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tunapri Palawa milangkani milaythina paywuta.
tunapri muylatina muka-ti, nipakawa nuritinga
kani pakana milaythina & muka liyanana
Antarctica.

muka tina, pinungana & muta tapilti Antarctica-tu
paywuta.

Nuyina, lukrapina lakarana, tapilti makuminya
maytawinya-ta & yula; nara kipli muka-ti mapiya
Antarctica.

liyanana panitha; muka ningina latu. warr!
waranta pumili manina ngayapi, narakupa
milaythina-nara-mapali & tina muka kitina,
maytawinya lakarana.

manta manta.

Tasmanian Aboriginal knowledge comes from
Country, and is connected to Country since the
beginning of time. This knowledge embraces Sea
Country, and the waters which carry our stories that
connect us with the icy land and seas of Antarctica.

Marine animals, fish and birds migrate from northern
lands to Antarctica and back, every year as they have
done since creation.

The big ice-breaker Nuyina follows the path of
the muttonbird and whale that feed in the waters
around Antarctica.

But the ice is melting; ocean temperatures are

rising! We must bring our planet back to life, care for
our Country and the ocean’s lifeworlds - from the
smallest krill to the largest whale, for all the times

to come.

Statement from the Tasmanian Aboriginal Centre, in palawa kani, the
language of Tasmanian Aborigines.
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Key findings

The Antarctic region is showing the effects
of climate change

Antarctica, the Southern Ocean and subantarctic islands continue to
show the effects of global climate change. The range and abundance
of iconic species are changing; patterns in sea ice formation are
increasingly unpredictable; and glaciers and ice sheets are melting. The
Antarctic Peninsula and part of West Antarctica have experienced the
greatest change. In East Antarctica, where Australia operates, the climate
has remained comparatively stable over recent decades, although this
conclusion is somewhat uncertain because detailed observations are

lacking across much of this area.

The most important factors contributing to physical change in the
Antarctic region are warming of the upper ocean and the lower
atmosphere, caused by increasing emissions of greenhouse gases, and
changes in atmospheric circulation, largely influenced by the cooling
effect of ozone depletion during spring in the Antarctic stratosphere. The
strengthening of near-surface winds over the Southern Ocean associated
with ozone depletion has mitigated the influence of global climate
change on the Antarctic region during summer.

Although the size of the Antarctic ozone hole varies from year to year,
there is increasing evidence that stratospheric ozone concentrations
successfully controlling the production and release of ozone-depleting
gases. These controls are also helping to reduce the pace of global
warming, because many of the human-made gases that cause ozone
destruction are strong greenhouse gases.
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Key findings

Antarctica and the Southern Ocean affect the

global climate and food webs

The Southern Ocean has continued to warm, and this has influenced
the transport of heat and moisture in the margins of Antarctica.

Major regional changes continue to occur in sea ice cover around the
continent. The trend of increasing sea ice coverage from the 1980s
appeared to be reversing in the 2010s. Changes in sea ice growth and
retreat will change important oceanic circulation patterns that affect
global climate and ecosystems. Overall, the contribution to global sea
level rise from the melting of the Antarctic ice sheet and associated
glaciers is becoming more important.

The Southern Ocean continues to absorb carbon dioxide (CO,) from
the atmosphere and is becoming more acidic (less alkaline) as a direct
result. Ocean acidification, changes in wind strength, variability in sea
ice and changes in the circulation of the Southern Ocean are affecting
Antarctic ecosystems. Ocean acidification, in particular, is likely

to have a profound effect on the Antarctic environment because

it affects organisms at the base of the food web. Effects are likely to
cascade through the entire ecosystem. However, our understanding of
the responses by many Southern Ocean biota is relatively poor, making
predictions of longer-term impacts highly uncertain. Changes in sea ice
conditions affect the ability of animals that depend on the sea ice, such
as penguins and seals, to breed successfully. Changes in sea ice extent
and duration also affect populations of prey of Antarctic predators.




Key findings

Changes are outpacing the ability of species to
adapt, and some species will become extinct

The rate at which the physical environment of the Antarctic region

is changing appears to be faster than the rate at which organisms,
especially those of a higher order (e.g. fish, birds), can adapt to the
changes. Although a few species may see benefits from some changes
(e.g. more breeding territory may become available as glaciers retreat),
these and other species may lose their prey resources, may be
outcompeted by species that can adapt to the changing ecosystems,
or may be replaced by species whose range is now extending from

flora and fauna. Increasing temperatures allow more plant species to
establish and may potentially enhance plant growth. At Heard Island,
retreating glaciers may generate new habitat for both fauna and flora.
Non-native microorganisms and invertebrates may also become
established. Change is difficult to assess as visits to the island occur
infrequently.
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Key findings

Fishing and other human activities add to the
pressures on the Antarctic environment, and
international collaboration is needed to better
protect and manage the region

Ocean. Fishing pressure may compound the pressures experienced by
Antarctic fish from rising ocean temperatures, southerly shifts of frontal
systems, and changes to sea ice extent and duration. The potential for
cold-adapted fish to be resilient to the pressures is probably limited; new
fisheries may rely on fish from warmer areas moving south.

Other human activities are increasing in the Antarctic environment,
putting pressure particularly on the small ice-free areas. Disturbance,
introductions of non-native species or disease vectors, and
contamination - for example, with pollutants and plastics — can threaten
local species and ecosystems.

Australia and other Commission for the Conservation of Antarctic Marine
Living Resources (CCAMLR) members continue to advocate for the

the Southern Ocean, including in East Antarctica and the Weddell Sea,
and seek their endorsement by CCAMLR.
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® Outlook and impacts

Outlook

Currently, the Antarctic environment is still

in comparatively good condition. However,
the pressures on the continent and the
surrounding ocean are increasing. For
example, the influence of ocean warming

on the melting of ice shelves and the coastal
margins of the ice sheet is accelerating, human
presence in the region is increasing, and
extraction of marine resources is intensifying.

Most importantly, climate change processes
are now underway that are likely to alter the
physical Antarctic environment over the next
decades to centuries, and are likely to become
irreversible without policy interventions and
technological advances. These changes will
affect ecosystems and species populations.
Organisms must adapt or will disappear. The
candidates most likely to vanish are those,
such as emperor penguins, that have adapted
to narrow environmental limits, and species
that grow and develop slowly, or have limited
capacity to disperse. Species more adapted to
warmer conditions and historically not found
in the Southern Ocean are moving south,

and may displace subantarctic and Antarctic
species through competition for food or
breeding habitat.

Climate change poses the most serious
threat to Antarctic ecosystems. It requires an
international effort to counteract its impacts
and substantial financial investments to
implement global strategies. The Antarctic
Treaty System regulates human activities in
Antarctica. Several organisations guide and
provide advice on activities in Antarctica
and the Southern Ocean. One of these is the

11

Commission for the Conservation of Antarctic
Marine Living Resources (CCAMLR), which
seeks to conserve Antarctic marine living
resources, including through the management
of fishing activities in the Southern Ocean.
Various international agreements are also

in place, such as the Agreement on the
Conservation of Albatrosses and Petrels,
which sets guidelines for seabird-safe fishing
practices.

Various efforts are underway to mitigate the
impacts of other human-induced pressures.
In Antarctica, the Antarctic Treaty parties
recently adopted recommendations to
reduce plastic pollution in Antarctica and the
Southern Ocean (ATS 2021).

The great southern region - Antarctica and
the Southern Ocean - is unique in the manner
it has been managed through the Antarctic
Treaty System. Given the new challenges
Antarctica now faces - climate change,

and increasing and diversifying human
activities - Australia and other treaty nations
are continuing to develop new regulatory
instruments to ensure the continued
protection of the Antarctic region and peaceful
collaboration among nations.

Impacts

Changes are occurring in the climate and
weather patterns of Antarctica, as well as

in the physical and chemical properties of
the Southern Ocean (WMO 2018, IPCC in
press-a). Many climatic processes that are
changing the Antarctic environment appear
to be well underway and are likely to persist
for decades or more. Although the physical
basis of processes driving the changes is
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well understood, the precise details of the
magnitude and rate of change, and the
interactions of change processes across the
physical and biological environment are
the subject of ongoing investigation (Pecl
etal. 2017, IPCC in press-b). The impacts of
these changes include altered patterns of
temperature, wind and precipitation across
the Southern Hemisphere; the increasing
contribution of Antarctica to global sea level
rise; and effects on the global oceans of
changes in the state of the Southern Ocean.

Impacts on ecosystems

Increasing uptake of carbon dioxide (CO,)

into the ocean is causing ocean acidification
that is likely to have severe biological impacts
within decades. The impacts on the structure
and function of marine ecosystems could be
dramatic (Feely et al. 2004, Doney et al. 2009,
Hutchins et al. 2009, Orr et al. 2009, Dupont
et al. 2010, Ericson et al. 2010, Hancock et al.
2020, IPCC in press-a). Such changes would
have profound effects on ecosystem services,
including the productivity of fisheries, and
the ability of the Southern Ocean to absorb
and store greenhouse gases. These changes
are most pronounced in the Southern Ocean
because of the naturally low levels of calcium
carbonate (CaCO3) and the greater solubility of
CO, in cold water (Figuerola et al. 2021).

Impacts on krill and fish
stocks

The demand for krill oil tablets as a dietary
supplement and for fishmeal is currently
driving an increase in krill catches (Cavanagh
etal. 2021), although krill is rarely consumed
directly by humans (Nicol & Foster 2016).
Furthermore, the value of toothfish has
increased over recent years, which could
increase the incentive for illegal, unreported
and unregulated fishing.

N4
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The ecosystem consequences of krill fishing
continuously operating at the catch levels set
by the Commission for the Conservation of
Antarctic Marine Living Resources (CCAMLR)
are unknown, but these catch levels currently
appear to be sustainable and consistent with
the maintenance of krill-dependent predators.
However, there is a long-term trend for the
fishery to concentrate catches in a few small
areas, which may lead to localised depletion
and impacts on krill-dependent predators
(Watters et al. 2020). CCAMLR has adopted
conservation measures that seek to spread
krill catches over a wider area. However, a
more comprehensive management regime

is required to better ensure that the needs

of predator species are taken into account.
The impact of environmental changes such
as ocean acidification on krill populations
(Kawaguchi et al. 2009) will also have to be
considered when setting catch limits for
Southern Ocean fisheries.

Impacts on global food
production

The flow-on effects of altered climate patterns
in the Antarctic and Southern Ocean region
include changing precipitation patterns in the
mid-latitudes of the Southern Hemisphere,
with consequences for the resilience of food
production and ecosystems (IPCC 2013). The
impact of climate change on food production
is already becoming apparent and varies
regionally. Whereas crop yields have generally
increased in South America, the impact has
been negative in other areas. For example, in
Australia, the production of wheat decreased
by around 9% per year from 1974 to 2013 (Ray
et al. 2019).

e
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Impacts on aesthetic and
wilderness values

The Protocol on Environmental Protection

to the Antarctic Treaty (the Madrid Protocol),
adopted in 1991, came into force in 1998.
Article 3 of the protocol declares the
‘protection of the Antarctic environment and
dependent and associated ecosystems and
the intrinsic value of Antarctica, including

its wilderness and aesthetic value ... shall be
fundamental considerations in the planning
and conduct of all activities in the Antarctic
Treaty area’. Under Annex V of the protocol,
some areas are designated Antarctic Specially
Protected Areas to manage and ‘protect
outstanding environmental, scientific, historic,
aesthetic or wilderness values’ (Secretariat of
the Antarctic Treaty 2021).

Increasing human activities and expansion
of the areas accessed by humans may put
aesthetic and wilderness values at risk.
Issues yet to be resolved are the absence of
assessment methods and lack of an agreed
definition of these values (Summerson &
Bishop 2012, Leihy et al. 2020).

Impacts on human health
and wellbeing

The Antarctic region is widely regarded as
being of special significance to society because
of its central role in the climate system, its
importance in oceanic food production,

and its wilderness and aesthetic values.
Although humans derive various benefits

from Antarctica and the Southern Ocean,

the climate and ecosystem services they
provide are still largely underappreciated. A
recognition of the values, the manner in which
they are linked and the feedback mechanisms
at play may improve future management of the
region (Bax et al. 2021, Cavanagh et al. 2021).

13
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Outlook and impacts

Assessment Social wellbeing related to Antarctica

2021
Very poor Poor Good Very good

Adequate confidence

The environment of Antarctica is changing, and this will affect global climate and marine systems,
with flow-on effects to human wellbeing.

© Assessment Health of the planet

2021
Very poor Poor Good Very good

Adequate confidence

The environment of Antarctica is changing, and there are increasing pressures on the
ecosystem from variability and trends in weather and climate patterns, and the state of
the ocean.

© Assessment Positive environmental stewardship and
international cooperation

2021
Very poor Poor Good Very good

Adequate confidence

Nations continue to work cooperatively to protect the Antarctic environment.

14
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© Assessment Protection of key species

2021
I I 7 | .
Very poor Poor Good Very good

Adequate confidence

There are encouraging signs that some key species that have been under threat are
recovering. However, the populations of some species are still decreasing.

© Assessment Ecosystem services

2021
Very poor Poor Good Very good

Adequate confidence

Benefits humans derive from Antarctic ecosystems include food provision, carbon
capture, nutrient cycling, research, aesthetic experiences, tourism and recreation.

15
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Outlook and impacts

Assessment ratings
For assessments in the ‘Outlook and impacts’ section

. Very good: The environment is in very good condition, resulting in enhanced
environmental values.

Good: The environment is in good condition, resulting in stable environmental
values.

. Poor: The environment is in poor condition, and environmental values are
somewhat or slowly declining.

. Very poor: The environment is in very poor condition, and environmental
values are substantially and/or rapidly declining.

Trend

Improving: The situation has improved since the previous assessment (2016
state of the environment report).

E Stable: The situation has been stable since the previous assessment.
Deteriorating: The situation has deteriorated since the previous assessment.

Unclear: It is unclear how the situation has changed since the previous
assessment.

16
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Physical environment

This report focuses mainly on the environment Tasmanian Government, while the wider

of areas administered by Australia (the Antarctic regions are managed cooperatively
Australian Antarctic Territory - AAT - and through the international agreements of the
the Territory of Heard Island and McDonald Antarctic Treaty System, in which Australia
Islands), subantarctic Macquarie Island is a leading participant. Many aspects of
(which is part of Tasmania) and the Southern Australia’s interests in the region relate to the
Ocean adjacent to these areas (Figure 1). environment of broader geographical areas,
Macquarie Island is managed by the which are described where required.

0w
SOUTH
AMERICA

Lar, an
Manp s S DA

AUSTRALIAN "
ANTARCTIC ‘ s
~ TERR[]'O RV “
(AaT)

 Aurora
Subglacial
asin

- EAST
~ ANTARCTICA

-8 WEST
S8 7% ANTARCTICA
SUIB N

 LawDome,
 Wilkes

Subglacial
‘Basin

Source: Australian Antarctic Data Centre

Figure 1 Antarctica and the Australian Antarctic Territory
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Antarctica is Earth’s southernmost, coldest,
highest, windiest and driest continent.
Including all islands and ice shelves, it covers
an area of about 14.2 million square kilometres
(km?) - nearly twice that of Australia.

Although isolated from other continents,
Antarctica and the surrounding Southern
Ocean are major drivers of global weather
and climate (Owens & Zawar-Reza 2015).
Interactions between the atmosphere, ice and
ocean in the Antarctic region set up patterns
of weather and climate that extend across the
Southern Hemisphere and northward across
the equator. These patterns interact with the
land and ocean at lower latitudes, which in
turn influences the southward flow of heat and
moisture to affect the Antarctic continental
margin and interior (Marshall 2007, Noble

et al. 2020).

The weather and climate of Australia feel the
influence of the Antarctic region because
Australia is geographically close to the region,
and is affected by mutual interactions with
large-scale modes of climate variability (van
Ommen & Morgan 2010, Vance et al. 2015, Lim
etal. 2019, Abram et al. 2021, Udy et al. 2021).
Consequently, understanding the state of the
physical environment in the Antarctic region
is important for assessing the state of the
Australian environment.

Atmosphere

Atmospheric change in the Antarctic region
can be divided into changes at and near the
surface (primarily in temperature, wind and
precipitation), and changes in the upper levels
(primarily in ozone concentration, temperature
and wind).

N/
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Surface changes

Patterns of change in the Antarctic surface
climate have been mixed in recent decades
(Hartmann et al. 2013, Turner et al. 2014,
Meredith et al. in press).

Significant regional surface warming occurred
in parts of the Antarctic Peninsula and the
West Antarctic Ice Sheet from the late 1950s
to the end of the 20th century (Turner et al.
2005b, Steig et al. 2009, Hartmann et al. 2013,
Turner et al. 2014). The rate of this warming
was among the most rapid anywhere on the
globe (Steig et al. 2009, Bromwich et al. 2013).

Since the beginning of the 21st century, the
Antarctic Peninsula has generally cooled
(Turner et al. 2016), although an indication

of warming from the mid-2010s has been
reported (Carrasco et al. 2021). Warming in
spring across the Antarctic Peninsula and West
Antarctica over 1979-2012 was also observed
(Clem & Fogt 2015). In East Antarctica,
temperatures since the 1950s have generally
shown no significant trends, apart from
indications of weak cooling during autumn in
the interior (Nicolas & Bromwich 2014, Jones
et al. 2016). These changes have recently been
confirmed by Turner et al. (2020a), who also
found that the interannual variability on the
western Antarctic Peninsula has decreased
since the late 1950s as sea ice in the region has
declined.

