sea surface freezes in winter, but at higher latitudes this
is accompanied by ice forming around some organisms in the
shallows, encasing them and eventually, through buoyancy,
ripping them off the substratum and carrying them to the surface.
In the shallows, therefore, life is constantly recolonising following
catastrophic disturbance.

This is also the case on larger scales of time and space - marine
life has had to re-conquer the Antarctic shelf from hundreds of
meters depth following each of the continent’s many glaciations
(Hodgson et al. 2003).

The life that we see in the top few hundred meters depth on the
Antarctic continental shelf is that which has withstood most of the
last few hundred thousand years in deep (~800+m) water while
being capable of colonising, living and competing at much
shallower depths.

Some biologists believe this regime has promoted speciation in
Antarctica and, certainly, it hosts a larger proportion of the world’s
animals than would be expected given the length of coastline, or
area of the continental shelf or ocean involved (Clarke & Johnston
2003).

In contrast, on land, Antarctica is a desert when compared with
the Southern Ocean, in which more than 75 species representing
as many as 16 phyla may be seen within just ten square meters at
a single site (Barnes & Brocklngton 2003) (Fig. 6).

Traditionally, it was thought that the poles were species-poor and
the tropics rich in marine biodiversity. However, although new
data have roughly supported such a relationship in the Northern
Hemisphere, Antarctica’s rich marine life seems to buck the trend
in the Southern Hemisphere (see Arntz et al. 1994, Brey et al.
1994, Gray 2001, Barnes 2006).



Antarctic marine biodiversity is not uniformly rich, however. Some
groups, such as the barnacle and true crab crustaceans, reef
building corals, gastropod molluscs and reptiles are poorly
represented whereas others, such as sea spiders (pycnogonans),
polychaete worms, sea squirts (ascidians) and bryozoans are
particularly well represented (Clarke & Johnston 2003). Even
within the continental shelf area, biodiversity distribution is very
uneven, with some regions proving especially rich and others
impoverished (see Linse et al. (2006) for molluscs).

In the marine environment, population changes have been
particularly obvious in seals and whales due to human harvesting
in the last two centuries.

The population of baleen [filter—feeding) whales in the Southern
Ocean has been reduced to less than 10 per cent of that reported
in 1922 (Headland 1984) and Antarctic fur seals were hunted to
near extinction.

The slow recovery of baleen whale populations compared with
the rapid recovery of fur seal populations has been attributed to
the different efficiency with which they breed and exploit their
principal food source, Antarctic krill.

Despite this, it is likely that two factors will limit the continued
growth of the fur seal populations: commercial krill fishing and
climate change linked to ENSO events.

The former is already being monitored to determine its impact
whilst the latter is apparent in data and the instrumental record
(Forcada et al. 2005).

This instrumental record has shown that positive sea surface
temperature anomalies at South Georgia, preceded by, and cross
correlated with, frequent ENSO events between 1987 and 1998,
explained extreme reductions in Antarctic fur seal pup production
over a period of 20 years, again linked largely to the availability of
krill.



Much scientific attention has focused on population variability in
this particular euphausiid crustacean, as populations of this very
important ecological (and commercial] species have varied
considerably over a number of decades. Increases were thought
to be related to the reduction in their predators (whales and
seals), and numbers have declined in the last few decades
perhaps linked either with the gradually increasing recovery of
predators or the decline in winter sea-ice area (where much of the
life cycle takes place) due to regional warming (Tarling & Johnson
2006).

Furthermore, Atkinson et al. (2004) found that salp (Urochordata)
increases were coincident with krill decreases, and suggested this
was linked to changing oceanic conditions. Understanding
population changes of species in the Southern Ocean ecosystem
is a complex field, as there are so many factors involved –
including year to year variability in the timing, duration and
nature of primary productivity and sea ice, ENSO events, human
fishery intensity, and the response to/recovery from past fishing,
to list a few. 

Due to its long period of geographical and oceanographic
isolation (though see Clarke et al. 2005, Barnes et al. 2006a), the
Antarctic supports a large proportion of endemic marine species.

The level of endemism, as with biodiversity, varies between
animal groups. Bryozoans are fairly typical and have levels of
endemism of about 85 per cent at species level, 6 per cent at
genus level and 0 per cent at family level (Barnes & de Grave
2000).

Such rates are very high compared with other areas around the
world, with only small, old, oceanic islands such as those in the
Hawaiian archipelago being comparable.

This does of course mean that if species are lost (become extinct)
from such places they are gone forever. Both biodiversity and
endemism show strong patterns around the Southern Ocean,



Longhurst (1998) described Antarctic marine life as essentially
consisting of one biome with two provinces — coastal and
oceanic.

To the north of this an "Antarctic westerly Winds biome“ was
proposed, including a higher latitude sub-Antarctic province
(encompassing the sub—Antarctic islands) and a northerly
province including the southern part of the Atlantic, Indian and
Pacific oceans.

Studies of the benthos do not support this proposal, particularly
in the emergence of the Ross Sea, the Scotia arc, the Weddell Sea,
and South Georgia (amongst other areas) as separate zones
(Barnes & deGrave 2000, Linse et al. 2006).

Some biogeographic patterns that became evident early in
Southern Ocean research were those that followed the currents
or prevailing winds, such as ‘west wind drift’. Although some
marine organisms disperse as adults (those which brood their
larvae), most use the larval stage as a dispersal mechanism.

The longer that larvae spend in the water column, the further,
potentially, they can travel. While lecithotrophic larvae, which
have their own food supply, will be limited eventually by
exhaustion, planktotrophic larvae can potentially stay in the water
column, assuming sufficient planktonic food supply.

Species with long lived, widely dispersing larvae have the potential
to colonise new space most rapidly and are disproportionately
abundant in shallow waters. However, in some groups of animals
the families which brood their larvae (i.e. poor dispersers) have
arguably been more evolutionarily successful (generated more
species) than those with planktonic larvae although the latter
have become more abundant (Poulin et al. 2002).

Furthermore, many larval forms are currently unidentifiable
beyond class and sometimes even beyond phylum {Stanwell-
Smith 1997), so that most of our understanding of marine
ecosystems is based on studies of immature adults upwards.



This effectively leaves a black hole in knowledge relating to larval
life stages, while these cineraria play significant roles in
colonisation processes. Community development and ecosystem
structure.

Here, sequencing approaches are now beginning to be used as a
taxonomic tool. By amplifying and sequencing the same gene
segment (the Cytochrome C oxidase gene [CO|]) and using it as a
standardised biomarker for species it has been possible to
identify specimens, define new species and to a certain extent
replace traditional taxonomy.

This is called DNA brooding and enables discrimination between
higher taxonomic levels across phyla and to species level in most
organisms (Hebert et al. 2003a, 2003b). Although there is now an
international consortium (The Barcode of Life project:
http://barcoding.si.edu/), with the "simple" aim of "barcoding“
virtually every thing that lives, more applied aims are becoming
apparent.

For instance, barcoding can provide a tool with which to identify
and track Antarctic larvae (Webb et al. 2006) enhancing our
knowledge on marine speciation, diversity, niche partitioning and
many other features of ecosystems.

Human impacts on patterns in marine life within the Southern
Ocean are many, although they must also be set in the context of
the tremendous natural disturbances including ice (in all its
forms), wind and waves and freshwater inundation.

Uncontrolled sealing and whaling led to sequential and dramatic
collapses in the abundance of each target species, from the
largest through to the smaller baleen whales. Following the
collapse of whale stocks, Laws (1977) estimated there might be as
many as 150 million tonnes of krill that the whales would have
eaten now available for various seal and penguin species, and it is
certainly the case that numbers of fur seals have now increased
to beyond their pre-sealing numbers (Boyd 1993, Hodgson et al.
1998).



The largely uncontrolled exploitation of Southern Ocean marine
resources during the Eighteenth to mid—Twentieth Centuries has
led to a possibly permanent shift in marine ecosystem structure
(Croxall et al. 2002), and provides an object lesson for the
consequences of human mismanagement.

Even in the latter part of the Twentieth Century, and with the best
efforts of the CCAMLR system, the Southern Ocean marine
ecosystem continues to be the subject of a considerable illegal
and unregulated fishery along with collateral ecosystem damage
(bycatch) (e.g. Tuck et al. 2004), the solution to which lies within
the sphere of political will rather than scientific research and
advice.

To date other harvesting impacts, such as trawling on marine
benthos, have been small in the Antarctic. This is largely because
only very limited or scientific trawling operations have been
permitted, mostly around the Heard and South Georgia
archipelagos.

Elsewhere in the world trawling and demersal fishing have
devastated marine communities to a level higher than even
iceberg destruction (Thrush & Dayton 2002). Human use of
Antarctica and adjacent regions has led to contamination of
Southern Ocean fauna through accidental oil spills, and the
release of sewage and garbage (see eg. Flatt 1978).

Organochlorine pesticides, PCBs and other environmentally
persistent chemicals have entered the sea locally around areas of
activity but also by being transported long distances to Antarctica
in the air (Bargagli, 2005).