Turner et al. (2020a) have provided the most
recent detailed analysis of temperature
trends for Australia’s 3 continental Antarctic
stations. Over 1979-2018, no significant trend
was found for Mawson and Davis, either
annually or seasonally. For these stations,
the 95% confidence limit for the annual trend
is approximately 0.2 °C per decade. Over

the same period, a statistically significant
cooling at the 95% confidence limit was
found for Casey, for the overall annual mean
temperature (trend -0.26 + 0.24 °C per decade)
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and for the winter mean (trend -0.58 + 0.51 °C
per decade). Similar trends over the modern
observational record are indicated by BOM
(2019). For Macquarie Island, similar analysis
to that by Turner et al. (2020a) using data from
BOM (2019) indicates that any trend in the
annual mean temperature over 1979-2018
was not statistically significant (within the
95% confidence limit of 0.1 °C per decade).
However, during this period, and indeed since
around 1970, Macquarie Island has shown a
marked increase in annual rainfall, particularly
in winter.

The overall cause of climate shifts in the
Antarctic region is likely to be a combination
of variability due to the natural internal modes
of climate variability, particularly the Southern
Annular Mode (SAM) and the El Nifio-Southern
Oscillation (ENSO) and their interactions,

and the influence of global climate change
(IPCC 2013).

As noted in the 2016 state of the environment
report, of particular significance for the
climate of the Antarctic region has been

the tendency of the SAM to shift towards a
more positive state during summer in recent
decades (Marshall 2003). A strengthening

of the westerly wind belt over the Southern
Ocean and a shift of its core towards Antarctica
have accompanied this change, and caused
warming of the Antarctic Peninsula and
cooling in the interior of East Antarctica
(Thompson & Solomon 2002, Gillett et al. 2006,
Marshall 2007, McLandress et al. 2011, Polvani
etal. 2011, Thompson et al. 2011). Previous
observational and model studies have pointed
to the springtime Antarctic ozone hole (see
case study: The Antarctic ozone hole), which

has been brought about by human-produced
emissions of ozone-depleting substances, as
the main driver of the summer shift in the SAM
(see Upper-level changes). In the case of the
cooling trend at Casey, this is largely consistent
with the effect of the annual mean change

19

in the SAM (Turner et al. 2020a). The lack of
significant temperature trends at Mawson
Station, Davis Station and Macquarie Island
suggests that other climate processes are
countering the effect of changes in the SAM.

Because of the relatively short length of the
observational record and the inherent level
of interannual climate variability for the
Antarctic region, the Intergovernmental Panel
on Climate Change (IPCC 2013) determined
that only low confidence could be ascribed

in linking greenhouse warming to the
observed temperature changes in Antarctica.
Itis still unclear how the large-scale climate
modes, including ENSO, are responding to
anthropogenic (human) forcing (Hartmann

et al. 2013) and affecting Antarctica. However,
itis clear that natural climate variability that
is unforced by human influences has played
arole, together with the changes in the SAM,
in recent patterns of climate variability in the
Antarctic region (Turner et al. 2016, Smith &
Polvani 2017).

Studies published since the 2016 state of

the environment report have provided new
insights into the causes of changes in the
Antarctic atmosphere. Evidence continues to
emerge that, since the turn of the 21st century,
the ozone hole has been repairing as a result
of the action of the Montreal Protocol (WMO
2018). This has led to a pause in surface wind
changes over the Southern Ocean (Banerjee
et al. 2020) associated with the summertime
shift in the SAM (Fogt & Marshall 2020). Various
studies have highlighted the influence of

the tropical oceans on Antarctica. Turney

et al. (2015) showed that specific regions

of the southern mid-latitudes regulate the
exchange of heat across the Southern Ocean.
According to Clem et al. (2018), increases in the
La Nifia phase of ENSO have been responsible
for cooler temperatures in western East
Antarctica in the past 2 decades. Variability

in the Pacific Ocean is also implicated as
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having an increasing influence on Antarctic
surface temperatures (Rahaman et al. 2019).
In addition, recent extremes in Antarctic
temperatures have highlighted the large-scale
climate connections that occur across the
Southern Ocean.

New climate simulations have provided
insights into possible future surface

changes, and have shown that the effect of
anthropogenic climate change is likely to
increase. Bracegirdle et al. (2020) examined
state-of-the-art climate simulations for

4 greenhouse gas emissions scenarios. Overall,
they found increased surface temperatures
and precipitation across the Antarctic
continent for all future projections, with
mitigating influences under low-emissions
scenarios by heat and carbon dioxide (CO,)
uptake by the Southern Ocean, and by

ozone recovery. Cai et al. (2021) examined
the contributions to ‘polar amplification’,
which is the increased warming of the polar
regions associated with climate change, and
found that, for the Antarctic region, the main
contribution to warming occurs in winter due
to uptake of heat by the global oceans.

Upper-level changes

The 2016 state of the environment report
summarised the observational evidence

for the overall cooling of the Antarctic

upper atmosphere over recent decades.
Subsequent studies have further characterised
temperature changes in this region.

Ozone in the upper parts of the atmosphere
absorbs solar energy and causes heating in
the lower atmosphere and at Earth’s surface.
Consequently, trends in ozone have influenced
temperature trends in the lower stratosphere
(10-30 km altitude) during spring. During

the growth of the ozone hole over 1979-97,
the lower atmosphere cooled; as ozone
concentrations have been recovering, it has

N/
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warmed (Randel et al. 2017, Solomon et al.
2017).

In the upper stratosphere (30-50 km altitude)
and mesosphere (50-95 km altitude), global
temperatures have cooled over several
decades (Randel et al. 2017). This is consistent
with the increasing greenhouse gases in the
lower atmosphere blocking more of Earth’s
heat before it reaches the upper levels of the
atmosphere (Goessling & Bathiany 2016).

Above Australia’s Davis Station, the
temperature trend between 1995 and 2018 in
the upper mesosphere (near 87 km altitude)
was -1.2 + 0.5 °C per decade after accounting
for influences from the solar activity

cycle (French et al. 2020a). Related work
(French et al. 2020b) identified a previously
unrecognised temperature modulation

in the upper mesosphere with a period of
approximately 4-5 years. The interaction of
ocean and atmospheric modes of climate
variability at lower altitudes appears to force
this variability.

e
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B Case study The Antarctic ozone hole

The 2016 state of the environment report found emerging indications of
improvement in Antarctic stratospheric ozone concentrations. Measures of the
size and depth of the Antarctic ozone hole generally indicate that ozone depletion
started to become significant in the late 1970s, reached a peak between the late
1990s and early 2000s, and is currently improving towards recovery to 1980 levels
in the mid-to-late 21st century (WMO 2018).

The latest comprehensive assessment of ozone depletion by the World
Meteorological Organization and the United Nations Environment Programme
found evidence of Antarctic ozone recovery, with international controls on ozone-
depleting substances due to the Montreal Protocol having ‘made a substantial
contribution to the observed trends’ (WMO 2018).

However, ozone depletion shows significant year-to-year variability, and in any
particular year is more strongly influenced by meteorological factors than changes
in the atmospheric concentrations of ozone-depleting substances (Solomon et al.
2015). In particular, the amount of ozone destruction is strongly related to the
temperature of the Antarctic stratosphere during the winter and spring, with colder
temperatures causing a larger ozone hole.

The severity of ozone depletion varies on seasonal and interannual timescales
(Figure 2a). The largest observed measures of depletion generally occurred in 2006,
and subsequent years have all shown less ozone loss. Tully et al. (2019) showed
that ozone depletion decreased from 2001 to 2017, in line with the decline in the
estimated atmospheric concentration of ozone-depleting substances (Figure 2b).

The year 2019 was notable in having the smallest Antarctic ozone hole since 1988
(Kramarova et al. 2020). This was mainly because of the strong and rapid warming
of the Antarctic stratosphere that occurred during spring of that year (Klekociuk

et al. 2021). The stratospheric warming was related to climate patterns that
produced hot and dry conditions across Australia in the 2019-20 summer (Lim et al.
2020); see case study: Antarctic temperature extremes. In contrast, a large amount
of Antarctic ozone destruction occurred in 2020, rivalling the total loss observed in
2006 (Figure 2b). In this case, low temperatures and relatively stable circulation in
the Antarctic stratosphere were the main determining factors.

21
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Ozone loss (Mt)
Year  from 220 Dobson unit baseline

—2020 2,474.1 Measured using OMI
— 2020 2,449.4 Measured using OMPS
— 2019 365.4
— 2018 1,810.1
— 2017 732.7
— 2016 12179

2015 2,197.2

EESC = equivalent effective stratospheric chlorine; Mt = megatonne; OMI = Ozone Monitoring Instrument;
OMPS = Ozone Mapping and Profiler Suite; ppb = parts per billion; TOMS = Total Ozone Mapping
Spectrometer

(a) Estimated daily mass of ozone destroyed within the ozone hole, shown for individual years from 2015
t0 2020 as a function of day of year from July to December. (b) Estimated total annual ozone mass loss
associated with the ozone hole from 1979 to 2020 (green dots) and EESC (blue line), a measure of the
stratospheric concentration of ozone-depleting substances. These figures are obtained from CSIRO
analysis of daily total column ozone measurements provided from the OMPS on the Suomi National
Polar-orbiting Partnership satellite. In (a), the light-blue background shows the range of daily values for
1979-2019 obtained with the TOMS instrument (1979-2003), the OMI (2004-11) and OMPS (2012-19). Gaps
in the timeseries are when no TOMS measurements were made.

Source: CSIRO; after Klekociuk et al. (2021)

Figure2 Ozone mass deficit metric

B Case study Antarctic temperature extremes

During the 2019-20 summer, unprecedented maximum daily temperatures were
observed in parts of coastal Antarctica (Robinson et al. 2020). The consequences
of this event for the ice-free areas of Antarctica are of concern, as these regions
are key oases of biodiversity where plants and animals have adapted over
millennia to a specific narrow range of physical conditions, particularly in terms
of air and surface temperature, and low and highly seasonal availability of water.
By increasing the availability of water, warmer conditions may benefit certain
Antarctic organisms that are drought stressed (particularly in terms of growth and
reproduction). However, excessive or prolonged exposure to temperatures well

22



Environment

above zero can lead to detrimental effects such as heat stress, increased likelihood
of community dislocation from flooding, and potential for future drought stress
when local water reserves are disrupted.

A persistent pattern of above-average temperatures that began in East Antarctica
during the spring and generally moved eastwards, arriving in the Antarctic Peninsula
region by late summer, caused the extreme temperatures (Figure 3). An important
trigger for these unusual conditions was the strongly negative phase of the
Southern Annular Mode (SAM) during most of spring and summer, with southward
movement of warm air masses across the Southern Ocean. The state of the SAM
was supported by El Nifio conditions in the Pacific Ocean, and by the positive phase
of the Indian Ocean Dipole (Lim et al. 2020). Tropical surface conditions also aided
the strong warming of the Antarctic stratosphere during spring, and may have
influenced Antarctic surface temperatures during the summer.

Note: Shown are differences in the maximum daily temperature averaged over November and December
2019 with respect to the climatological average for 1980-2010. The scale is degrees Celsius.

Source: After Robinson et al. (2020). Royal Netherlands Meteorological Institute Climate Explorer using
data from the European Centre for Medium-range Weather Forecasts, fifth Reanalysis.

Figure 3 Patterns of average maximum temperatures across the Southern
Hemisphere in November-December 2019
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Assessment State and trends of the Antarctic atmosphere

2021
Very poor Poor Good Very good

Adequate confidence

The Antarctic atmosphere is generally poor and deteriorating, with increases in temperatures and
increasing greenhouse gas concentrations.

© Assessment Surface temperature

2021 2016 2011
NN I
Very poor Poor Good Very good Poor Poor

Adequate confidence

Annual average temperatures have generally increased throughout Antarctica since
1957, with the most marked warming occurring in the Antarctic Peninsula region and
West Antarctica.

© Assessment Upper atmosphere temperature (upper troposphere
to mesopause)

2021 2016 2011
[ 4 ]
Very poor Poor Good Very good Poor Poor

Adequate confidence

Despite signs of recovery in ozone, there is a general cooling trend, due mainly to the
effect of increasing greenhouse gas concentrations.
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© Assessment Stratospheric ozone concentration

2021 2016 2011
I N | / 7
Very poor Poor Good Very good Good Good

Adequate confidence

There are signs of recovery (increased concentration of ozone) in spring and summer
above Antarctica, but there is also significant interannual variability because of

meteorological factors. Stronger signs of ozone recovery are expected during
coming years.

Assessment ratings
For assessments in the ‘Environment’ section

. Very good: The environment is in very good condition, resulting in enhanced
environmental values.

Good: The environment is in good condition, resulting in stable environmental
values.

. Poor: The environment is in poor condition, and environmental values are
somewhat or slowly declining.

. Very poor: The environment is in very poor condition, and environmental
values are substantially and/or rapidly declining.

Trend

Improving: The situation has improved since the previous assessment (2016
state of the environment report).

E Stable: The situation has been stable since the previous assessment.
Deteriorating: The situation has deteriorated since the previous assessment.

Unclear: It is unclear how the situation has changed since the previous
assessment.
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Cryosphere

The cryosphere comprises the parts of Earth
that have frozen water in the form of snow and
ice, including sea ice, glaciers, ice sheets and
icebergs. About 90% of Earth’s ice occurs in
Antarctica. With a volume of approximately
26.9 million km?® (Fretwell et al. 2013), the
Antarctic ice sheet contains 70% of the world’s
fresh water. If it melted, sea levels would rise
by 58 m (Fretwell et al. 2013, Vaughan et al.
2013).

The annual growth and retreat of the Antarctic
seaice represents one of nature’s most
significant large-scale annual changes. Sea
ice forms when the temperature of the ocean
surface decreases below approximately

-1.8 °C. At its maximum annual extent in
September-October, Antarctic sea ice covers
a total area of up to 20 million km? (Fretwell
et al. 2013), which retreats to a minimum area
of about 3 million km? in February (Parkinson
2019). This annual cycle and the associated
processes of sea ice formation and melt are
of immense importance for weather, climate,
ecosystems and human activities.

The Antarctic continental ice also provides

a wealth of information about past climate.
The ice forms from atmospheric moisture,
which reaches the surface in the form of snow
and small ice particles called ‘diamond dust’
(Grieger et al. 2016, Thomas et al. 2017). This
material, along with trapped air, provides

a detailed record of past climate (see case
study: Antarctic ice-core records of past.
climate and atmospheric composition ). The
ice also preserves dust of continental and
extraterrestrial origin, and other transported
particulates such as sea salt.

As interpreted from the marine sediment
record, the complete glaciation of Antarctica
began about 34 million years ago. This was
triggered by a decline in CO, levels to below
600 parts per million (DeConto & Pollard 2003,
Galeotti et al. 2016). The ongoing glaciation
was reinforced when Antarctica became fully
surrounded by ocean about 30 million years
ago (Noble et al. 2020).

Case study Antarctic ice-core records of past climate and

atmospheric composition

Ice-core CO, records

The oldest ice-core record obtained from Antarctica, the EPICA Dome C record,
reaches back 800,000 years (Lithi et al. 2008, Bereiter et al. 2015). Temperature
reconstructions, which are based on the correlation of stable isotope concentration
ratios (primarily *30/*°0 and 2H/*H; O = oxygen and H = hydrogen) with temperature,
and concentration measurements of CO, and other stable gases in this and

other deep ice cores, provide unique insight into the climate system. The data
demonstrate the close coupling that has existed over millennia between the carbon
cycle and Earth’s climate. This provides the clearest known evidence that changes
in atmospheric CO, accompanied and contributed to the ice age cycles that
dominated climate, sea level and ice-sheet variability over this interval.
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The Law Dome ice-core record, drilled to bedrock around 100 km inland from
Australia’s Casey Station, provides the world’s most detailed CO, record of the
past 2,000 years (Figure 4a). The Law Dome data show that atmospheric CO,
concentrations have increased by close to 50% (from 280 to 417 parts per million)
since the start of the Industrial Revolution; they are now higher and accelerating
faster than at any time during the past 800,000 years (Figure 4b). Furthermore,
studies of the changing isotopic composition of CO, in the Law Dome and other
Antarctic ice cores reveal unequivocally that the primary origin of this CO, increase
is the burning of fossil fuels (Rubino et al. 2013).

Ice cores and past climate variability in Australia

Analysis of ice cores can also show the changes in the chemical composition and
accumulation rates of snow on the Antarctic ice sheet over time. At ice-core sites
such as Law Dome near Casey Station, the chemistry and accumulation rates
have been reconstructed at subannual resolution over the past few thousand
years (Roberts et al. 2015). Trends and natural variability in these parameters
shed light on past environmental conditions in Antarctica, and on conditions in
the surrounding oceans and continents. Two examples of connection established
between the ice-core data and the Australian climate follow.

Since the late 1960s, south-west Western Australia has been subject to an extended
drought, with a decline in winter rainfall of around 20% that has had a major impact
on regional agriculture. Comparison of Australian rainfall data with snowfall at Law
Dome, as measured from ice cores, reveals that high snowfall accumulation at Law
Dome is associated with atmospheric circulation patterns that bring dry conditions
in south-west Western Australia. Based on this correlation, the long-term ice-core
record can be used to evaluate whether the present drought is unusual. It shows
that the recent amount of snowfall accumulation at Law Dome is the largest it

has been in the past 1,200 years; comparable but smaller events occurred around
400 AD and 750 AD (van Ommen & Morgan 2010).

Eastern Australia is also subject to large rainfall variability on annual to multi-
decadal timescales, including the millennium drought between 1995 and 2009. The
ElNifio-Southern Oscillation, which strongly affects rainfall in eastern Australia,
also affects winds around Antarctica, which in turn influence the chemical (sodium
ion) composition of the snow at the Law Dome ice-core site. This link has been used
to reconstruct past rainfall in key eastern Australian catchments. Results show
that the short period of modern rainfall observations is not representative of the
full range of past climate variability, and that droughts worse than the millennium
drought are not only possible but likely (Vance et al. 2015).
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(a) Law Dome ice-core CO, record, the world’s most accurate and detailed CO, record for the past 2,000 years.
Note the clearincrease in CO, from the start of the Industrial Revolution and the agreement of the ice-core
measurements with more recent atmospheric data from Kennaook/Cape Grim, Tasmania. (b) Data from a
composite of Antarctic deep ice cores reveals past changes in Antarctic (b) CO, and (c) temperature over the past
800,000 years. The modern rise is outside the bounds of natural variability over this period. Note the close coupling
of temperature and CO, throughout the ice age cycles, which have approximately a 100,000-year periodicity.
Sources: Kennaook/Cape Grim CO, - Kennaook/Cape Grim Baseline Air Pollution Station (Australian Bureau
of Meteorology, and CSIRO Oceans and Atmosphere); Law Dome CO, - MacFarling Meure et al. (2006);
Antarctic ice-core composite CO, - Bereiter et al. (2015); Antarctic temperature change - Jouzel et al. (2007).

Figure 4 History of climate and atmospheric composition from Antarctic
ice-core records
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Antarctic ice sheet and glaciers

Melting of the Antarctic ice sheet and the
icebergs it discharges adds freshwater to the
Southern Ocean (Hammond & Jones 2016).
The amount of melting has increased since
the 1990s (Rignot et al. 2019), escalating
Antarctica’s contribution to global sea level
rise. Changes in the salinity of the Southern
Ocean because of freshwater input have
affected its structure and circulation, the
availability of iron for ocean ecosystems, and
the timing and extent of sea ice production
(Bintanja et al. 2013, Meredith et al. in press).
The effect of these influences on a variety

of Antarctic taxa, such as krill, seals and
penguins, is not well understood.

Overall changes to the ice sheet
and glaciers

The Antarctic ice sheet gains mass by snow
and ice deposition, and loses mass by the
discharge of melt from ice shelves, basal ice
and surface run-off; the sublimation of surface
ice; and the formation (discharge) of icebergs
at the coast.

There are 3 main methods for measuring total
ice mass changes for Antarctica:

+ The mass budget method (Favier et al. 2017)
calculates total gain and losses over time
as the difference between the estimates
of snowfall (input) and glacier outflow
across the periphery of the grounded ice
sheet (output, from measured velocity and
thickness).

+ Asecond method monitors surface
elevation changes, primarily using pulsed
range-finding radars and lasers from
satellites, to determine losses (lowering
surfaces) or gains (rising surfaces) and infer
mass changes.

+ Athird method uses gravity satellites to
measure deviations in the gravitational pull

29

as they pass over the ice sheet to ‘weigh’
changes in ice-sheet mass.

Each method has advantages and
disadvantages, and relies on different data
sources. Consequently, the magnitudes

of estimated change vary; however, most
studies now broadly agree within their
uncertainty estimates.

The Sixth Assessment report by Working
Group 1 of the Intergovernmental Panel

on Climate Change (IPCC) (IPCC in press-a)
synthesised several recent studies and
methods to assess the net mass budget. From
1992 to 2017, Antarctica’s net mass loss was
2670 + 530 gigatonnes (Gt) of ice equivalent
(Figure 5a). Each 360 Gt of ice mass converts
to approximately 1 millimetre (mm) of sea
level rise, and the Antarctic ice sheet has
contributed an estimated 7.4+ 1.5 mm to mean
sea level rise from 1992 to 2020.

The rate of mass loss from Antarctica has
increased over recent decades. The average
loss of ice in 1992-2001 was 51 + 73 Gt per
year (Gt/yr). This increased to 82 + 27 Gt/yr in
2002-11 and again to 199 + 26 Gt/yr in 2012-17
(Meredith et al. in press). These rates mark an
increase on those reported in the 2016 state of
the environment report. Much of the difference
is due to accelerating mass changes (loss) in
both West Antarctica and vulnerable areas in
East Antarctica (Table 1).

Mass loss is concentrated around Antarctica’s
coastal margins, particularly at the ice shelves
that fringe the continent. Ice shelves consist
of floating ice where the continental ice
discharges to the ocean. Importantly, the ice
shelves impede the flow of ice discharge from
the grounded ice behind. Although removal

of floating ice has little direct impact on

sea level, the removal of ice shelves allows
accelerated discharge from the continent, with
a consequent impact on sea level. More than
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80% of the continental ice drains through such
floating ice shelves (Pritchard et al. 2012).

Assessment of the net mass budget is complex,
because of large unknowns associated with
the state and rate of change in ocean-driven
melting, snowfall and iceberg discharge
between regions (Pattyn & Morlighem 2020).
Abrupt changes have been observed in

some coastal regions, including the rapid
disintegration of floating ice shelves (Scambos
et al. 2003). This has raised questions about
the potential for rapid ice discharge from
Antarctica into the sea, particularly from areas
that are below sea level. However, because
mass loss from floating ice shelves has little

Table1l Antarctic mass change estimates

N/

effect on sea levels, mass budget calculations
focus only on mass gain and loss from the
continental ice sheet.

The dominant driver of mass loss from ice
shelves in most cases is increased ocean
melting (Pritchard et al. 2012, Gudmundsson
et al. 2019, Rignot et al. 2019). However,

the effects of heat transport by both

the atmosphere and the ocean are also
important. This is particularly the case on
the Antarctic Peninsula (Cook et al. 2005),
where atmosphere-driven surface melting
and reduced sea ice conditions have caused
the rapid disintegration of some ice shelves
(Scambos et al. 2003, Massom et al. 2018).

2016 SoE report: Total sea level
annual average Annualaverage Annual average contribution
loss 1992-2011 loss 1992-2017 loss 2012-17 1992-2017
(20 years) (25 years) (5 years) (25 years)
Region (Gt/yr) (Gt/yr) (Gt/yr) (mm)
West Antarctica -65+26 -94 +27 -159+26 6.5+1.9
Antarctic Peninsula 20+ 14 -20+15 -33+16 14+1.0
East Antarctica 14+ 43 5+46 -28+30 -0.3+3.2
All Antarctica -71+53 -109 + 56 -219+43 7.6+3.9

Gt/yr = gigatonnes per year; mm = millimetre; SoE = state of the environment
Note: Estimates of mass loss (negative values) and mass gain (positive values) in billions of tonnes (Gt) of ice differ between

regions and time periods.

Sources: 2016 SoE report data from Klekociuk & Wienecke (2016); all other data from IMBIE team (2018), which provides a
collation of 24 independently derived estimates of ice-sheet mass balance, derived from the 3 main methods for determining

ice loss changes described in the text.

Regional ice-sheet changes
The Antarctic ice sheet consists of
3 geographically different regions:

« the Antarctic Peninsula, which reaches
further north than any other areain
Antarctica

« the West Antarctic Ice Sheet
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« the East Antarctic Ice Sheet, which is by
far the largest component, extending from
about 30°W to about 165°E.

All recent studies agree that ice losses from
the Antarctic Peninsula and the West Antarctic
Ice Sheet have increased since the mid-2000s
(Bamber et al. 2018, Gardner et al. 2018, IMBIE
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team 2018, Rignot et al. 2019). These losses
represent the main Antarctic contribution to
sea levelrise.

During the latter part of the 20th century, the
Antarctic Peninsula experienced one of the
highest regional temperature increases on

the planet (2.8 °Cin 50 years), although this
trend has since decreased (Turner et al. 2016).
Several floating ice shelves in that region
collapsed abruptly - for example, the Larsen B
Ice Shelf collapsed in March 2002, and collapse
and disintegration of large parts of the Wilkins
Ice Shelf occurred in 2008 and 2009 (Steig
etal. 2009, Humbert et al. 2010). By 2009, the
Antarctic Peninsula had lost about 18% of the
area of ice shelves present in the 1950s (Cook
& Vaughan 2010), a decline of 28,100 km?. With
the buttressing effect of grounded ice shelves
gone, glaciers adjacent to the collapsing ice
shelves accelerated to flow approximately

3-4 times faster into the ocean (Scambos

et al. 2003, Rintoul 2007). In contrast, other
importantice shelves, such as the Amery and
Ross ice shelves, have remained comparatively
stable (Porter et al. 2019, Zhou et al. 2019).

Changes in West Antarctica have dominated
the mass loss from Antarctica to date

(Figure 5a). The West Antarctic Ice Sheet

has a much larger volume than that of the
combined glaciers on the Antarctic Peninsula,
and stores enough ice to raise sea levels

by 5.3 m (Morlighem et al. 2020). Areas of
West Antarctica in contact with warm ocean
waters have experienced ice-shelf thinning,
and retreat of the grounding line (where the
ice shelf starts to float) (Gudmundsson et al.
2019). This change has also spread inland,
with grounded ice experiencing thinning

and accelerated retreat of the grounding line
(Smith et al. 2020).

The grounding line retreat may become
irreversible in the near future, as much of
West Antarctica sits on a retrograde bed slope
(i.e. it slopes downward towards the interior
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of Antarctica), meaning that grounding line
retreats cause a positive feedback (see case
study: Vulnerability of the Antarctic ice sheet
to future climate change). However, recent
evidence suggests that rapid bedrock uplift
due to recent ice melt may slow this retreat

(Larour et al. 2019).

The situation for the East Antarctic Ice Sheet
is more complicated. The East Antarctic Ice
Sheet is the largest of the Antarctic ice sheets,
and contains enough stored ice to raise sea
levels by 52 m. The East Antarctic Ice Sheet
appears to be generally close to being in
balance or potentially in gain, with mass
losses from ocean-driven melt compensated
by increased snowfall (Martin-Espaiiol et al.
2017, Bamber et al. 2018, Gardner et al. 2018,
IMBIE team 2018). The estimates of mass

gain are smaller than in the 2016 state of the
environment report because several key areas
are losing mass at an accelerating rate. Rignot
et al. (2019) estimated that the East Antarctic
Ice Sheet contributed overall 4.4 + 0.9 mm to
sea level rise over 1979-2017 (approximately
20% of Antarctica’s total contribution, or
roughly 10% of the global increase over

this period).

There are also regional differences in the
response of the ice sheet within East Antarctica
to climate change (Edwards et al. 2021).
Increases in snowfall are concentrated in
Queen Maud Land (Velicogna et al. 2014, Smith
et al. 2020). Several studies have measured
mass loss from Wilkes Land since the mid-
2000s (Velicogna et al. 2014, Gardner et al.
2018, Smith et al. 2020). This is of particular
concern, as the Aurora and Wilkes subglacial
basins are susceptible to irreversible grounding
line retreat and rapid destabilisation of the
margins of the ice sheet (Mengel & Levermann
2014, Gwyther et al. 2018).
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(a) Antarctic mass loss was compiled from 24 separate studies by the IMBIE team (2018). (b) Ice-sheet thinning was measured
by Smith et al. (2020) over 2003-19.

Sources: (a) From IMBIE team (2018). Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer,
Nature. Mass balance of the Antarctic Ice Sheet from 1992 to 2017, Andrew Shepherd et al., 2018. (b) From Smith et al. (2020).
Reprinted with permission from AAAS; permissions conveyed through Copyright Clearance Center, Inc.

Figure 5 Antarctic mass loss

32



Environment

B Case study Vulnerability of the Antarctic ice sheet to future
climate change

In some regions, ice-shelf thinning and loss carry additional significance for future
mass loss because of potential instability of the ice sheet (Figure 6a). In areas
where ice is grounded below sea level on a bed that deepens inland, initial ice
retreat, once triggered, can lead to accelerated discharge and further retreat, which
is irreversible (Schoof 2007). Some studies indicate that this process is already
underway in regions of West Antarctica (Rignot et al. 2014).

Regions of East Antarctica known to be changing are associated with regions
thought to be vulnerable to this type of retreat process. Recent work mapping the
bed beneath the East Antarctic Ice Sheet reveals extensive areas grounded below
sea level that may be similarly vulnerable to loss (Roberts et al. 2011, Young et al.
2011, Fretwell et al. 2013). In East Antarctica, there are 2 regions where future
large-scale retreat could occur (Figure 6b). The Wilkes and Aurora subglacial basins
each cover extensive areas of ice grounded more than 1 km below sea level. Ice
thinning and loss in the margins of these regions may lead to large-scale retreat on
centennial timescales (Golledge et al. 2015, Pollard et al. 2015).

SﬂOWfé 7 .

Ice sheet

Iceberg calving —»

Ocean melt

© L
Retro%‘ade sloP Grounding line

Antarctic bed

— ¥ Mass loss/gain  — Flux at the grounding line <—— Retreating grounding line

Notes:

1. Marineice-sheetinstability (MISI) causes regions of the ice sheet on retrograde slopes to be
vulnerable to irreversible retreat, as any retreat of the grounding line increases flux and thinning.

2. Regions of East Antarctica vulnerable to MISI include the Wilkes and Aurora subglacial basins.

Source: Produced using the Norwegian Polar Institute’s Quantarctica package.

Figure 6 East Antarctic vulnerability to ice retreat
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Heard Island glaciers

On Heard Island, the glaciers have retreated
since the first measurements in the 1940s,

and have continued to retreat over the past
decade. The first aerial survey of the glaciers
on Heard Island was in the 1940s, and the
glaciated area of the island was 288 km?. The
glaciated area had decreased to 256 km? by the
1980s (Ruddell 2006), to 236 km? in 2012 and to
235 km?in 2014. The most recent survey from
2016 of the larger Big Ben glaciers (Baudissin,
Challenger, Downes, Ealey, Compton, Brown,
Fifty-One, Gotley and Lied glaciers) indicated
that there has been a further decrease in the
area of these larger glaciers since the 1940s
(Donoghue 2021).

Examination of more recent satellite images

of the eastern glaciers indicates that these
leeward glaciers continue to retreat at greater
rates than those on the windward side of the
island. For example, the 2011 and 2016 state

of the environment reports stated that Brown
Glacier had retreated from an area of 6.2 km?
in 1947 to 4.4 km? in 2004, 3.6 km? in 2008
(Lucieer et al. 2009, Harris 2018), 3.5 km?in
2014 (Donoghue & Harris 2017) and 3.4 km?in
2016. This represents a total loss of 45% since
1947 (Donoghue 2021). As of January 2019,
Brown Glacier had continued to retreat. The
overall retreat of glaciers over 2000-19 was
reported by Hugonnet et al. (2021) for Heard
Island, as well as in other subantarctic regions,
including the Kerguelen Islands, South Georgia
and nearby islands.

Big Ben, a stratovolcano that rises to 2,745 m
above sea level, has been frequently active
since the 1910s. Because of the remoteness of
the island and infrequent visits, most of the
recent reports of volcanic activity have been
from Middle InfraRed Observation of Volcanic
Activity (MIROVA) analysis of satellite imagery.
The most recent eruptive activity, reported

by the Global Volcanism Program et al. (2020),
occurred from October 2019 to March 2020. As

is typical of Heard Island, cloud cover persisted
over this period, but a possible lava flow -
apparent as a hotspot - appeared to have
extended south-west from the summit.

Seaice

Antarctic seaice plays a crucial role in the
climate system, as well as the structure and
function of high-latitude Southern Ocean
ecosystems. Sea ice around Antarctica has

2 main components. The most extensive

is ‘pack ice’, which is made up of individual
pieces called ‘floes’ that are in constant
motion in response to winds and ocean
currents. The other main component is
stationary (nondrifting) ‘fast ice’, which forms
as a narrow band of compact sea ice generally
tens of kilometres, but up to 250 km, wide. Fast
ice is confined to Antarctica’s coastal margins,
where it is held in place by icebergs grounded
in waters shallower than about 450 m,

coastal promontories, islands and sheltered
embayments (Fraser et al. 2020). This form of
floating ice is of key significance in coastal and
ice-sheet processes and ecosystems (Massom
et al. 2010, Massom & Stammerjohn 2010). It
is also of importance to human operations
where, for example, it can aid or hinder the
discharge of heavy cargo and personnel from
ships to Antarctic stations.

Sea ice changes

Seaice in the Arctic and Southern oceans
has different characteristics and patterns of
large-scale change because of differences

in geographical settings and the processes
affecting them. Whereas landmasses largely
enclose the seaice in the Arctic Ocean,
Antarctic sea ice surrounds the continent
and is constantly exposed to Southern Ocean
storms and waves.

Based on a consistent satellite record since
1979, overall Antarctic sea ice extent increased
by 1.0 + 0.5% per decade (about 11,300 km?
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per year) over 1979-2018 (Parkinson 2019),
although the trend in sea ice area over
1979-2020 is not considered significant
(IPCCin press-b). The past few years of the
record have shown considerable interannual
fluctuations (Figure 7; see case study: An
extreme decline in Antarctic seaice in 2016, for
a discussion of recent annual records). Much
of this increase occurred from 1979 to 2014.
The years 2012, 2013 and 2014 set successive
records for high sea ice extent (Reid & Massom
2015); this was followed by a sharp switch

to record low extents for particular months
during 2017-19. In contrast, Arctic sea ice over
1979-2020 decreased by 13.1% per decade
(82,700 km? per year) relative to the 1981-2010
average (Perovich et al. 2020).

The overall trend in Antarctic sea ice extent
masks strong regional (Parkinson 2019)

and seasonal (Holland 2014) trends that are
influenced by large-scale modes of climate
variability (Yang et al. in press). Whereas sea
ice extent decreased by 2.5 + 1.2% per decade
in the Amundsen and Bellingshausen seas

Sea ice extent anomaly (million km?)
o

sector for 1979-2018, other sectors displayed

increases, ranging from +1.0 + 0.8% per decade
in the Weddell Sea to +2.3 + 1.2% per decade in
the south-west Pacific Ocean (Parkinson 2019).