As happens elsewhere, these poisons may be concentrated both
by certain organisms and as they pass up the food web, and high
levels have been detected in some benthic species already
(Kennicuft et al. 1995). Plastics are increasingly drifting the world’s
oceans and organisms are using them as rafts.



Live benthic organisms have now been found travelling the
Southern Ocean by rafting on plastics (Barnes & Fraser 2003,
Barnes et al. 2006a) and attached to ship hulls (Lewis et al. 2003)
in Antarctica.

Although a few marine non—indigenous species (NIS) have
recently been found in the Southern Ocean (Thatje & Fuentes
2003). none are proven to be established – the only ocean for
which this statement is true. Removing NIS from the land of even
small islands has proved very difficult and has never been
achieved from marine environments. The presence of NIS has
proved to be one of the major threats to global biodiversity
elsewhere in the world and will inevitably affect the Southern
Ocean.

Furthermore, it is very likely that the number of vectors and rate
of introduction to this region will increase, that some NIS will
establish and spread, and that some of these establishers will
have secondary effects and impacts on indigenous species and
ecosystems. NIS are potential competitors or consumers of many
indigenous species, and are now of particular concern as
conditions should increasingly favour their establishment and
spread, if predictions of climate models (Murphy & Mitchell 1995)
and recent data (Meredith & King 2005) are true indicators of
future significant Southern Ocean warming.

Increases in ultraviolet radiation reaching the Earth's surface
associated with the ozone hole have impacted marine primary
producers. it is well known that solar UV radiation, particularly
short wavelength high energy UV—B radiation, can have a range
of biological impacts, including effects on growth and
reproduction, the photosynthetic system, and pigments, proteins
and DNA (Harder el al. 1998).

However, scaling up what are clear results at the level of
laboratory or individual species or community manipulation to
the ecosystem level is a difficult and complex exercise, and there
are few convincing data linking UV—B increases with changes
observed at this level.



For instance, even though shifts in phytoplankton community
structure have been demonstrated, considerable uncertainty
remains regarding their wider impact on the ecosystem.
Understanding how the Southern Ocean marine ecosystem might
respond as a result of changing UVAB exposure patterns is a
priority for climate scientists.

This is because many marine algae synthesise dimethylsulfonium
propionate (DMSP), which is released into the ocean
and subsequently atmosphere as dimethyl sulphide (DMS), a
compound whose breakdown products act as cloud – condensing
nuclei, leading to increased cloudiness and important impacts on
the atmospheric radiation budget (Zepp et al. 2003). 

High concentrations of DMS and DMSP occur in the Southern
Ocean in spring as the sea ice melts, a time at which ozone
depletion is at its peak. These concentration changes are partly
due to increased zooplankton grazing and algal mortality, but
other factors such as changes in the mixing depth and UV induced
photoinhibition may also encourage the conversion of DMSP into
DMS.

However, there remains great uncertainty as to the practical
existence or importance of the effect of climate on this process,
as the large-scale temporal and spatial variability inherent in the
Southern Ocean make it difficult to identify specific UV-B effects,
while some individual species have shown no changes in DMSP
production during laboratory culture experiments (van Rijssel &
Gleskes 2002).

The interactive effects of ozone depletion and vertical mixing on
Antarctic phytoplankton have been investigated in modelling
studies (Neale et al. 1998). One prediction of these studies was
that exposure to UV-B radiation will strongly inhibit
photosynthesis.

A 50 per cent reduction in stratospheric ozone (as a worst case
scenario) was predicted to reduce daily integrated photosynthesis
by up to 8.5 per cent. It seems reasonable, therefore, to be able to



link increased exposure to UV-B with decreased productivity and,
hence, reduced carbon draw down into the ocean.

However, the same study also notes that inhibition associated
with realistic environmental variability can have a stronger
influence on integrated water column photosynthesis than UV-B
effects, concluding that ozone depletion can inhibit primal
productivity in open waters of the Antarctic, but that natural
(oceanographic and meteorological) variability in the exposure of
phytoplankton to UV-B has a major role in either enhancing or
diminishing its impact.

Nevertheless, it is clear that UV-B is a significant environmental
stressor in the Southern Ocean ecosystem, and that its effects are
enhanced by ozone depletion.

Impacts of climate change on terrestrial
biodiversity and biogeography
As a foundation to assessing the significance of climate change
and other anthropogenic processes on regional terrestrial
biodiversity and biogeography in the Antarctic, it is appropriate to
consider briefly the natural processes of colonisation and
establishment in this isolated region.