Contrasting regional patterns of change are
also apparentin the annual seasonality of sea
ice coverage around Antarctica, compared
with more uniform change around the Arctic
(Stammerjohn et al. 2012). In the Amundsen,
Bellingshausen and north-western Weddell
seas, annual sea ice duration lengthened

by about 2-3 months from 1979 to 2016
(Stammerjohn & Maksym 2017), due to a
1-2-month later ice advance in autumn and

a 1-month earlier spring-summer retreat. In
the western Ross Sea, the annual ice season
lengthened by about 2-3 months due to
earlier advance and later retreat. Across East
Antarctica and within the AAT, the changes in
the annual duration of sea ice are generally
smaller and vary across zones (Hobbs et al.
2016a), with localised positive and negative
trends (Massom et al. 2013).
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Note: Figure shows anomaly (difference from climatological average) of monthly mean (lighter lines) and 11-month running
mean (darker lines) sea ice extent in the Arctic and Antarctic since 1979.
Source: Adapted from Turner & Comiso (2017) and extended using data from the National Snow and Ice Data Center.

Credit: Phillip Reid, BOM

Figure 7 Seaice extent anomaly
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Unexpected high variability has occurred in
the overall Antarctic sea ice extent since 2012.
Persistent daily positive anomalies and record
highs of total sea ice extent in 2012 to mid-2015
(Reid & Massom 2015) were followed by an
abrupt change to daily negatives and record
lows from 2016 to early 2020 (Meehl et al. 2019,
Parkinson 2019). The Weddell Sea made the
largest contribution to the post-2016 decrease
(Turner et al. 2020b).

In addition to sea ice extent, sea ice thickness
and volume are important variables to
monitor. However, available information is
inadequate to determine whether large-scale
sea ice thickness and therefore volume are
changing around Antarctica (IPCC in press-a).
Surface, air and under-ice observations of
Antarctic sea ice thickness are sparse (Worby
et al. 2008), as are measurements of snow
cover depth (Webster et al. 2018). Estimates
of Antarctic sea ice thickness and associated
snow depth are emerging from analysis of
satellite altimeter datasets (Paul et al. 2018,
Kacimi & Kwok 2020), but definite trends are
yet to emerge. Validation of the satellite-
derived thickness estimates is a challenge
(Newman et al. 2019). This is a critical
knowledge gap because the global climatic
importance of Antarctic sea ice stems in
large part from the volume of ice that freezes
and melts each year, rather than from the
coverage alone.

In the 2016 state of the environment report,
trends in fast ice extent in East Antarctica
could not be identified with confidence
because of the short (8.8-year) satellite
timeseries of fast ice available (Fraser

et al. 2012). Recent work on mapping the
distribution and extent of fast ice around
Antarctica has shown evidence of a small
decline in the total coverage from 2000 to 2018
(Fraser et al. 2020).

N/
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Causes of sea ice changes

Several factors may contribute to the observed
increase in overall Antarctic sea ice coverage
during 1979-2014, and its pronounced regional
and seasonal variability (Matear et al. 2015,
Hobbs et al. 2016b). These include:

« strengthening of the Southern Ocean
westerly winds encircling the Antarctic
continent and associated cooling of surface
waters (Armour & Bitz 2015)

« changes in atmospheric pressure patterns
around Antarctica, and associated
meridional winds and temperature, as
they drive sea ice drift, formation and melt
(Holland & Kwok 2012, Haumann et al.
2014).

Uncertainty remains as to causes of the
dramatic, unanticipated decrease in overall
Antarctic sea ice extent after 2016, which has
been attributed to a complex combination of
atmospheric and oceanic forcing (Kusahara
et al. 2019, Meehl et al. 2019, Turner et al.
2020b), with differing regional contributions
(Reid et al. 2020).

Because of large interannual variability and
the relatively short duration of observations,
changes in sea ice cover are too small to be
separated from natural variability in the
climate system (Hobbs et al. 2016a). Current
climate models do not adequately simulate the
observed patterns of change and variability
in sea ice extent and seasonality since 1979
(Hobbs et al. 2016b, National Academies

of Sciences 2017). This also confounds our
ability to detect and attribute changes

in sea ice cover. The model deficiencies

relate to inaccurate understanding and
parameterisation of the complex interactive
processes and feedbacks within the southern
sea ice-atmosphere-ocean-ice-sheet system
and the various anthropogenic (human)
forcings involved (i.e. greenhouse gases and

e
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ozone), together with decadal-scale natural
variability (Notz & Bitz 2017).

Impact of sea ice changes

Given the pivotal role of sea ice in driving water
mass transformations in the Southern Ocean
(Abernathey et al. 2016, Pellichero et al. 2018),
changes in sea ice distribution, properties
and processes have strong potential to affect
overturning ocean circulation and climate

on decadal and longer timescales (Bindoff &
Hobbs 2016, IPCC in press-a). Sea ice changes
are also influencing the physical state of the
Southern Ocean. An increase in wind-driven
sea ice export of 20 + 10% from 1982 to 2008
has produced ocean freshening (reduction

in salt content per mass of seawater) of

0.002 £ 0.001 grams per kilogram per year in
intermediate and surface waters (Haumann
et al. 2016).

Regional sea ice changes also have indirect
consequences for sea level rise. Sea ice loss

to the west and north-west of the Antarctic
Peninsula has been implicated as a trigger
mechanism for the catastrophic rapid
disintegration of 3 major ice shelves (Larsen A,
Larsen B and Wilkins) since 1995, by increasing
the exposure of damaged (highly crevassed)
ice-shelf margins to destructive ocean swells
(Massom et al. 2018).

There is growing evidence from the Arctic

that sea ice loss has influenced mid-

latitude seasonal climate in the Northern
Hemisphere (IPCC in press-a). For the Southern
Hemisphere, modelling suggests that changes
in Antarctic sea ice appear to have had a
comparatively smaller effect on climate
(England et al. 2018). Projected future Antarctic
sea ice loss will potentially increase warming
and precipitation changes in the tropics
(England et al. 2020).

Although relatively little is known about
the overall environmental, ecological and
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climatic impacts of observed Antarctic sea
ice change and variability compared with the
Arctic (Meredith et al. in press), evidence is
emerging that these impacts can be significant
on both local and global scales. As detected
by the Palmer Long-Term Ecological Research
program, declining sea ice extent and annual
duration west of the Antarctic Peninsula have
had substantial and cascading impacts on
ecosystem food-web structure and function,
and biodiversity (Ducklow et al. 2013). Sea ice
changes have been linked to:

+ changes in primary production
(phytoplankton species)

+ apoleward migration of ice-dependent
penguin and seal species due to habitat
contraction and impacts on foraging
success (prey distributions)

+ theincursion (poleward migration) of
subantarctic and warmer-water species.

Less clear are potential influences of sea ice
change on the distribution of Antarctic krill
(Euphausia superba), which is a major fishery,
and a keystone prey species for fish, penguins,
seals and whales (Atkinson et al. 2019).

These changes and their impacts are projected
to continue and increase. Net marine primary
production around Antarctica is predicted to
increase in response to sea ice loss, warming
and changing nutrient supply, due to shifts

in ocean stratification and upwelling (IPCC in
press-a). The habitat of krill in the Southern
Ocean is projected to contract southward
(IPCCin press-a). Current large uncertainty in
future Antarctic sea ice conditions, however,
poses challenges to the accurate assessment
of potential impacts on logistical operations

in support of Antarctic stations (involving both
ships and aircraft), fishing, marine research
vessels and tourism activities (Chown 2017).
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B Case study An extreme decline in Antarctic seaice in 2016

In mid-2016, the overall Antarctic sea ice extent declined suddenly and rapidly
(Parkinson 2019). This followed decades of a gradual increasing trend and occurred
immediately after a persistent period of well-above-average coverage in 2012-15
(Reid & Massom 2015). By the 2016-17 summer, the sea ice area had reached its
lowest recorded anomaly (since 1979) by some margin. This event was remarkable
not just for its magnitude but also for its timing, starting a month or so before the
usual start of the spring melt and ice-edge retreat (Reid et al. 2017). The sea ice loss
was widely distributed; the Australian Antarctic Territory sector was the only region
without a significantly reduced sea ice cover (Figure 8) during this event.

This unprecedented and unanticipated event has challenged our understanding of
Antarctic sea ice and the processes driving change and variability.

Most of the research to date on this event has focused on the role of the
atmosphere. The event followed a significant El Nifio in 2015-16, which may have
preconditioned the ocean-sea ice system for a sudden sea ice loss (Nicolas et al.
2017, Stuecker et al. 2017, Schlosser et al. 2018). However, previous stronger El Nifio
events have not resulted in such losses. Several studies have focused on the impact
of a very unusual atmospheric circulation in late 2016, with weak westerly winds
but anomalously strong alternating meridional (i.e. northerly and southerly) winds
(Stuecker et al. 2017, Turner et al. 2017, Wang et al. 2019). This atmospheric anomaly
certainly contributed to the spring decline, but only really developed in October,
after the retreat had begun in August (Reid et al. 2017). There is evidence that the
ocean played a significant role (Meehl et al. 2019), and this is a subject of ongoing
research.

Overall sea ice coverage partially recovered in the 2017 winter (Reid et al. 2018),
although summer sea ice extent remained below average until 2020-21, suggesting
that this was a relatively short-lived event, rather than a dramatic start of the
projected decline in Antarctic sea ice. However, it is unknown at this stage whether
there was an anthropogenic influence on this abrupt and dramatic event, or
whether the likelihood of such events will increase in future.

38



Environment

90°W 90°E

-09 -0.75 -0.6 -045 -03 -0.15 0 0.15 03 045 0.6 0.75 0.9

Note: The anomaly is shown with respect to the 1979-2008 December mean. The black line shows
climatological ice edge; the magenta line shows December 2016 ice edge.

Source: Goddard merged sea ice concentration (Peng et al. 2013)

Credit: Dr Will Hobbs, Australian Antarctic Program Partnership

Figure 8 December 2016 sea ice concentration anomaly
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Assessment State and trends of Antarctic sea ice, the ice sheet and
Heard Island glaciers

2021
I N 7 [
Very poor Poor Good Very good

Adequate confidence

The state of Antarctic ice is generally good, but the trend is unclear, with high variability between
seasons and years. Subantarctic glaciers are retreating.

© Assessment Seaice extent

2021 2016 2011
I | 2 | . ? ?
Very poor Poor Good Very good Good Good

Adequate confidence

Aslightincrease in overall areal coverage since 1979, but made up of contrasting regional
and seasonal contributions. A sudden shift to high variability in 2012-20, with record highs
followed by record lows (after 2016). Attribution remains uncertain.

© Assessment Seaice seasonality

2021 2016 2011
I | ? [
Very poor Poor Good Very good Poor Poor

Adequate confidence
Decreased duration of annual sea ice coverage in the Amundsen, Bellingshausen and

north-west Weddell seas since 1979; increased duration in the Ross Sea; and mixed
signals across East Antarctica.
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© Assessment Fastice extent

2021
I I | 7 | .
Very poor Poor Good Very good

Adequate confidence

A small, marginally significant decrease in circumantarctic fast ice extent for 2000-18.

© Assessment Seaice (and snow cover) thickness

2021 2016 2011
T H I
Very poor Poor Good Very good Poor Poor

Low confidence

Insufficient information to date to determine whether large-scale sea ice and snow cover
thickness is changing around Antarctica.

© Assessment East Antarctic Ice Sheet mass balance

2021 2011
T THY
Very poor Poor Good Very good Poor

Adequate confidence

Indications of a net mass loss over 2012-17, although this is not statistically significant.
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© Assessment Heard Island and McDonald Islands, and other
subantarctic glaciers

2021 2016 2011
I L |
Very poor Poor Good Very good Poor Poor

Adequate confidence

Glaciers are generally retreating.
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Southern Ocean

The Southern Ocean surrounds Antarctica
and covers 14% of the planet’s surface; it
plays a key role in global climate and the
global carbon cycle (Fogwill et al. 2020). It
connects the 3 main ocean basins (Atlantic,
Pacific and Indian) and strongly influences
the global oceanic circulation system
through the Antarctic Circumpolar Current
(ACC), the world’s largest oceanic current
(Rintoul 2018). The ACC flows from west to
east around Antarctica and generates an
overturning circulation that transports vast
amounts of heat. The ACC also takes up a
significant amount of carbon dioxide (CO,)
from the atmosphere (Rintoul et al. 2001,
Rintoul 2018). The formation and circulation
of Southern Ocean water masses provide a
key link in the global ‘conveyor belt’ of ocean
currents that controls climate by transporting
heat and other properties (see Seaice). The
Southern Ocean influences the mass balance
of Antarctica by influencing air temperatures,
winds and precipitation, particularly near
the coast, and the melting of ice sheets and
coastal ice (Holland et al. 2020).

The Southern Ocean is changing in ways that
are likely to affect regional and global climate
(Rintoul et al. 2018, Meredith et al. in press),
and marine productivity (Rhein et al. 2013,
Deppeler & Davidson 2017, Boyd 2019). The
changes include warming and acidification
(see Pressures), as well as changes to ocean
properties, circulation and sea level.

Ocean properties

At Southern Hemisphere latitudes north of
about 50°S, the surface temperature of the
Southern Ocean has shown a warming trend in
recent decades (Sallée 2018). However, south
of about 50°S towards the Antarctic coast,

the surface waters have, on average, cooled
and freshened (Durack et al. 2012, Swart et al.
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2018, Bronselaer et al. 2020). These high-
latitude changes are likely to reflect mainly
increases in precipitation and Antarctic ice
melt (Boning et al. 2008, Helm et al. 2010),
and ocean upwelling (Armour et al. 2016,
Hogg et al. 2017, Tamsitt et al. 2017). Antarctic
bottom water in some locations has warmed,
freshened and decreased in volume (van Wijk
& Rintoul 2014, Sallée 2018); however, there
has been a reversal of the freshening trend in
recent years in the Australian-Antarctic basin,
with near-bottom salinities in 2018-19 higher
than during 2011-15 (Aoki et al. 2020).

Ozone depletion and increases in atmospheric
greenhouse gases caused by human activities
have resulted in changes in wind patterns

in southern subpolar latitudes, which have
influenced the heat content, salinity and
dissolved oxygen content of the Southern
Ocean (Turner et al. 2014, Rintoul et al. 2018,
Swart et al. 2018).

Sea levelrise

Over much of the global ocean, sea level

is rising, and the rise is accelerating. The
global mean sea level change obtained from
tide gauges and altimetry observations
increased from 3.2 mm/yr over 1993-2015

to 3.7 £ 0.5 mm/yr over 2006-18 (IMBIE team
2018). Glacier and ice-sheet contributions are
now the main source of the rise, and these
are associated with anthropogenic (human)
forcing (Meredith et al. in press).

The rate of change of sea level has been
regionally and globally variable in recent
decades because of influences from natural
climate variability and volcanic events. The
influence of natural variability is noticeable
particularly where the ocean is cooling, and
hence, contracting; this can be caused by the
ENSO mode of large-scale climate variability.

The rate of sea level rise is expected to
increase because of continuing global warming
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(Fasullo et al. 2016). The fate and response

of the ice sheets to global warming are the
greatest source of uncertainty impeding
constrained projections of future sea level
estimates; the likely upper bound is 25 m of
sea level for a climate that is 2-4 °C warmer
than pre-industrial temperatures (Carson et al.
2019, Meredith et al. in press).

In the Southern Ocean, sea level is difficult
to measure because of the presence of sea
ice around the continent, which impedes
altimetry observations of the surface, and
influences from the ongoing unloading of
forces on bedrock after the last ice age. From
1970 to 2018, most of the Southern Ocean
increased in height; the region between 30°S
and 60°S showed accelerating trends that
were among the largest anywhere on the
globe (Church et al. 2013, Wang et al. 2021).
Over this period, parts of the Pacific sector fell
modestly, which is ascribed to upwelling of
cold waters near the Antarctic coast (Armour
et al. 2016).

Marine heatwaves

Marine heatwaves (MHWs) are events occurring
in the global oceans during which water
temperatures are anomalously warm (up to
several degrees Celsius above average) for
extended periods (typically days to a few
weeks). These events can have disruptive
influences on marine ecosystems and their
biodiversity, and regional fisheries (Holbrook
et al. 2020, Samuels et al. 2021, Su et al. 2021).
Several physical processes can produce MHWs.
These can be broadly categorised as alteration
of the oceanic heat transport, influences from
slowly changing atmospheric patterns, and
effects from large-scale modes of climate
variability associated with ocean-atmosphere
coupling (Holbrook et al. 2019, Sen Gupta

et al. 2020).

N/
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Oliver et al. (2018) provided a global
assessment of MHWs using a range of ocean
temperature data. Over 1982-2016, MHWs
have increased in frequency in northern

parts of the Southern Ocean, particularly in
the central Pacific sector, where the trends
have been consistent with ocean warming.
However, at latitudes poleward of 50°S, MHWs
have decreased in frequency in recent decades
(Oliver et al. 2018), particularly in the central
Pacific sector, where ocean cooling has been
observed (Haumann et al. 2020). Although
none of the major climate modes dominantly
result in MWHSs in the Southern Ocean, some
regions are preferentially affected by the SAM,
ENSO and the Interdecadal Pacific Oscillation
(Holbrook et al. 2019).

The impact of potential changes in the
characteristics of MHWs in the Southern Ocean
and coastal Antarctica is of concern, because
food webs are adapted to a specific range

of conditions. Recent model assessments
suggest that MHWs will generally increase

in frequency and duration over coming
decades across all oceans, and lead to greater
environmental effects. However, an exception
is the coastal region of East Antarctica, where
changes in the intensity of heatwaves are not
projected to be significant (Oliver et al. 2019,
Hayashida et al. 2020) because ocean warming
in this region is relatively slow.

e



Environment

Assessment State and trends of the Southern Ocean

2021
Very poor Poor Good Very good

Adequate confidence

Climate change is having a significant impact on the Southern Ocean. Changes in temperature,
acidity, salinity and sea level are generally assessed as poor and deteriorating, although ocean
temperature varies across the region.

© Assessment Ocean temperature

2021 2016 2011
I | L | . /4 4
Very poor Poor Good Very good Good Good

Adequate confidence

Temperature changes have been mixed in magnitude, and depend on depth and
geographic region.

© Assessment Ocean acidity

2021 2016 2011
| s N %
Very poor Poor Good Very good Good Good

Adequate confidence

Polar pH levels are changing twice as fast as in the tropical ocean. Pre-industrial acidity
has increased; pH has changed from 8.2 to 8.1.
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© Assessment Ocean salinity

2021 2016 2011
e . v
Very poor Poor Good Very good Good Good

Adequate confidence

The surface waters have freshened in recent decades.

© Assessment Sea level

2021 2016
T s a
Very poor Poor Good Very good Good

Adequate confidence
Global sea levels are rising because of uptake of heat, and run-off from ice caps and

glaciers. The rate of change shows regional and global variation with time because of
certain aspects of climate variability.
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Living environment

Antarctic species occupy diverse habitats and
ecosystems that include ice-covered areas, ice-
free vegetated areas, ice-free rocks, salt and
freshwater lakes and streams, intertidal areas,
seaice, middle and deep water, and benthic
regions of the Southern Ocean (the benthic
zone is the ecological region at the bottom

of the ocean, including the sediment surface
and some subsurface layers). Permanent ice
and snow cover almost the entire Antarctic
continent, and permanent or seasonal ice-free
areas of exposed rock are rare (Bockheim 2015,
Burton-Johnson et al. 2016).

Species that have made Antarctica their home
have evolved over many millions of years.

The Drake Passage opened about 30 million
years ago, isolating Antarctica from other
continents. Antarctic terrestrial species have
adapted physiologically to cope with the
significant environmental challenges they
encounter: freezing temperatures, extensive
ice cover, extended periods of reduced sunlight
and poor soil quality. In addition, despite its
vast ice cover, Antarctica lacks persistent
free-flowing water, so that most, if not all,
terrestrial vegetation freeze-dries to survive
winter when liquid water is not available for
life (Kawarasaki et al. 2019).

Antarctic plants (mosses, lichens and algae),
microorganisms and invertebrates comprise
a generally highly specialised flora and fauna
that are less diverse than in temperate regions
but often locally abundant. In Antarctica,

the most diverse and abundant terrestrial
biodiversity is invisible to the human eye

and contained in the soils and water bodies.
Because of their high specialisation, many
species are endemic (found nowhere

else) (Velasco-Castrilldn & Stevens 2014,
Biersma et al. 2018, Biersma et al. 2020).
Metagenomics or environmental genomics

- the study of genetic material obtained
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from a mixture of microorganisms collected
from the environment - is rapidly improving
our understanding of microbial community
structure and composition, and the extent

of biodiversity of the microcosm. Genetic
analyses using mitochondrial or genomic
DNA are used in studies of higher organisms
such as seabirds, and are detecting more
differentiation or population structure among
species than previously assumed (e.g. Frugone
et al. 2018, Rexer-Huber et al. 2019).

Terrestrial species

In the Antarctic terrestrial environment,
environmental gradients, such as salinity and
ice cover, are more pronounced than anywhere
else on Earth. Ecosystems are also often
highly isolated, especially in the terrestrial
environment where areas are snow- and ice-
free (Convey et al. 2014). In 2012, Antarctica’s
ice-free areas were classified into 15 Antarctic
Conservation Biogeographic Regions (ACBRs)
based on differences in biodiversity and
landscape features (Terauds et al. 2012); in
2016, a 16th ACBR was added (Terauds & Lee
2016). Biogeographic regions have become

an important management tool for the
conservation of biologically distinct areas.

Many Antarctic terrestrial species depend

on the ice-free areas of the continent and

its offshore islands, but only approximately
54,200 km?, or 0.44%, of the total Antarctic
land mass is ice-free (Brooks et al. 2019). Ice-
free areas are either isolated mountain peaks,
mountain ranges, dry valleys, exposed coastal
fringes or offshore subantarctic islands. Most
ice-free areas occur in the Transantarctic
Mountains, which extend over 3,500 km and
separate East from West Antarctica, and the
Antarctic Peninsula.

In some ice-free areas, freshwater and saline
lakes exist that range in size from small tarns,
which freeze solid in winter, to large and
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deep lakes in which water remains liquid
throughout the year. The species composition
varies in freshwater, brackish and saline water
bodies. The organisms inhabiting saline lakes
originated mainly from marine species. The
surface of lakes is typically frozen; in coastal
areas, this layer of ice can melt in summer.

One of East Antarctica’s few oases (coastal
ice-free areas) is the Vestfold Hills area.

Here occurs the greatest concentration of
permanently stratified (meromictic) water
bodies in Antarctica, and possibly the

world (Gibson 1999). Meromictic lakes are
usually deep, with steep sides. Since the
water layers do not intermix, different light,
oxygen and salinity levels occur in different
zones. Biodiversity can be high among the
different, specialised communities in the
aerobic and anaerobic zones (Gibson 1999,
Lauro et al. 2011). The 2 main habitats in
Antarctic lakes are the water column and the
benthic mat. The latter is a mixture of algae,
bacteria and mosses that covers the bottom
of lakes and supports a community of grazing
microinvertebrates.

Human activities mostly affect ice-free areas,
as these are often in areas where people build
Antarctic stations and other infrastructure.
Some 81% of all Antarctic buildings are
currently located in coastal, ice-free areas
(Brooks et al. 2019). Human presence has

led to physical disturbance and permanent
modification of habitats (Brooks et al. 2019),
reduction of aesthetic values (Summerson &
Bishop 2012) and changes in geomorphology
(Campbell et al. 1994). Even in areas where
human activities have ceased, tracks of
vehicles were still discernible 60 years later
(O’Neill et al. 2013).

Climate change is likely to enlarge the ice-
free areas in Antarctica - possibly by as much
as 25% - by the end of the century. Most of
this gain will occur in the Antarctic Peninsula
region, currently one of the fastest-warming
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areas. As the physical constraints imposed
on terrestrial life by the vast areas of ice are
diminishing, the range of certain species
will possibly expand. However, other factors
potentially limiting distributions, such as
water, will also play a role (Lee et al. 2017).

Whereas some native organisms may expand
their distributions, others may not survive in
the long term as temperatures rise. Changes
in the species composition of soil organisms
have occurred in the McMurdo Dry Valleys,
Ross Sea. The dominant species, a nematode,
has decreased, while other less dominant
taxa have increased. However, the overall
trend indicates a general decrease in the
abundance of soil biota (Andriuzzi et al. 2018).
Environmental changes may also enable
non-native, invasive species to establish (see

Invertebrates

Multicellular terrestrial animals that live in
Antarctica throughout the year are limited

to a few types of invertebrates able to
withstand the environmental conditions. Many
microinvertebrate species live in the benthic
mats associated with lakes; some inhabit

only the water column; others survive in the
adjacent soils. There is some overlap in species
that occur in aquatic and soil habitats. The
most abundant phyla are rotifers, nematodes
and tardigrades, but crustaceans, mites and
springtails (microarthropods) occur as well
(Gibson et al. 1998, Convey et al. 2008, Nielsen
etal.2011).

Compared with temperate regions, the
terrestrial invertebrate species diversity

of the region is low. Since Antarctica is an
isolated continent, many of the species here
are endemic, and most communities have
persisted throughout several glacial cycles
over millions of years (lakovenko et al. 2015).
More than 520 species of invertebrates
occur, belonging to 140 genera in 70 families.
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Of these, 16 genera and 1 family are endemic
(Pugh & Convey 2008). There is only 1 endemic
insect, the Antarctic midge (Belgica antarctica)
(Potts et al. 2020).

Climatic and hydrological conditions, including
snow accumulation, can influence habitats
available for soil communities, especially

in arid ecosystems. The abundance of soil
microinvertebrates varies regionally and
depends on the conditions of the local
microhabitats, particularly topography,
salinity, moisture and vegetation (Kennedy
1993, Nielsen et al. 2011, Velasco-Castrilldn

et al. 2014).

Invertebrates experience highly variable
environmental conditions related to water
and temperature on various timescales (daily
to annual) and are well adapted to cope

with these variations. For example, some
invertebrates, such as certain nematodes,
rotifers and tardigrades, can dry out
(desiccate) when water is extremely limited

at low temperatures (Nielsen et al. 2011).
Long-term records and experimental data
show that the various groups of invertebrates
respond differently to a warming environment.
For example, nematode densities appear to
increase when temperatures rise, whereas
collembolans respond negatively, particularly
when soil moisture is low. Among mites,
responses are more complex and appear to be
species-specific (Nielsen & Wall 2013).

Antarctic fungi

More than 1,000 species of fungi have been
identified in Antarctica, but the true number

is likely to be much greater (Bridge & Spooner
2012). Fungi exist as lichen symbionts but also
occur as free-living soil fungi, which play an
important role in the decomposition of organic
matter and soil formation. Free-living fungi

are either filamentous or yeasts. There may

be well over 1,000 species of free-living fungi,
but the taxonomic composition of soil fungi
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has not yet been studied in a wide range of
Antarctic soils (Newsham et al. 2021). Fungal
assemblages comprise both worldwide and
endemic species. The latter are recognised
as true psychrophilic (cold-adapted) species,
in contrast to psychrotolerant (cold-tolerant)
species that have adapted to life in polar
regions (Rosa et al. 2019). Fungal spores

can be trapped in glacial and subglacial ice,
where some survive for 10,000-140,000 years
(de Menezes et al. (2020); and references
therein).

During the summer, temperatures of soil
surfaces can exceed 19 °C (Perera-Castro

et al. 2020, Robinson et al. 2020). At very high
temperatures for Antarctica, the growth of soil
fungi may be impaired when water availability,
and organic nitrogen and carbon levels
increase. For example, under such conditions
in the maritime Antarctic, metabolic processes
were impaired in the most common soil
fungus, Pseudogymnoascus roseus; the
fungus’s capacity to extend its hyphae was
reduced, and hence its ability to find nutrients.
At the same time, organic soil compounds
experience reduced decomposition.
Ultimately, a reduction or loss of these
processes affects the soil ecology and may
limit soil development in the Antarctic region
(Misiak et al. 2021).

Since Antarctic free-living fungi tend to be
cold-tolerant rather than cold-adapted,
warming temperatures may not immediately
affect their survival. Fifty species of fungi
isolated from ornithogenic (formed from bird
faeces and debris) soils grew at 37 °C under
laboratory conditions (de Sousa et al. 2017).
Various Antarctic fungal species are closely
related to species that are known pathogens to
animals and plants in more temperate regions.
There is some concern that Antarctic fungi may
have inherent potential to be pathogenic and
that they could inadvertently be transported
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by animals and/or people to other continents
(Bridge & Spooner 2012, Rosa et al. 2019).

However, fungi may offer opportunities for
bioprospecting (the exploration of natural
sources for molecules, and development

of genetic and biochemical information

into commercially valuable products) - for
example, for the development of new drugs.
Bioactive compounds with antiviral properties
- for example, against dengue and Zika viruses
- have been discovered in fungal extracts
(Gomes et al. 2018).

In areas where fuel spills and spillage may
occur, aromatic and aliphatic hydrocarbons
enter the local environment, and can persist
in soils and sediments at high concentrations
for decades (Gore et al. 1999, Revill et al.
2007, Powell et al. 2010). Whereas some
Antarctic mosses and algae are relatively
tolerant to diesel contamination (Nydahl

et al. 2015), terrestrial invertebrates are
expected to be more sensitive (Mooney

et al. 2019). Hydrocarbon contamination in
soil results in a significant shift in the soil
microbial community, favouring copiotrophic
species (organisms found in nutrient-rich
environments, especially carbon) and known
hydrocarbon degraders at the expense

of oligotrophic species (organisms living

in nutrient-poor conditions) (van Dorst
etal.2021).

Bioremediation of diesel-contaminated

soil through biopiling has been successfully
demonstrated at Australian Antarctic stations
(McWatters et al. 2016a).

Other yeasts have a considerable tolerance
for heavy metals and may become useful as
an inoculant in wastewater treatments in cold
environments (Fernandez et al. 2017b).

As air and soil temperatures increase due to
climate change, the composition of fungal
communities and assemblages is likely

to change. The species richness of fungal
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symbionts of lichens is likely to increase,
because they may be able to switch from a
state of survival to a state of growth as the
availability of free water also increases (Green
etal.2011).

Soil microorganisms

In Antarctica, soils occur only in the small
areas that are ice-free. Antarctic soils form
very slowly (Mergelov et al. 2020) because
the absence of vascular plants and low
temperatures limit soil formation. The
major soil-forming process is cryoturbation,
the constant freeze-thaw cycle that mixes
the soil layers (Fisher 2014). Antarctic soils
generally form under lichen and moss

beds (mineral soils) (Mergelov 2014) where
hypolithic communities (on the underside

of rocks) contribute to biogeochemical
processes (Mergelov et al. 2020), or at seabird
colonies where organic matter accumulates
to form ornithogenic soils (Bowman et al.
1996). Ornithogenic soils can be hundreds to
thousands of years old (Emslie et al. 2014).

Antarctic soils are different from those found
on other continents and were added as
Gelisols to the United States soil classification
system in 1997. Characteristics include
(Fisher 2014):

+ limited free water

+ attimes, high salt concentration

+ nutrient deficiencies (oligotrophic)
«+ athick layer of permafrost

+ high ultraviolet radiation in summer that
sterilises the surface

+ strong winds continuously eroding the
landscape.

Antarctic soils are often highly oligotrophic
- thatis, they lack, or have only low levels
of, important nutrients, such as phosphates,
nitrates, iron and carbon (Arenz et al. 2014).
Soils in different regions also have different
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properties and characteristics because of
differences in environmental conditions in the
various parts of the continent (Campbell &
Claridge 2009).

Antarctic soils contain diverse and abundant
terrestrial biodiversity, comprising

microbial communities of bacteria, archaea,
dinoflagellates, viruses and algae. The

level of endemism is high in these diverse
communities - that is, many species are found
nowhere else (Hughes et al. 2015). Some
Antarctic microbial communities appear to
have existed for millions of years. Throughout
several glacial cycles, the isolation of areas
for very long periods resulted in evolutionary
isolation and, hence, distinct bioregions
(Convey et al. 2008).

Despite the important roles of Antarctic
terrestrial microbial communities, detailed
knowledge about them is still relatively
limited. Application of new research
techniques is enabling documentation of the
high levels of diversity of local communities
and the complexities of microbial assemblages
at different sites.

Although once considered a sterile
environment, Antarctica harbours a

great variety of bacteria and archaea -
microorganisms that often inhabit extreme
environments. New species are still being
discovered - see, for example, Peeters et al.
(2011). Their taxonomy is complex because

a large number of new lineages have been
identified, and taxonomic affiliations are
difficult to resolve (Lambrechts et al. 2019).
Microbial biomass comprises a significant
part of the total Antarctic biomass. A study in
the Dry Valleys, Ross Sea region, determined
that cell numbers in the mineral soils were
more than 4 orders of magnitude higher

than previously thought (3-40 million cells
per gram wet weight) (Cowan et al. 2002).
Microbial communities are highly diverse and
heterogeneous in different environments
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characterised by, for example, variations in
soil pH, level of disturbance and proximity of
seabird colonies or seal wallows (Chong et al.
2010).

Arecent study suggested that some Antarctic
soil microbes may source their carbon and
energy from atmospheric hydrogen, carbon
dioxide and carbon monoxide. Since samples
collected at Robinson Ridge, near Casey
Station, and Adams Flat, near Davis Station,
provided the same results, it may indicate
that this so-called trace gas scavenging is a
widespread mechanism in Antarctica’s soils
(Jietal. 2017).

Soil microorganisms affect the weathering

of rocks, control soil development and play

a major role in nutrient cycling. However,
microbial habitats are not well presented

in the current estate of protected areas in
Antarctica; there is little to no protection of
their habitats because they are not visible and
often not considered in environmental impact
assessments (Hughes et al. 2015).

Climate change puts soil communities at
risk, and may alter species abundance and
food-web complexities in ways not yet fully
understood (Andriuzzi et al. 2018).

Human activities are a major threat to soil
organisms. Buildings and roads can compact
soils and change the way water flows, and
chemical spills and waste disposal impact
microbial habitats. Genetic contamination

of microorganisms occurs through clothing
fibres, equipment, dust, and human skin

cells and waste (Sjoling & Cowan 2000,
Takashima et al. 2004, Teufel et al. 2010).

This may affect the value of the Antarctic
microbiome with regard to bioprospecting.
Non-native microorganisms introduced to the
environment by humans may alter community
structure, function and genetic diversity, and
eventually lead to the loss of the native soil
communities (Hughes et al. 2015).
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Antarctic plants

Plant life on the Antarctic continent is limited
(Andriuzzi et al. 2018). There are no trees,
and the only 2 native flowering (vascular)
plants - Deschampsia antarctica (a grass)
and Colobanthus quitensis (a cushion plant)

- are limited to the northern part of the
Antarctic Peninsula (Convey 1996). Plants
with root systems do not grow in the soils

of East Antarctica (Kudinova et al. 2015).
Plants comprising mainly microflora, such as
lichens and mosses, dominate the few ice-
free areas, and algae prosper under rocks
and in snowfields where there is sufficient
moisture. In maritime Antarctica, which
includes the South Sandwich and South
Shetland islands, and the western Antarctic
Peninsula, more than 200 species of lichens
and more than 100 species of mosses occur,
while in continental Antarctica 92 lichens and
25 mosses occur (King 2017).

Environmental factors that affect plants’
growth and ability to survive are freezing
temperatures, lack of water and extremely
strong winds. However, in summer,
temperatures of soil and plant surfaces can be
much higher than air temperatures recorded
about 2 m above, providing favourable
microclimates for growth. Antarctic moss

and lichen beds are the forests of Antarctica
(Kennedy 1993), offering vital habitats for
terrestrial invertebrates and microorganisms
(Prather et al. 2019). Since both mosses and
lichens depend on ice-free habitat, their
distribution is highly fragmented in the mosaic
of ice-free areas.