Wind is a major vector for the colonisation of isolated
environments, particularly for smaller organisms and/or their
propagules (plants, insects, microbes), and has been strongly
implicated in underlying the distribution of vegetation on the sub-
Antarctic and other Southern Ocean Islands (Preest 1964, Munoz
et al. 2004).

Wind has also been suggested as a major vector for freshwater
Crustacea (Falla 1960, Laybourn-Parry & Marchant 1992), which
have resting stages in their life histories that are capable of
survival under desiccated conditions as would be experienced
during aerial transfer.

For other groups, including some terrestrial arthropods and
molluscs, (long distance) air dispersal is considered unimportant
(Pugh & Scott 2002, Pugh 2003). Aerobiological sampling and ice



core analyses have demonstrated that many terrestrial,
freshwater and even marine propagules arrive above the
Antarctic continent (Smith 1991, Marshall 1996), and some may be
carried well inland (Kellogg & Kellogg 1996).

As yet, few data are available to allow confirmation of the
proportion of such propagules that are viable, while typical
meteorological conditions around the continent only rarely permit
direct north-south transport, which would minimise transfer
times and presumably maximise survival (Gressitt 1964, Marshall
1996). However, it is clear that. while infrequent, such transfer
opportunities do occur in nature (Marshall 1996, Greenslade et al.
1999, Convey 2005).

Transport at the water surface may also be a viable route for
certain groups of Antarctic terrestrial arthropods. Some, such as
ameronothroid mites, include terrestrial, intertidal and marine
Antarctic representatives, and show very wide ecophysiological
tolerances (Marshall & Convey 2004), including the ability to
survive long periods of immersion in both fresh and seawater, or
periods spent on the surface or on floating debris {see also
Coulson et al. 2002).

Birds are often suggested to be important transport vectors for
terrestrial or freshwater species. However, there are few clear or
recent demonstrations of this in action in the Antarctic, and those
that exist are limited to a tow algae and microbiota (Gressitt 1964,
Schlichting et al. 1978). The most plausible vector species are
those that migrate to other continents, such as species of skua,
gull and sheathbill (Barnes et al. 2006a).

There are few explicit examples of animals being transported into
the Antarctic using other animals as vectors (zoochory; see Pugh
(1997) for review), although viable terrestrial mites have been
found in the guts of seals (Pugh 1994) and having passed through
the guts of sub-Antarctic ducks (E Martin, pers. comm).

Plants may also be carried considerable distances as seeds in
vertebrate guts, and it seems likely that some non—indigenous
plants species used this route (i.e. within the guts of introduced



vertebrates) in becoming established on sub-Antarctic islands
(Frenot et al. 2005). 

In most cases, even when propagules arrive in the Antarctic in a
viable state, subsequent successful establishment remains
unlikely However, given the clear demonstrations (above) through
experimental climate manipulations that conditions more humid
or even a degree warmer than currently experienced are
sufficient to spectacularly enhance propagule growth prospects
(Fig. 5b; Smith 1990,WynneWilliams 1996b), it is likely that
contemporary climate change processes will enhance the
likelihood of successful natural transfer and establishment of
both non-indigenous and native Antarctic biota.

Until the last two to three centuries, and largely up to recent
decades. Antarctica has been protected by its geographical
isolation and physically extreme climate from the
consequences of human activity that are felt all too keenly
elsewhere on the planet.

When humans arrived on other continents and islands around the
planet, this initiated waves of introduction and spread of NIS, with
concurrent and often dramatic decreases and extinctions of
native biota (Vitousek et al. 1997, Vines 1999, Blackburn et al.
2004).

As yet Antarctica has experienced somewhat limited
anthropogenic ecosystem damage, at least on land. Here,
particularly on the sub-Antarctic islands, over this time period
there have been examples of local extinctions, mainly relating to
burrow—nesting bird species on islands subject to rodent or cat
introduction, (see Frenot et al. 2005 for review).

In that some of these species are of very restricted global
distribution, there remains a clear threat to both regional and
global biodiversity. Finally, over the same period, sub-Antarctic
terrestrial ecosystems have become increasingly disrupted
through introductions of NIS, facilitated by a range of passive and
active anthropogenic vectors (Fig. 7; Chown & Gaston 2000,
Whinam et al. 2004, Frenot et al. 2005, Barnes et al. 2006a).



Anthropogenic introduction is thought to be the principal vector
for most such species (Chow/n et al. 1998, Frenof et al. 2005; but
not for mites, see Pugh 1994), with the frequency of
anthropogenic introduction and establishment outweighing that
from natural processes by one to two orders of magnitude or
more (Gaston et al. 2003, Gremmen & Smith 2004, Pugh 2004).

Approaching 200 terrestrial NIS are known to have established in
the Antarctic region, the majority being vascular plants and
insects (Frenot et al. 2005). Only two significant sub-Antarctic
islands remain free from introduced vascular plants, while
introductions account for over 50 per cent of angiosperm
biodiversity on the major islands of South Georgia and Kerguelen,
and up to 70 per cent on the cool temperate oceanic Gough
Island in the South Atlantic Ocean.

In most cases, introduced plants and invertebrates have not yet
spread significantly or had more than very local impacts on native
communities. However, in a small number of cases these species
have become aggressive invaders, displacing and/or destroying
native species or communities and presenting an increasing
problem in terms of ecosystem management (Frenot et al. 2005).

In contrast, most introduced vertebrates (both grazers and
predators) have already had considerable impacts on native
ecosystems, modifying habitat and community structure and in
some cases leading to local extinction of indigenous species.

While some introductions are potentially reversible through
eradication (e.g. large grazing mammals and predatory cats),
others present far larger challenges (particularly rodents and
many plants), while in either case it is far from clear whether
these ecosystems will then recover from such perturbation to
their "natural” state.

Much of this subsection has focused on the probability and direct
consequences of anthropogenic introduction of NIS into the
Antarctic, and the consequences this may have for local and
regional biodiversity and ecosystem processes.



However, these direct consequences of human activity in the
Antarctic region are inextricably linked with the indirect effects
being experienced as a result of anthropogenic climate change
processes.

Thus, in locations experiencing climate "amelioration" (generally
understood as warming to more favourable temperatures and/or
improving availability of water), as well as impacts on the native
biota, parallel consequences include reduction of the previously
Intense barriers to long distance natural colonisation of the
Antarctic (increasing probability of successful transfer), and
reduction in ecophysiological stress experienced on arrival at an
Antarctic site by either natural or assisted means (increasing the
probability of successful establishment) (Frenot et al. 2005).

Given the current factor by which human—assisted introduction
outweighs successful natural dispersal to the Antarctic, these
direct and indirect consequences of human activity are likely to
act synergistically to accelerate the rate at which Antarctic
ecosystems are “invaded“ by non-Indigenous species.

Individual physiology in the response to
climate change
Poikilothermic animals living in the sea around Antarctica are
thought typically to have poor abilities to cope with rising
temperatures (Somero & De Vries 1967, Peck & Conway 2000).

In experiments most die when temperatures are raised to
between 5°C and 10°C. The reason they fail at elevated
temperatures IS a lack of capacity to supply oxygen to tissues
(Portner 2001, Peck 2005a), and the transfer of tissues to
anaerobic metabolism has been used to identify critical
temperatures that delimit the long-term physiological limits for
survival (Portner et al. 1999, Peck et al. 2002).

These studies tell us much about the physiological tolerances of
Antarctic marine species, but these will not be the proximate
causes of loss of populations or species in a changing



environment. Failure here will be dictated by ecological factors
(Clarke 1996, Clarke et al. in press) including competition,
resource supply and reproductive life history traits.

Recent studies have, therefore, focused on animal activities, as a
measure of their competence to function in a more ecological
context. Data here have shown Antarctic marine species to be
very temperature sensitive (Fig. 8).

Fifty per cent of specimens of the clam Laterule elliptlca lose the
ability to rebury in sediment when temperatures are raised to
between +2 C and +3°C (compared with typical natural ambient
temperatures of -1 C to +1 C.

The limpet Nacella concinna has a similar response to rising
temperature in its ability to right itself when turned over, and no
specimens of the scallop Adamussium colbecki can swim when
temperatures are raised experimentally to +2°C (Peck et al. 2004).

However, this loss of function is merely a gross manifestation of
the massive internal biochemical and genetic changes that are
occurring and in many ways represents a final indicator of stress.

Clearly these marine organisms are being affected much earlier,
at the genetic level, than is revealed by physiological observation
alone. Using gene chips it is possible to survey these organisms by
simultaneously examining the expression of a large suite of genes
and how their expression levels vary with temperature challenge,
and several gene chips for Antarctic marine organisms are
currently being produced (Fig. 9).

Although no Antarctic organisms have been sequenced, available
DNA sequence banks contain more than100 Gigabases of
sequenced DNA from over 165,000 different organisms (press
release from NIH on August 22nd 2005), so that DNA studies are
now possible in any non-model organism (Gracey et al. 2001,
Podrabsky & Somero 2004).