As one of the most successful groups of
organisms on Earth, lichens occur worldwide
in many different habitats (hot and cold
deserts, coastal areas, and high mountains)
(Singh et al. 2018). With more than 400 species,
lichens are the most successful plants in
Antarctica (Pugh & Convey 2008). On the
Antarctica Peninsula, there are 269 known
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species of lichens and 134 species of mosses,
compared with 92 lichen and 25 moss species
in continental Antarctica. In the subantarctic,
there are more than 250 lichen and 335 moss
species plus 60 species of flowering plants
(King 2017).

Plant diversity decreases with increasing
latitude. Whereas there are about 350 lichen
species in the northern parts of the Antarctic
Peninsula, there are only about 12 species at
87°S (Sancho et al. 2019). Lichens are more
widespread and able to occupy drier sites
than mosses. They grow slowly and can exist
for hundreds of years (Bergstrom et al. 2021).
The diversity and growth rates of lichens
appear to be sensitive to changes in mean
annual temperatures. Lichen observations,
in conjunction with molecular studies, may
enable researchers to use them as biomonitors
of changes in the environment (Sancho

et al. 2019).

Mosses have unique survival strategies that
enable them to live in cold conditions, such
as a high tolerance to desiccation and the
capacity to cease all metabolic activities
(Turnbull et al. 2009, Cannone et al. 2017).
The summer is the growth season of mosses,
when the sun frequently shines for 24 hours
per day and ambient temperatures are near
or above 0 °C. During their growing season,
moss beds need free water; therefore, water
availability and temperature largely determine
their distribution. Mosses often thrive near
melt lakes and other areas where free water
becomes available in summer, when melting
snow and ice produce temporary lakes and
streams. Where conditions are favourable,
and especially where weathered nutrients
are available from ancient penguin colonies
(Wasley et al. 2012, Emslie et al. 2014), lush
moss beds occur, such as those found in the
Windmill Islands region.

The moss growth season lasts only 8-16 weeks
(Robinson et al. 2018, Singh et al. 2018).
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Antarctic mosses grow less than 6 mm per
year - much slower than mosses in temperate
conditions (Bramley-Alves et al. 2015). Under
optimal conditions, moss turfs can reach a
thickness of up to 14 cm; individual plants can
live for more than 100 years (Clarke et al. 2012,
Amesbury et al. 2017). Many moss species
photosynthesise optimally when surface
temperatures are around 15 °C or above
(Lewis Smith 1999). Thus, although Antarctic
mosses live in a cold environment, their
photosynthetic capacity is geared towards
much higher temperatures (19-26.3 °C), similar
to temperate or tropical species. They survive
by reducing respiration at low temperatures
in winter, when they metabolically shut down
into a state of dormancy (Perera-Castro

et al. 2020).

Mosses occupy the most extensive vegetated
areas on the Antarctic continent, but the
species composition of mosses is changing,
and, in some areas (Robinson et al. 2018),

their abundance is decreasing. Reductions in
moss beds mean loss of habitat for associated
microinvertebrates. Furthermore, construction
of new infrastructure may affect moss beds
regionally through pollution (Bergstrom
etal.2021).

There is a complex relationship between

the amount of free water available to moss
beds through increased melt and moss bed
growth. Natural drainage patterns can be
altered when infrastructure is built, at times
with ongoing effects. In addition, trampling
of the vegetation, dust from vehicle traffic,
and dumping of gravel and snow onto moss
beds have negative effects (Bergstrom et al.
2021). Furthermore, warmer temperatures and
increased water availability may enable non-
native species to establish (see Non-native
species). These changes require monitoring
through long-term field-based programs.

Snow algae turn the snow cover green or red
when they bloom in the summer (Davey et al.
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2019, Khan et al. 2021). At the South Shetland
Islands, Antarctic Peninsula, bloom areas
ranged from 300 to 145,000 m?. The largest
blooms occur on relatively shallow slopes

and near colonies of seabirds or seals whose
presence adds nutrients to the environment.
Many algal species are not yet identified,

and little is known about their dispersal
mechanisms. If suitable dispersal mechanisms
exist, the coverage of snow algae may increase
as the peninsula warms, as long as nutrient
sources are available. Snow algae may become
an important terrestrial sink for carbon (Gray
et al. 2020).

Climate change is likely to drive some marked
changes in the Antarctic flora. For example,

in the Antarctic Peninsula region, moss banks
have responded rapidly to the gradual increase
in temperature with increased growth rates
(Amesbury et al. 2017). As temperatures

rise, ice-free areas will increase (Lee et al.
2017), enabling increased colonisation (both
locally and over long distances). Certain local
populations are likely to expand, and their
biomass will increase (Singh et al. 2018).
However, the availability of free water is
another important factor, and the responses
to environmental change will be species-
specific. For example, where water availability
decreases, the abundance of submergence-
tolerant species decreases, while desiccation-
tolerant species become more abundant. This
has already been observed in the Windmill
Islands, East Antarctica (Robinson et al. 2018,
Bergstrom et al. 2021).

Subantarctic plants

At Australia’s subantarctic islands, the
vegetation is more diverse than on the
Antarctic continent. Macquarie Island
supports 91 species of moss, many lichens
and liverworts, and 47 species of vascular
plants, of which 4 are endemic (Selkirk et al.
1990). Three of these endemic species are
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listed as threatened. One is the Macquarie
cushion plant (Azorella macquariensis), a
keystone species of the extensive feldmark
vegetation (patchy, low-growing vegetation
intermixed with barren, gravelly substrate).
Macquarie Island supports by far the largest
and best examples of feldmark vegetation in
Australia. The Macquarie cushion plant, one
of the species of the feldmark, has suffered

a catastrophic population collapse triggered
by climate change, which is expected to
permanently alter this alpine ecosystem. Since
2009, dieback has affected up to 90% of the
cushion plants in some locations. The cause
of the dieback has been attributed to the
alteration of soil conditions related to climate
change, and potentially an unidentified
pathogen (Skotnicki et al. 2009, Dickson et al.
2019, Dickson et al. 2021).

Macquarie Island is the most southerly
location in the world for naturally occurring
orchids. Two species of orchids are endemic
to the island; both are tuberous, deciduous
orchids less than 5 cm tall, and both are

listed as critically endangered under the
Environment Protection and Biodiversity
Conservation Act 1999 (EPBC Act). The grooved
helmet-orchid (Corybas sulcatus) forms loose
colonies about 80-150 m above sea level.
Only 4 locations, which cover less than 0.3 ha,
are known for this species on the eastern

side of the island’s plateau (Skotnicki et al.
2009). The windswept helmet-orchid (Corybas
dienemus) occurs mainly at the northern end
of the island, usually less than 30 m above
sea level in waterlogged peat or beneath the
megaherb Stilbocarpa polaris (Copson 1984).
Its area of occupancy covers about 1.5 ha.
The distributions of both species are disjunct
and fragmented, and much of their habitats
were lost due to grazing and burrowing by
European rabbits (Oryctolagus cuniculus).
Since the rabbits were eliminated, the cover
of native grasses, such as Agrostis magellanica
and Deschampsia chapmanii, has increased
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(Fitzgerald et al. 2021). The megaherbs
Macquarie Island cabbage (Stilbocarpa polaris)
and silver-leaf daisy (Pleurophyllum hookeri),
as well as tussock grass (Poa foliosa), have
also recovered substantially. Thus, aside from
the cushion plant dieback, the vegetation of
Macquarie Island is improving significantly
since the eradication of rabbits and rodents

in 2011, and grazing and other impacts have
ceased (Springer 2018). Overall, the vegetation
of the island is in the best shape it has been for
more than a century (Visoiu 2019).

Macquarie Island is a World Heritage Area
because of its unique exposed oceanic crust,
and its wild, natural beauty. With less than 9%
of the plant species being introduced weed
species (4 extant species), Macquarie Island
has likely the most natural floral assemblages
of any island in the subantarctic. However,

a European native and worldwide weed, the
annual blue grass (Poa annua) is the most
widespread plant invader in the subantarctic
and the world’s most widely distributed
species (Chwedorzewska 2008). It is now well
established at Australia’s 2 subantarctic World
Heritage sites, Heard Island and McDonald
Islands, and Macquarie Island (Williams et al.
2018). At Macquarie Island, annual blue grass
is perennial and able to survive the winter. It
grows quickly when the short growing season
commences, enabling it to compete with
native plants (Williams et al. 2018).

In the 2013-14 summer, small patches of 2
non-native grass species (Agrostis stolonifera
and A. capillaris) were discovered at Macquarie
Island. The plants had not yet produced
flowers, and because of their limited extent
they were removed. Human activities may
have inadvertently introduced seeds, but
natural transport (e.g. by birds) cannot be
excluded (Pertierra et al. 2016).

The vegetation of Heard Island covers the
ice-free areas and includes vascular plants
(12 species), mosses (44 species), lichens
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(34 species) and liverworts (17 species)
(Hughes 1987, Bergstrom et al. 2002). Heard
Island and McDonald Islands became a
World Heritage Area because of their unique
wilderness, which provides examples of
biological and physical processes that occur
in an environment undisturbed by humans.
As the glaciers are retreating, new habitat

Assessment Terrestrial species

2021
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Adequate confidence

becomes available for Poa annua, an invasive
grass. The extent of this non-native invader at
Heard Island is currently unknown, but it had
spread substantially by 2003. In the 2003-04
summer, a single specimen of a small daisy
(Leptinella plumosa) occurred at Heard Island
where it had previously not been found (Frenot
et al. 2005)

Macquarie island vegetation is recovering, but Antarctic mosses are deteriorating.

© Assessment Macquarie Island vegetation
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Adequate confidence
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Since the eradication of rodents and rabbits, the island’s vegetation is overall making
a notable recovery. Macquarie cushion plants and many bryophyte species are still

suffering some dieback.
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© Assessment Antarctic mosses
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Species composition is changing. Increasing mortality causes reduction of abundance
in extensively vegetated areas. Loss of habitat for associated microinvertebrates. Some
lichen habitat is expanding. Continued loss of moss banks and associated habitat.

Marine vertebrate species

Biodiversity of vertebrates in Antarctic

waters is relatively low in comparison with
mid-latitudinal or tropical ecosystems, but
many species are highly abundant. Fish

are the most diverse vertebrate group,

with around 200 species, followed by flying
seabirds (7 species on the continent and 13 on
subantarctic islands) and penguins (2 species
in East Antarctica, a further 3 on the Antarctic
Peninsula, and 5 on subantarctic islands). Ice-
breeding seals (4 species), fur seals (3 species),
sea lions (1 species) and elephant seals

(1 species) are also part of the Antarctic fauna.
In addition, more than 30 species of baleen
and toothed whales forage in the Southern
Ocean, and some species of toothed whales
appear to remain there throughout the year.
The Southern Ocean is home to the largest
community of warm-blooded (endothermic)
predators in the world (Krause et al. 2020).

Status and trend data are available for only a
few species (Tables 2, 3 and 4) - notably, the

2 penguin species on the continent, the giant
petrel population, some albatross populations,
and fur and elephant seal populations at
Macquarie Island. Long-term population data
do not exist for the ice-breeding seals and
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whales, most of the flying birds, and some

of the penguins at Macquarie Island. Hence,
trends and status are difficult to establish.
Visits to Heard Island and McDonald Islands
are infrequent; thus, recent data are lacking.
Note that the listing of species frequently
varies between national and international
assessments, because species are assessed at
different scales.

Flying seabirds

Globally, among the 359 seabird species are
22 species of albatrosses, 52 species of petrels
the 46 flying seabird species that occur in the
Antarctic region, 7 live in the high latitudes
(Barbraud & Weimerskirch 2006), while

the remainder inhabit subantarctic islands
(Woehler & Croxall 1997). High-latitude species
include snow petrels (Pagodroma nivea),
southern fulmars (Fulmarus glacialoides) and
Wilson’s storm petrel (Oceanites oceanicus).
Albatrosses, diving petrels, cormorants,
shearwaters and other species live in the
subantarctic, but may visit Antarctic waters
when foraging.

Some 31% of all seabirds (110 species)
are globally threatened, including all but
one species of albatross, and another 11%
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(40 species) are listed as Near Threatened
(Dias et al. 2019). The biggest threats are
invasive, non-native species; bycatch in
fisheries; overfishing; and climate change. Of
the 22 albatross species, 21 are listed on the
International Union for Conservation of Nature
(IUCN) Red List. The only albatross listed with
a status of Least Concern is the black-browed
albatross (Thalassarche melanophris), whose
global population appears to be increasing
(BirdLife International 2018). All albatross
species plus 7 petrel species are covered
under the Agreement on the Conservation of
Albatrosses and Petrels (ACAP 2021a).

Seabirds typically live for several decades;
they mature late and lay only 1 or 2 eggs per
year, which usually do not get replaced when
lost. Some albatross species breed only every
second or sometimes third year. Adult survival
is usually very high, and many adults return
the following year to their colonies. Because
of their low annual reproductive output,
seabird populations are unable to withstand
even small increases in their natural mortality
rates. Since most Antarctic seabird species
require bare rock as breeding habitat, the
ice-free areas are important for their survival.
Consequently, many species breed close to
each other, often in very large colonies.

Antarctic terrestrial ecosystems rely largely
on nutrients derived from the ocean. Because
of their large populations, seabirds play a
major role in the transport of marine organic
matter onto land, especially during the
breeding season. Seabirds deposit large
quantities of guano at their colonies and with
it carbon, nitrogen and metals, such as zinc
and copper. Thus, seabird activities enable
biotransportation of trace elements from the
marine to the terrestrial environment, and
enrich the soils (Castro et al. 2021).

Since many seabird colonies are remote and
difficult to access, surveys of most Antarctic
seabird populations occur only infrequently,
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if at all. Furthermore, crevice-breeding birds
display cryptic behaviours (an ability to avoid
observation or detection) during the breeding
season, making it very challenging to obtain
population estimates.

The species diversity on the subantarctic
islands is different from that on or near the
Antarctic continent. The fauna of Heard Island
and McDonald Islands includes 4 species

of penguin not found on the continent,

and 15 species of flying seabirds, including

2 species of albatross, several petrels and
skuas (Stercocarius spp.), and the black-faced
sheathbill (Chionis minor). Because the islands
support various threatened and endangered
seabird species, the IUCN has declared

them an Important Bird Area. Heard Island

is the largest subantarctic island that is free
from introduced vertebrate species (Birds
Australia 2010).

In 2011, the IUCN also nominated Macquarie
Island as an Important Bird Area because

of the presence of various threatened

and endangered seabird species (BirdLife
Australia 2021). Macquarie Island is home to
an estimated 3.5 million seabirds, comprising
13 distinct species. These include 4 species
of penguins, a variety of small petrels and

4 albatross species: wandering (Diomedea
exulans), grey-headed (Thalassarche
chrysostoma), light-mantled (Phoebetria
palpebrata) and black-browed. Three
species of albatross are either increasing
(black-browed and light-mantled) or

stable (grey-headed). The extremely small
breeding population of wandering albatross
(5-10 breeding pairs) has been decreasing

in the past decade (Cleeland 2018). Globally,
the species is listed as Vulnerable, based on
relative trends in numbers and survival rates
in the past, similar to those observed in the
Indian Ocean populations. Longline fisheries
elsewhere still pose a risk to some albatross
species and grey petrels (Procellaria cinerea),
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but risks off Macquarie Island have decreased
as a result of careful management of fishing
activities. The numbers of grey petrels and
soft-plumaged petrels (Pterodroma mollis)
have increased since the eradication of
introduced predators and rodents (Mclnnes

et al. 2019). At Macquarie Island, the successful
eradication of rabbits and rodents in 2011 also
enabled the recovery of several petrel species
(e.g. Antarctic prions - Pachyptila desolata, and
white-headed petrels - Pterodroma lessonii),
and the recolonisation of others (e.g. blue
petrels - Halobaena caerulea, and grey petrels)
(Bird et al. 2021). The presence of burrowing
petrel species is particularly difficult to detect,
but application of genetic techniques (see

case study: DNA technology applied in seabird
research) has allowed identification of 8 of

the 9 petrel species that used to breed on the
island (Mclnnes et al. 2019).

Commercial fishing operations are one of the
most serious threats to seabirds, particularly
those breeding at lower latitudes on the
subantarctic islands. Within the Australian
jurisdiction, incidental seabird mortality

is strictly controlled and regulated, and is
relatively low. However, seabirds fly enormous
distances and often forage in the high seas in
international waters, where they interact with
longline fisheries and net fisheries. Seabirds
can become caught when they scavenge for
food behind longline fishing vessels; as the
line sinks, they drown. Seabird mortalities

can also occur from entanglement in nets, or
cable strikes in trawl fisheries. Particularly
through the efforts of the Agreement on the
Conservation of Albatrosses and Petrels (ACAP
2021a), there is progress in developing and
improving best practices and procedures for
minimising seabird deaths in fisheries. For
example, after the introduction of compulsory
line weighting in longline fleet fishing in the
Convention on the Conservation of Antarctic
Marine Living Resources Area, seabird bycatch
in that area is at historically low levels.
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Other efforts include improvements in line
weighting in longline fisheries, development of
underwater bait-setting devices (which deliver
baited hooks out of reach of most diving
seabirds) and implementation of new, highly
effective, modern techniques to avoid bycatch
in trawl fisheries.

One of these techniques is DNA metabarcoding
(see case study: DNA technology applied

species is inclined to follow fishing vessels.

To determine which species are at most risk,
DNA metabarcoding has been used to identify
the prey ingested by seabirds and compare
the results with the target species caught

by commercial fisheries near the breeding
colonies (McInnes et al. 2017); see case study:
DNA technology applied in seabird research).