Not only is it possible to survey an animal’s response to increased
temperature, but also to monitor side effects in areas such as
immunocompetence and fertility, which in many ways are equally
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important to an organism’s long—term survival if compromised
by temperature.

Additionally, such methodologies can be used to evaluate the
response at individual level, as not all organisms respond
identically even within the same species (Oleksiak et al. 2002).

These high sensitivities of gene activity to raised temperature are
likely to be good measures of a species’ ability to cope with the
proximate ecological stresses in a changing environment, and will
indicate those Antarctic marine species that will suffer with small
elevations of ambient temperatures.

The ability to do this type of work in Antarctic organisms will
enable the identification of genetic biomarkers for temperature
stress, which may then be used in other more temperate species.

Antarctic organisms are particularly useful as sentinels of
environmental climate change as the clean environment of the
Antarctic ensures that only temperature changes are being
measured and not the additional effects of pollution (present in
the rest of the world).

However, taking a wider view, three lines of evidence indicate that
the ability of Antarctic marine biota to withstand raised or
relatively rapid changes of temperatures is more complex than
these studies suggest.

First, Antarctic marine life present today has experienced a
number of changes of sea temperature over its evolutionary
history, on timescales between millions and tens of thousands of
years (Clarke & Crame 1989).

Second, while the shallow water marine biota found around the
sub-Antarctic island of South Georgia seems typically Antarctic in
character (Barnes et al. 2006b}, sea temperatures around this
island can often be 2°C or more higher than those at more
southern Antarctic localities (Barnes et al. 2006c).



Third, marine macro—algae (Wienke &Dieck 1989) and various
invertebrates (Barnes et al. 1996) present in the intertidal zone
can withstand at least short—term exposure to temperatures at
low tide of +10 C or more.

This final point indicates how rapidly scales of environmental
variability can change with progression over the few meters
separating the extreme thermal stability of Antarctic marine
subtidal waters and the much greater variability of the intertidal
zone (Peck et al. 2006).

Furthermore, new studies of Antarctic intertidal life have revealed
many more marine species as long-term inhabitants than were
previously thought to occur, that these are not specialists to this
zone and that all are clearly capable of withstanding high
temperatures at low water (Waller et al. 2006).

Thus, to develop a clearer picture of how Antarctic animals are
likely to respond to the rising temperatures in the Antarctic
region, we need to test a wider range of species – both in terms of
relatedness and in their ecological or functional roles.

Whatever the true level of ecophysiological flexibility of Antarctic
marine species, the data available to date suggest that terrestrial
species are much more flexible. Their natural habitat fluctuates
markedly in temperature, often in excess of 20°C in a single day
(Peck et al. 2006), contrasting with the stability of the marine
environment (Fig. 10).

Because of this, terrestrial and freshwater invertebrates have
wide temperature tolerances, with many species capable of
surviving well in excess of a 50“C annual temperature range
(Convey 1996b, Peck 2004).

The problems from future climate change facing Antarctic marine
and terrestrial species therefore vary markedly. As noted above,
mean annual air temperatures on the Antarctic Peninsula have
risen by 2°C to 3°C in the last 50 years.
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This level of physical change in temperature presents little
problem for most Antarctic terrestrial animals, because the range
of temperatures experienced in their natural habitats is already
wide and encompasses this increase.

This is not to say that responses to this level of change will not be
expected or seen. Indeed, the warming has caused ice on the
Peninsula to recede, resulting in an increase in the area available
for species to colonise, an extension of the period available for
activity, an increase in the energy available within this period, and
an overall increase in population size for many species.

Rather, the primary problem they are likely to face comes from
the amelioration of conditions to the point where alien (non—
indigenous) species become capable of survival and
establishment. Sea temperatures in the region west of the
Antarctic Peninsula have risen by one degree in the last 50 years.

Although this is a small rise compared with that seen in air
temperatures, it poses a markedly different problem for the
marine species in the region. Their sensitivity to temperature rise
may mean that a change of this magnitude threatens their ability
to survive. It the current warming trend in sea temperatures
continues, species will face thermal conditions that threaten
survival in as little as the next 50-100 years.

Marine species have further problems, because they are
generally long lived and often exhibit deferred maturation (Peck
2005b). They also tend to produce fewer but larger eggs than
species elsewhere {Clarke 1993, Gambia et al. 2001).

These temporally restricting factors mean that their ability to
adapt to changing conditions is less than those of lower latitude
species. Their ability to migrate away from worsening conditions
is also poor, because Antarctica’s coastline covers very few
degrees of latitude, and most of the continent’s coast is the same
distance from the Pole.



Thus, while animals can migrate latitudinally along long coastlines
in Africa, Asia, the Americas and Australia, this is not possible for
Antarctic marine species. On all major counts, therefore, Antarctic
marine species are poorer at responding to change than most
similar faunas elsewhere.

Discussion and Conclusions
Integrating findings across a range of biological disciplines, as
illustrated in this review, helps to clarify the warning role that
Antarctica and its biology can play in advancing understanding of
responses to contemporary environmental change, and in
providing fundamental biological lessons applicable to the rest of
the planet.

Contrasting with much of the planet, Antarctic terrestrial and
marine habitats have historically been buffered from sources of
both natural and assisted external colonisation by their isolation
and lack of human contact (Frenot et al. 2005, Barnes et al.
2006a).

Human influence in the region is now rapidly breaking these
barriers down, both indirectly through climate amelioration
lowering the barriers required for successful long-distance
natural colonisation and establishment, and directly through the
deliberate (now discontinued) and continuing accidental import of
non—indigenous organisms.

The synergy between these two routes of establishment will only
serve to accelerate the destruction of this protective barrier.
Biological invasions obviously carry clear and important
implications at a regional (Antarctic) scale, relating to
biogeography and conservation.

However, in providing clear models to improve understanding of
the processes of colonisation, establishment and range change,
they also enhance our ability at a global scale to understand and
start to mitigate one of the most insidious consequences of the
recent trend of globalisation of human transport and economic
activity.



While ecosystems, continents and even entire biomes are often
considered in isolation, it is clear that links and teleconnections
exist across planetary scales.

With an Antarctic focus, this is clear for example in the repeated
identification of ENSO events in analyses of the patterns of
environmental and biological variables in Antarctic studies.

It is also clear that a better understanding of processes occurring
within the Antarctic, but with global implications, is urgently
required. This is particularly well illustrated by the ongoing debate
about the role of carbon drawdown in the Southern Ocean in the
global carbon cycle, with further debate on the potential impact
on this process of changes in irradiation spectrum caused
through the ozone hole.

Antarctic terrestrial organisms are generally well adapted to their
highly variable environment, where they often already face
natural variability that far outweighs the observed and predicted
levels of change.

The contrast in terms of variability with the Antarctic
marine environment could hardly be more striking (Peck et al.
2006). Here, thermal stability is the norm and intense
stenothermy and narrow physiological tolerances the
evolutionary consequence for many biota.

There is a real risk identified that, with the combination of the
levels of warming now reported at shallow depths and the lack of
opportunity for migration to colder waters (other than for taxa
that can migrate to greater depths), elements of the nearshore or
sub-surface Antarctic marine ecosystems may be faced with
conditions that they cannot tolerate or adapt to.

In contrast, some Antarctic terrestrial biota may indeed gain in the
short term from aspects of contemporary climate change
unless/until critical thresholds are crossed that lead to
environmental stress.



The accuracy of any biological predictions we can make at local or
global scales depends fundamentally on an improved level of
description of the relevant environmental variables, and of the
degree of flexibility available to biota in response.

Recognition is also required that impacts may be positive or
negative, and consequential on either the action of one variable
alone or on multiple interacting variables.

The wider lessons to be drawn from this review are multiple, and
global in their implications.

To achieve any accuracy in prediction of change consequences,
we require not only detailed descriptions of particular
environmental trends, but also:

a wide and integrated knowledge of their interaction(s) with
other variables,
a detailed description of natural environmental variability at
scales relevant both to the small scale microhabitat and wide
scale biogeographical distribution of the target biota
a good understanding of the impacts of environmental
variability and environmental trends on biogeographical
distributions
recognition of the importance, and quantification, of biological
responses that are often subtle when seen at cellular or
individual level, and their integration through trophic networks
up to entire ecosystems
analogous recognition of the key contribution of applying
integrative approaches across biological and palaeobiological
disciplines, from the molecular and cellular through to
ecosystems and macroecology

Antarctic studies emphasise that a clear understanding of the
consequences of climate change, even in its simpler terrestrial
ecosystems, requires a considerably greater emphasis on holistic,
synthetic, multidisciplinary approaches than has generally been
the case to date.



While it is clear that some responses to changing environmental
conditions can be very rapid and take the form of step functions,
it is more generally the case that specific responses, which will
often occur at the levels of genomic expression, cellular
biochemistry and organismal physiology, will be subtle and hard
to detect and quantify.