On land, flying seabirds may experience
disturbance by humans, loss of breeding
habitat, increased competition for nest sites,
and increased exposure to parasites and
pathogens. On subantarctic islands, predation
by non-native predators, such as cats, rats
and mice, has reduced their breeding success.
Introduced predators pose a key threat,
because they can increase the mortality of
adult birds, and reduce breeding success when
chicks fall victim to predators. At Macquarie
Island, cats (Felis catus) were eradicated in
1998-2000 (Robinson & Copson 2014). Heard
Island and McDonald Islands have so far
remained free from introduced vertebrates.
Introduced species such as rabbits can also
have an indirect effect when overgrazing leads
to destabilisation of the substratum, which
can lead to an increase in landslides across
breeding areas (Scott & Kirkpatrick 2008, Bird
etal.2021).
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B Case study DNA technology applied in seabird research

Seabirds make a living in the world’s vast oceans. As a result of their highly
developed sense of smell, albatrosses and petrels can detect potential food
sources over large distances by navigating through an ‘olfactory landscape’.

A change in an olfactory feature may provide the cue to a seabird that it has
reached its foraging destination (Nevitt 2000, Nevitt 2008). Crushed prey, such
as krill, squid and fish, release certain scents (e.g. aromatic organic compounds
such as pyrazines) that seabirds are able to detect. For this reason, seabirds may
be attracted to fishing vessels, where they prey on discards, bait or fish lost in
the fishing operation. Thus, foraging areas of seabirds and fishing grounds of
commercial operators may overlap, exposing the birds to the risk of incidental
mortality through interactions with fishing gear. Since the way seabirds interact
with fisheries varies among species, the question arises: for which seabird species
do commercial fisheries pose a risk?

To answer this question, a method called DNA metabarcoding has been employed.
This technique enables the identification of multiple taxa (groups of animals) in one
sample (Figure 9). Researchers collect samples of seabird scats at their colonies,
and extract remaining genetic material (DNA) of the ingested prey. By comparing
the samples with the DNA of known marine species, researchers can determine the
diet composition of individuals or groups.
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Note: DNA was extracted from scats of many different predators. 1. Through DNA metabarcoding, the prey
species ingested by predators were identified and compared to species caught by commercial fishing
vessels. 2. DNA metabarcoding can also be used to identify seabird species to detect whether they have
returned to a previously occupied breeding island.

Source: Julie McInnes

Figure9 DNA metabarcoding
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A DNA metabarcoding study on Tasmania’s shy albatross (Thalassarche cauta;
Figure 10) showed that most birds captured their prey naturally, rather than
eating fish captured by commercial fishers. However, at times a quarter of the
population was consuming fisheries discards. Albatross foraging areas overlapped
with commercial fishing operations in 6 Commonwealth fisheries in south-eastern
Australia. The level of probable engagement of these albatrosses with fishing
vessels varied with season, and was consistently high during the brood period
(Mclnnes et al. 2021).

These examples show the versatility of DNA metabarcoding in the study of seabirds.
This noninvasive technique provides valuable insights into seabird ecology, and
offers an effective tool for wildlife and fisheries managers (McInnes et al. 2017).

Photo: Julie McInnes

Figure 10 Colony of shy albatrosses at Albatross Island, Tasmania
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A different use of DNA metabarcoding is the identification of burrowing petrels.

At Macquarie Island, at least 9 species of burrowing petrels were abundant before
non-native predators were introduced. Cats preyed on chicks, and rats consumed
eggs and perhaps small chicks. Thousands of rabbits overgrazed large areas of the
island; this led to erosion and eventually loss of habitat of burrowing petrels.

After the eradication of the introduced species, feathers and scats were collected
across the island to determine which species were present in the recovering
ecosystem. Directly accessing burrows to identify petrel species causes
disturbance, and the burrows are sometimes deep enough for their occupants to
be out of reach. Using DNA metabarcoding on shed feathers and scats collected at
burrow entrances confirmed the return of 8 different petrel species to the island,
including the difficult-to-detect soft-plumaged petrel (Pterodroma mollis) and fairy
prions (Pachyptila turtur) (Mclnnes et al. 2021).

Photo: Julie Mclnnes

Figure 11 Sooty shearwater (Ardenna grisea), one of the species identified
by DNA metabarcoding
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Although removal of invasive introduced
vertebrates was important for the avian
biodiversity on Macquarie Island, the effects
on native predator populations must be taken
into consideration (Travers et al. 2021). The
eradication efforts negatively affected top-
order predators; 762 giant petrels (Macronectes
spp.) and 512 brown skuas (Stercorarius
antarcticus lonnbergi) died of secondary
poisoning when they scavenged on rabbit and
rodent carcases. Furthermore, an important
food source disappeared with the eradication
because these predatory birds used to feed
on rabbits. However, at the population level,
these losses were not considered a threat

to the viability of the affected populations
(Springer & Carmichael 2012).

With regard to endangered species, Australia
has threat abatement plans that define actions
to be undertaken to reduce the impacts of
threats to levels where populations of listed
species are no longer threatened (DEE 2018).
The Threat abatement plan for the incidental
catch (or bycatch) of seabirds during oceanic
longline fishing operations (2018) deals
specifically with key threatening processes

in these fisheries, and stipulates required
research and management actions. Under
the EPBC Act, Australia has also formulated

a national strategy for the protection of
threatened albatross and petrel species. At
the time of writing, the National recovery plan
for albatrosses and petrels 2021 (the third such
plan) was open for public comment until 27
August 2021; it is anticipated to be finalised in
early 2022 (DAWE 2021a).

Penguins

Penguins are estimated to comprise

about 90% of the biomass of seabirds in
Antarctica (Bargagli 2005), but, as noted
above, populations may be difficult to assess
accurately. Like all seabirds, they are long-lived
and produce only 1 or 2 eggs per year. They
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often inhabit large colonies in the coastal areas
of Antarctica and subantarctic islands. During
the breeding season, the foraging areas of

the breeding population are limited, because
they need to return regularly to their colonies
to feed their offspring. This can increase

their vulnerability to localised prey depletion
through commercial fishing. Of the 18 species
in the penguin family, 7 live and breed in the
Australian Antarctic Territory and Macquarie
Island, but only emperor (Aptenodytes forsteri)
and Adélie (Pygoscelis adeliae) penguins
inhabit large colonies in East Antarctica;

fewer than 30 pairs of chinstrap penguins

(P. antarctica) occur at the Balleny Islands
(Macdonald et al. 2002). Adélie penguins spend
the winter months at sea and return to their
breeding colonies during the summer, whereas
emperor penguins breed during the winter
months and fledge their young in summer.

Recent surveys show that the total population
of Adélie penguins in East Antarctica has
increased by 69% over 30 years, from about
520,000 to approximately 878,300 breeding
pairs (Southwell et al. 2015b, Southwell et al.
2015a). However, the increase did not occur in
all surveyed populations. For example, at the
Scullin and Murray monoliths, Adélie penguin
populations appear to have remained stable or
decreased somewhat (Southwell & Emmerson
2019). Populations elsewhere - for example,
on the Antarctic Peninsula - had significantly
decreased over 50 years (Dunn et al. 2016).

Emperor penguin colonies are largely located
on the land-fast sea ice near the coast of
Antarctica. Many colonies are remote from
research stations, making estimations of their
size challenging. Long-term population data
are available for only a few colonies. In 2009, a
satellite-based synoptic survey attempted to
estimate the size of the global population of
emperor penguins, excluding nonbreeders and
juveniles (Fretwell et al. 2012)
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(see case study: Satellite technology reveals
more than the distribution of emperor
penguins). A major caveat is that very high-
resolution satellite imagery is only available
late in the breeding season of these penguins,
when both partners of a breeding pair are
hunting food for their offspring. This can lead
to significant underestimates of the size of the

breeding population.

The future of emperor penguins depends

on the extent to which Earth warms in the
coming decades. If global temperature rise
can be limited to 1.5 °C, about one-third

of the global emperor penguin population

will be lost, and two-thirds of the currently
existing colonies will be quasi-extinct. If the
temperature increases by 4 °C, some 92% of
the current population will no longer exist, and
9 of 10 colonies will be quasi-extinct. Major
forces driving these changes are loss of sea ice
and increased frequency of extreme events
(Jenouvrier et al. 2021).

The greatest threats for penguins in East
Antarctica are likely to be loss of breeding
habitat (in the case of emperor penguins),

a reduction in food availability because of
climate change or potentially the resumption
of the krill fishery, and habitat loss (Trathan
et al. 2015). Precautionary catch limits for
krill amount to 2.53 million tonnes (t) in the
area 30°E to 80°E, and a further 440,000 t
from 80°E to around 150°E (Nicol et al. 2012).
Any increase in human activities in the

area has the potential to disturb wildlife if
not managed carefully (Brooks et al. 2019).
Changes in sea ice conditions have varied
consequences. For example, a reduction in
the land-fast sea ice extent could shorten
foraging distances, but a reduction in pack ice
would reduce krill production (Bretagnolle &
Gillis 2010). It is difficult to predict the extent
to which penguins may be able to adapt to
environmental change, particularly as the rate
of change is likely to increase once the ozone
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loss is reversed, making adaptation difficult for
these and other long-lived species.

The subantarctic Heard and Macquarie islands
are rare areas of terrestrial ‘real estate’ in

the Southern Ocean. King (Aptenodytes
patagonicus), gentoo (Pygoscelis papua) and
southern rockhopper (Eudyptes chrysocome)
penguins occur in both locations, while royal
penguins (E. schlegeli) are found only on
Macquarie Island, and macaroni penguins

(E. chrysolophus) occupy Heard Island and
other subantarctic islands. These islands are
critically important breeding areas for these
species. The most recent published estimate
of the breeding population of royal penguins is
750,000 pairs in 2016 (Salton et al. 2019).

Arecent study examined the phylogeographic
structure of the Eudyptes species, and
questioned the classification of royal and
macaroni penguins as separate species

due to the lack of significant genetic and
phylogeographic structure. However, the
authors stated that their findings were not
fully conclusive and that further investigations
are required. The same study confirmed

the separation of rockhopper penguins into

3 species (Frugone et al. 2018).

The most recent census of gentoo penguins

on Macquarie Island in 2017 recorded the
fewest breeding pairs since counts began, with
2,527 + 66 pairs in total. Island-wide, breeding
pairs have decreased by 1.8 + 0.4% per year
over the past 34 years (Pascoe et al. 2020).
Macquarie Island remains an important site
for many penguin species, including king and
southern rockhopper penguins.
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Table2 National (EPBC Act) and international (IUCN) status of threatened flying seabirds
and penguins breeding in Australia’s jurisdiction

IUCN
(global population
Order Species EPBCAct assessment)
Procellariiformes  Macronectes giganteus - southern giant Endangered Least Concern
petrel Increasing
Macronectes halli - northern giant petrel Vulnerable  Least Concern
Increasing
Diomedea exulans - wandering albatross Vulnerable  Vulnerable
Decreasing

Phoebetria palpebrata - light-mantled sooty  Not listed Near Threatened

albatross Decreasing
Thalassarche cauta - shy albatross Endangered Near Threatened
Unknown
Thalassarche chrysostoma - grey-headed Endangered Endangered
albatross Decreasing
Thalassarche melanophris - black-browed Vulnerable Least Concern
albatross Increasing
Sphenisciformes  Aptenodytes forsteri - emperor penguin Not listed Near Threatened
Decreasing
Aptenodytes patagonicus - king penguin Not listed Least Concern
Increasing
Eudyptes chrysocome - southern rockhopper Not listed Vulnerable
penguin Decreasing
Eudyptes chrysolophus - macaroni penguin Not listed Vulnerable
Decreasing
Eudyptes schlegeli - royal penguin Not listed Near Threatened
Stable
Pygoscelis adeliae - Adélie penguin Not listed Least Concern
Increasing
Pygoscelis papua - gentoo penguin Not listed Least Concern
Stable

EPBC Act = Environment Protection and Biodiversity Conservation Act 1999; IUCN = International Union for Conservation of
Nature
Source: IUCN (2021)
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B Case study Satellite technology reveals more than the
distribution of emperor penguins

Emperor penguins are an iconic Antarctic species, and the only vertebrate that
breeds throughout the winter. The first emperor penguin colony was discovered in
the southern Ross Sea in 1901. By 2010, 32 others had been located, although the
continued existence of some was uncertain (Wienecke 2009, Wienecke 2010).

The first synoptic survey of this species used satellite imagery to examine the entire
coast of Antarctica, and confirmed and discovered new colonies, bringing the

total to 46 (Fretwell et al. 2012). By 2019, this number had increased to 54, of which
50 still existed; in 2020, a further 8 small colonies were found (Fretwell & Trathan
2019). There are now 22 confirmed emperor penguin colonies in the Australian
Antarctic Territory.

Researchers visiting the West Antarctic Ice Shelf (68.63°S, 77.97°E) in December
2009 recorded for the first time an emperor penguin colony on top of an ice shelf
(Wienecke 2012) (Figure 12). Subsequently, satellite imagery enabled observations
of changing locations of some emperor penguin colonies. Four had also relocated
onto ice shelves in years when the sea ice conditions were poor (Fretwell et al. 2014).

Satellite imagery enables observations relating to changes in sea ice conditions and
emperor penguin breeding success. For example, 10 years of remote observation
documented significant variation in the second largest colony at Halley Bay, West
Antarctica. From 2016 to 2018, this colony experienced near-complete breeding
failure in 3 consecutive years due to low sea ice extent and early sea ice breakout at
a time when the penguin chicks were far from fledging. Since 2015, the population
size at the Dawson-Lambton colony, 55 km from Halley Bay, has increased
massively (1000%); this may indicate that the penguins from Halley Bay relocated to
the Dawson-Lambert colony (Fretwell & Trathan 2019).

Early ice breakup also led to the demise of large numbers of emperor penguin
chicks at Cape Crozier (77.5°S, 169.3°E) in the Ross Sea, one of the two most
southerly emperor penguin colonies (Figure 13). Increasing wind speeds and
increasing temperatures appear to have contributed to this event (Schmidt &
Ballard 2020).
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Photos: Barbara Wienecke

Figure 12 Emperor penguins on top of the West Antarctic Ice Shelf,
December 2009

Because of their critical dependence on sea ice, emperor penguins are particularly
vulnerable to the effects of climate change (Trathan et al. 2020). Although use of
satellite imagery is vital for continent-wide observations of the impact of variations
in sea ice conditions on this species, ground visits are still necessary to obtain
reliable estimates of population sizes.

(a) 24 November 2018; the edge of the fastice is about 2 km from the colony (yellow marker).

(b) 5 December 2018; a severe storm on 4 December blew out the fast ice. Many chicks were caught out on
2 large ice floes that subsequently disappeared.

Images: Sentinel2, European Space Agency. Contains modified Copernicus Sentinel data (2021), processed
by Sentinel Hub.

Figure 13 Emperor penguin colony at Cape Crozier, southern Ross Sea
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Seals (Pinnipedia)

Both true seals and eared seals inhabit the
Antarctic region and are assessed under the
EPBC Act and by the IUCN (Table 3).

True seals (Phocidae)

The Antarctic pack ice zone may be the
home of about 50% of the world’s true seal
populations. Three species of seals inhabit
the pack ice zone that surrounds Antarctica:
crabeater (Lobodon carcinophaga), leopard
(Hydrurga leptonyx) and Ross (Ommatophoca

rossii) seals. They rely on the sea ice at critical
stages of their lives, particularly in their
reproductive and moulting periods. Their
populations are difficult to study because
these seals are highly mobile, disperse across
large and inaccessible regions, and spend long
periods foraging in the ocean. Some species
also do not appear to occupy set territories.
Sightings are usually of individuals or very
small groups. Surveys to estimate population
sizes are infrequent, because the studies are
expensive and labour-intensive. Consequently,
population trends are largely unavailable.

Table 3 National (EPBC Act) and international (IUCN) status of seals in Australia’s

jurisdiction
IUCN - global population
Family Species EPBCAct trend
Phocidae (true seals) Hydrurga leptonyx - leopard seal ~ Marine Least Concern
Unknown
Mirounga leonina - southern Vulnerable Least Concern

elephant seal

Stable

Leptonychotes weddellii - Weddell Marine

seal

Least Concern

Unknown
Lobodon carcinophaga - Marine Least Concern
crabeater seal Unknown
Ommatophoca rossii - Ross seal Marine Least Concern
Unknown
Otariidae (eared seals)  Arctocephalus gazella - Antarctic ~ Marine Least Concern
fur seal Decreasing
Arctocephalus tropicalis - Vulnerable Least Concern

subantarctic fur seal

Stable

EPBC Act = Environment Protection and Biodiversity Conservation Act 1999; IUCN = International Union for Conservation of

Nature
Source: IUCN (2021)
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Leopard, crabeater and Ross seals have a
circumpolar distribution. Crabeater seals are
relatively abundant, whereas leopard and
Ross seals disperse widely, distribute sparsely
and are very difficult to study. Leopard seals
typically occupy the Antarctic pack ice zone
where they breed. However, these seals also
travel to areas north of the Antarctic Polar
Frontal Zone, including to subantarctic islands,
South America, South Africa and Australia
(Staniland et al. 2018). Similarly, Ross seals
sometimes travel to subantarctic islands but,
like leopard seals, depend on the seaice as a
breeding platform (Arcalis-Planas et al. 2015).
Post-moult, Ross seals migrate north (Wege
etal.2021).

The last time circumpolar population
estimates were obtained for these species

was in the late 1990s during the Antarctic

Pack Ice Seal (APIS) survey (Southwell et al.
2012). Estimates of the global population

of crabeater seals have ranged from 2 to

5 million individuals in the mid-1950s (Scheffer
1958) to about 75 million in the early 1970s
(Erickson et al. 1971) and 11-12 million in 1990
(Erickson & Hanson 1990). In 1999-2000, the
APIS survey, a detailed aerial survey, covered
an area of 1.5 million km? from 64°E to 150°E.
The survey estimated fewer than 1 million
individuals in the survey area, with a range of
0.7-1.4 million. Thus, crabeater seals appear
to be abundant, but earlier estimates were
probably too high. Analysis of satellite imagery
shows that leopard and Ross seals also appear
to be abundant, with numbers in the tens of
thousands, but fewer than crabeater seals
(Southwell et al. 2012). Ross seals are the
rarest of the pack ice seals, comprising only
about 1% of Antarctic seals. They differ from
the other seals in that they breed and moult in
the packice but forage in the open ocean most
of the year (Wege et al. 2021).