Nevertheless, the integration of such responses at individual level
and upwards through populations to communities and
ecosystems is a fundamental prerequisite of any credible attempt
to model and predict the likely consequences of change
elsewhere on the planet.
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Figure 1. Whaling vessels moored at a shore-based whaling station on
South Georgia, at the height of the shore based whaling industry during the

first half of the Twentieth Century.      (photo: N.A.G. Leppard, British
Antarctic Survey Image Collection)



Figure 2. Historical concentrations of atmospheric carbon dioxide over the
last 160 years, inferred from ice core data from the Law Dome ice core
(Etheridge et al. 1996). Direct atmospheric measurements from the Manual
Loa record (World Data Center for Atmospheric Trace Gases) over the last
century are superimposed.

Figure 3. Annual mean surface air temperature trends at selected stations
along the Antarctic Peninsula and Scotia arc, from Orcadas Station (Laurie
Island. South Orkney Islands, c.60 S to Rothera Station (Adelaide Island, c.
68 S). Records other than for Orcados have been offset by the amounts

shown for clarity (from King et al. 2003)
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Figure 4. Change in the intensity of shorter wavelength UV—B radiation
received at ground level at Rothera Research Station (Adelaide Island) as a
result of spring ozone hole formation. Note that peak UV-B levels early in
the austral spring are enhanced and reach levels comparable with
midsummer (panel a), while no such increase is seen in levels of visible
radiation (panel b) or UV-A radiation (not shown) (figure modified
from Convey 2005).



Figure 5a. An example of the deployment of passive cloches as part of a
long-term study of the effects of environmental conditions and variation on
the microbial, plant and invertebrate communities of soils at a site on
southern Alexander Island (72°S) near the southern boundary of the
maritime Antarctic (see Convey & Wynne-Williams 2002).

Figure 5b. An illustration of the rapid development of a native bryophyte
community from the soil propagule bank on ground bare to the naked eye,
as a result of placement of a cloche at Jane Col, Signy Island (60"S) (see
Smith 1990, 2001). Photos: R. I. L. Smith/BASE.



Figure 6a. Benthic diversity and biomass is patchily high on the Antarctic
continental shelf (marine environment). A diver examines the benthic
Community at 25 m depth during a winter dive under sea ice near Rothera
Research Station. Photo: S. Brockington (BAS).



Figure 6b. Diverse encrusting Community at 20 m depth near
Rothera Research Station Photo: D. Smale/BAS

Figure 7a. The predatory carabid beetle Trechisibus antarcticus, introduced
to South Georgia, an island with no native insect predators.



Figure 7b. Seeds of the flowering plant Acaena mageiianica attached to
clothing, illustrating the potential for human activity to inadvertently
transfer viable propagules between locations.

Figure 7c. Reindeer were introduced to South Georgia to provide food and
recreation for whaling station staff in the early Twentieth Century, and their
grazing activity has led to considerable restructuring of plant communities;
here seen feeding on a sward of the introduced grass Poa annua, Whose
rapid spread on the island is also facilitated by the movement of reindeer:



Figure 7d. Extensive sward of the introduced grass Agrostis stoiom'fera on
Marion island, where it has locally almost completely displaced native
vegetation

Figure 7 photos: BAS, P. Rodhouse/BAS, N. Gremmen



Figure 8. Illustration of the tight stenothermy that is typical of many
Antarctic marine Invertebrates, and leads to a rapid failure to complete
routine biological functions with even a small increase in temperature
(figures modified from Peck et al. 2004)



Figure 9. How a gene chip works. The genes from a "normal" animal are
labelled with a fluorescent green tag and the genes from a "treated" animal
are labelled with a fluorescent red tag. The "treatment“ can represent
different environmental conditions such as warmer seas, drier habitat etc,
These can be from animals taken directly from the field or resulting
from experiments in the controlled environment of the laboratory. The
green and red labelled genes are mixed and incubated with a gene chip. if
one of the labelled genes matches a spot of DNA on the chip, it sticks. The
chip is washed and then scanned with a laser, which makes the green and
red gene tags fluoresce. If a spot looks green, then this means that the
gene is more active in the normal animal. if a spot looks red. then that gene
is more active in the "treated“ animal, and finally it a spot is yellow. then the
gene is equally active in both sets of animals. This means that we can work
out which genes are more active under particular environmental conditions
and determine if the animal is adapting or "coping" with environmental
change.



 

Figure 10. Different scales of environmental temperature variation in
summer (December) and winter (July) in Antarctic terrestrial.
freshwater and marine environments; note particularly the much reduced
temperature scale in the latter
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