How the pack ice seals respond to
environmental stressors may vary among
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species (Ainley et al. 2015). Changes in the
structure and size of ice floes could lead to the
loss of their breeding habitat. Furthermore, a
reduction in sea ice persistence may reduce
the availability of Antarctic krill, an important
food source for all pack ice seals, especially
crabeater seals, whose diet can comprise 90%
Antarctic krill (Hlickstadt et al. 2012). In the
western region of the Antarctic Peninsula,
major changes in wind strength, sea ice extent
and duration, and the characteristics of the
ACC are expected to alter the distribution of
krill and therefore the distribution of crabeater
seals. As the Southern Ocean continues to
warm, krill stocks will decrease in the areas
they currently occupy. Optimal conditions for
krill are predicted to shift south, and whether
krill predators such as crabeater seals will be
able to adapt or not will determine their future
(Hickstadt et al. 2020). Leopard seals have the
most diverse diet among the ice seals and may
be the least likely to be affected immediately
by changes in food availability. However,
depending on the rate, kind and magnitude

of environmental changes, these changes will
affect them eventually.

Weddell seals (Leptonychotes weddellii) occur
in the pack ice but breed on the nearshore fast
ice that surrounds the Antarctic continent.
Their biology is comparatively well studied.
There may be around 730,000 individuals,
which remain in the Antarctic region
throughout the year. Weddell seals have a

high level of fidelity to their breeding sites,
and have been observed to travel more than
300 km in winter (Heerah et al. 2016). They
dive on average to 125 m but can dive to more
than 700 m (Goetz et al. 2017). Their breeding
season generally commences in October-
November; females give birth to pups on the
sea ice near breathing holes and nurse them
for 5-6 weeks. Warming temperatures may
reduce the energetic cost for seals but also
reduce access to suitable breeding habitat and
sufficient food resources (Guo 2020).
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Southern elephant seals (Mirounga leonina)
have a circumpolar distribution; they breed

on subantarctic islands, including Macquarie
Island - this is the only breeding population

in the Pacific sector of the Southern Ocean
(Volzke et al. 2021). Their major foraging
habitats are the Antarctic continental shelf
and the Kerguelen Plateau in the southern
Indian Ocean (Hindell et al. 2016). The species
is highly dimorphic - males are significantly
larger than females - and exhibits gender-
related difference in foraging strategies and
diet. For example, females tend to forage in the
open ocean and mainly consume small fish,
whereas males are more likely to forage on the
continental shelf where they hunt fish, squid
and krill (Labrousse et al. 2017).

Southern elephant seals, particularly young
males, have numerous haul-out sites on the
Antarctic continent, where they spend most

of the summer moulting. On Macquarie Island,
about 155,000 southern elephant seals may
have been present in the 1950s; however, there
has been a long-term decline in the population
since, which appears to be continuing. The
reasons for this are difficult to investigate

as this species migrates over long distances
for 8-10 months per year (Learmonth et al.
2006). However, elephant seals probably
experience different pressures throughout

the year, as well as at various stages of their
lifecycle. For example, there appears to be

a link between sea ice extent in the summer
foraging areas of females and the survival of
their offspring. Extensive sea ice may exclude
the seals from high-quality foraging areas,
which in turn affects the survival of their

pups (van den Hoff et al. 2014). The decline

of the southern elephant seal population has
recently been linked to poor foraging success
because changing oceanic conditions have
reduced prey availability (Clausius et al. 2017).
Occasionally, elephant seals are entangled and
drowned in longline gear set for toothfish. Low
levels of mortality are very unlikely to lead to

N/

70

significant population impacts (Clausius et al.
2017, van den Hoff et al. 2017).

The complexity in the ecology of this wide-
ranging species, which occupies different
habitats, makes it challenging to predict how
climate change will affect the population.
Changes in habitat quality will depend on the
region; hence, responses of populations and
individuals will vary (Hindell et al. 2016).

Eared seals (Otariidae)

Fur seals (Arctocephalus spp.) inhabit the
subantarctic islands and occur as far south

as the Antarctic continent, where they are
infrequent visitors. Several fur seal populations
still appear to be increasing, albeit at varying
rates depending on location. On Macquarie
Island, the very small breeding populations of
Antarctic (Arctocephalus gazella), subantarctic
(A. tropicalis) and New Zealand (A. forsteri) fur
seals appear to be stable.

Whales (Cetacea)

The Southern Ocean is the prime feeding
ground for baleen whales (Mysticeti). Nine
species and subspecies of these large whales
occur in the Southern Ocean: the Antarctic
blue (Balaenoptera musculus intermedia),
pygmy blue (B. musculus brevicauda),

fin (B. physalus), humpback (Megaptera
novaeangliae), dwarf minke (B. acutorostrata),
sei (B. borealis), minke (B. bonaerensis),
southern right (Eubalaena australis) and pygmy
right (Caperea marginata). Some species, such
as blue and fin whales, hunt throughout the
summer in the Southern Ocean, and migrate
north in winter to mate and calve in low-
latitude waters (Shabangu et al. 2020). Key
baleen whale species are assessed under the
EPBC Act and by the IUCN (Table 4). At least

22 species of toothed whales (Odontoceti) also
occur regularly in the Southern Ocean (Van
Waerebeek et al. 2010). The 2 most commonly
sighted toothed whale species are killer whales
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(Orcinus orca) and sperm whales (Physeter
macrocephalus).

In the Southern Hemisphere, baleen whales
travel long distances from their feeding

areas in the Southern Ocean to their nursery
areas at lower latitudes. For 80-90% of the
world’s whales, the Southern Ocean Whale
Sanctuary, established in 1994, is the major
feeding ground in the summer (IWC 1995). As
major krill consumers, baleen whales depend
on lower levels of the food web (i.e. their
survival is linked closely to levels of primary
productivity) (Leaper et al. 2006). Whales
play an important role in biogeophysical
cycling of iron. Whale defecation deposits
large quantities of iron into the marine
environment and promotes ocean productivity
- for example, in the otherwise iron-poor

waters of the Southern Ocean. This biological
fertilisation is likely to increase krill abundance
and even fishery yields (Lavery et al. 2014).

Knowledge about the size and structure of
whale populations is very limited. Estimating
the abundance of whale populations is a
complex and complicated process. Issues can
arise with species identifications, the timing
of surveys, the areas covered and even the
response of species to the presence of vessels
(Leaper et al. 2008). Many species have a
circumpolar distribution, but their species-
specific behaviours differ significantly. For
example, although sperm whales use the
Southern Ocean during summer, generally
only the large males visit the regions south

of the Antarctic Polar Frontal Zone (Leaper

et al. 2008).

Table 4 National (EPBC Act) and international (IUCN) status of baleen whales (Mysticeti) in

Australia’s jurisdiction

Species

Balaenoptera acutorostrata - dwarf minke
whale (subspecies)

EPBC Act

(Listed at species level)

IUCN - global population
trend

(Listed at species level)

Balaenoptera bonaerensis - Migratory Least Concern

Antarctic minke whale Unknown

Balaenoptera borealis - sei whale Vulnerable Endangered
Increasing

Balaenoptera musculus brevicauda - pygmy
blue whale (subspecies)

(Listed at species level)

(Listed at species level)

Balaenoptera musculus intermedia - Endangered Critically Endangered

Antarctic blue whale Increasing

Balaenoptera physalus - fin whale Vulnerable Vulnerable
Increasing

EPBC Act = Environment Protection and Biodiversity Conservation Act 1999; IUCN = International Union for Conservation of Nature

Source: IUCN (2021)
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Although various whale populations have
shown signs of a slow recovery following the
prohibition of whaling, and certain protections
are now in place, in the face of a warming
climate, baleen whales may be particularly at
risk (Constable et al. 2014). Models predict a
marked slowdown in the further recovery of
whale populations (Tulloch et al. 2018). Whales
require stable environments; their life histories
are linked tightly to water temperatures and
food availability, making whales particularly
sensitive to climate change (Tulloch et al.
2018). Species feeding in the mid-latitudes
(40-60°S), the regions around the ACC, are
likely to be particularly affected by climate
change. There are strong interactions between
temperature, krill density, body condition

and breeding success; for example, food
availability during the early weeks of gestation
affects breeding success of southern right
whales (Seyboth et al. 2016).

Baleen whales (Mysticeti)

The largest creatures on Earth, Antarctic blue
whales can reach lengths of up to 27 m. They
and various subspecies were commercially
hunted from 1904 to 1972. The remaining
population is only 3% of the pre-exploitation
population. We still understand little about
their biology, and attempts to estimate their
population size have large uncertainties
associated with them. Hunting ceased only
in 1972, although it was prohibited in the
Southern Ocean in 1965-66. Currently,

the greatest threats these whales face are
declining food sources associated with ocean
warming and increasing ocean acidification
(Cooke 2018).

The most comprehensively studied whale is
the humpback whale; its distribution and stock
abundance are probably the best known of
any whale species. The International Whaling
Commission distinguishes 7 separate breeding
stocks of humpback whales in the Southern
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Hemisphere, and an eighth that occupies the
northern Indian Ocean but does not migrate
to Antarctic waters (Branch 2011). The various
breeding stocks of humpback whales vary

in size (Branch 2006). The largest stock is
probably breeding stock D, which migrates
annually from summer feeding grounds in
Antarctica to northern Western Australia for
winter (Kent et al. 2012). This stock has a long
history of exploitation (Chittleborough 1965).
However, since whaling operations ceased,
humpback whales have made a remarkable
recovery. Recent surveys indicate that the
stock is increasing to a point that its delisting
as a threatened species under Australian
legislation was proposed in 2016 (Bejder et al.
2016); the possibility of delisting humpback
whales from Australia’s EPBC Act is currently
being reviewed (DAWE 2021b).

Since 1966, humpback whales have been
protected legally from commercial whaling.
However, they can still be killed under

Article VIl of the International Convention

for the Regulation of Whaling - including in
Antarctica - provided that the government of a
member nation has issued a permit (IWC 2021).

Toothed whales (Odontoceti)

Killer whales are the largest species of the
dolphin family. Once regarded as a single
worldwide species, they were divided

into various ecotypes because of marked
differences in their morphology, ecology
and vocalisation. In Antarctica, 3 types are
recognised based on appearance and diet
(Pitman & Ensor 2003). The high level of
diversity in a species makes its taxonomy
challenging but, based on the known
variability and genetic evidence, (Morin

et al. 2010) suggested elevating these types
to species.

Killer and sperm whales depredate toothfish
from longlines, including in Australia’s fleet
that fishes at Heard Island and McDonald
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Islands (van den Hoff et al. 2017, Tixier et al.
2020). Because of the intelligence of these
species, population increases and the
desirability of toothfish as a rich source of
calories, mitigation of this activity has proven
very difficult (Richard et al. 2020).

Sperm whales rank among the least
understood whale species. Commercial
activities severely reduced their population,
particularly from 1945 to 1975. The most
recent assessment concluded that, globally,
sperm whales are currently at 32% of their
pre-whaling population levels (Whitehead
2002). A survey off Western Australia also
documented that this species shows no sign
of recovery (Carroll et al. 2014).

Fish

The Southern Ocean covers about

35 million km?, or 10% of Earth’s oceans. In
some regions, the ocean is more than 5,000 m
deep; shallower waters occur in coastal regions
and at submarine ridges. Of the roughly
20,000 different marine fish species, only 322
(1.6%) used to be known from the Southern
Ocean, but the level of endemism (i.e. species
are found nowhere else) is about 3 times
higher than in other isolated marine areas
(Eastman 2005). New species are still being
identified. For example, the Biogeographic
atlas of the Southern Ocean (Duhamel et al.
2014) lists 374 species. Fish occupy a range

of habitats in the water column that extends
from the surface to the ocean floor. Most
species (about 63%) live on the ocean floor
(benthic), and about 26% inhabit the water
column at 200-1,000 m depth (mesopelagic)
(Eastman 1993).

Antarctic fish evolved in an environment

that remained stable for millions of years
(Navarro et al. 2019). Antarctic fish are highly
stenothermal - that is, they can survive in only
a narrow temperature range. Temperatures in
the Southern Ocean are close to the freezing
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point of salt water (-1.9 °C) and vary annually
by less than 1 °C (Hunt et al. 2003).

Relatively little is known about the capacity

of Antarctic fish to adapt physiologically to
climate change impacts, such as increasing
ocean temperatures and acidification.
Icefishes have no haemoglobin to carry oxygen
in their bloodstream and, hence, rely on
dissolved oxygen levels. Thus, they may be
affected as oxygen saturation levels decline
with rising temperatures (Constable et al.
2014). Experimental research has shown that
heat stress can cause changes in metabolic
processes and enzyme activity. The effects
depend on the level of temperature change,
the duration of the exposure and the species
(Forgati et al. 2017). For example, rock cods
(Notothenia spp.) experience oxidative
damage to their lipid tissues and antioxidant
systems after long-term exposure to increased
temperatures (Klein et al. 2017).

Cod icefish (notothenioids) make up about
one-third of the known 374 fish species in

the Southern Ocean (Duhamel et al. 2014),

and many species of this group are endemic

to the region (Cheng et al. 2003). Since
Antarctic fish species evolved over millions

of years in subzero temperatures, they have
many physiological and biochemical traits
(e.g. antifreeze in their blood) that enable them
to thrive in their chronically frigid environment
(Beers & Jayasundara 2015).

Among the fish species that are important
prey for higher Antarctic predators, such as
penguins and Antarctic toothfish (Dissostichus
mawsoni), is the Antarctic silverfish
(Pleuragramma antarctica). The Antarctic
silverfish has a circumpolar distribution and
is a mesopelagic notothenioid that feeds
mainly on Antarctic and crystal krill (Euphausia
crystallorophias). The silverfish occurs
throughout the Southern Ocean, and is a key
species and major forage fish in the pelagic
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ecosystem on the Antarctic continental shelf
(Mintenbeck & Torres 2017).

Like all notothenioid species, Antarctic
silverfish lack a swim bladder. Many
notothenioids live on the ocean floor and, thus,
do not need a swim bladder, whereas silverfish
live in the water column, and have achieved
near-neutral buoyancy through an increase

in fat deposits, and a reduction in skeletal
mass and body density (Wohrmann 1998,
Voskoboinikova et al. 2017). Like many fish in
the Southern Ocean, Antarctic silverfish are
long-lived, mature late, grow slowly and have
a relatively low fecundity (Mintenbeck et al.
2012). They spawn underneath the coastal sea
ice, probably in late winter. Because sea ice

is important for its reproduction, this species
is vulnerable to the effects of climate change.
Furthermore, Antarctic silverfish are adapted
to stable conditions and a water temperature
of =2 °C. In the waters off the western

Antarctic Peninsula, a rapidly warming region,
the stocks of the silverfish appear to have
collapsed. Polar species such as the Antarctic
silverfish may be affected once the conditions
in their current area of distribution are no
longer favourable. As the ocean grows warmer,
a recovery of the stock is unlikely, and an
important prey of many species may be lost
(Mintenbeck & Torres 2017).

Another important element of the fish fauna is
the Antarctic toothfish, a large notothenioid,
with a circumpolar distribution that extends
north to the Antarctic Convergence and into
subantarctic waters (Hanchet et al. 2015).
This species is commercially exploited (see
Commercial fishing). Adults measure around
160 cm in length; the longest Antarctic
toothfish caught measured 210 cm and
weighed 120 kg. Although they lack a swim
bladder, adult toothfish appear to forage
through the entire water column and may
acquire near-neutral buoyancy through the
accumulation of dietary lipids. Buoyancy

N/
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changes with level of maturation, diet and
migration (Hanchet et al. 2015).

It appears that Antarctic toothfish, which have
antifreeze glycoproteins in their bloodstream,
occur continuously along the continental
slope and shelf of the Antarctic continent

and reach areas up to 57°S. In comparison,
the Patagonian toothfish (D. eleginoides)
mainly occupies the insular and continental
shelves in the subantarctic and does not

have antifreeze glycoproteins. In the waters
off the South Sandwich Islands, on the
BANZARE Bank and around Bouvet Island, the
Antarctic and Patagonian toothfish species
overlap; occasional vagrants of both species
are observed far to the north of their typical
distributions (Hanchet et al. 2010, Péron et al.
2016, Yates et al. 2019).

Antarctic toothfish are generalist predators,
and large adults are at the highest trophic
level (i.e. highest in the food chain) of fish off
East Antarctica (Park et al. 2015). Antarctic
toothfish compete with Weddell seals for
prey, but the seals also consume toothfish
(Ainley et al. 2021), as do sperm and killer
whales, and colossal squid (Mesonychoteuthis
hamiltoni) (Hanchet et al. 2015). The energy
density of Antarctic toothfish is twice as high
as that of the seals’ common prey, Antarctic
silverfish and dusky rockcod (Trematomus
newnesi) (Goetz et al. 2017), and the body
mass of large toothfish (around 120 kg) is up
to 3 orders of magnitude higher than that of
silverfish. Weddell seals may consume large
toothfish that are half the seals’ length (Ainley
etal.2021).

Another fish species of importance to
predators such as king penguins and some
commercial fishers is mackerel icefish
(Champsocephalus gunnari). This small,
pelagic, schooling fish occurs mainly at depths
of 20-250 m and performs a diurnal migration.
In late winter, it is an important prey item for
king penguins; as much as 17% of the chicks’

e
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diet can be mackerel icefish. This oily fish relatively early (age 3-4 years). The fish
provides sustenance to the chicks at the end spawn in coastal areas in late winter; females
of a long winter, during which they receive produce 10,000-20,000 eggs that hatch after
food only intermittently. Unlike many other having spent about 3 months near the seabed
Antarctic fish, mackerel icefish reach maturity (AFMA 2015).

Assessment Marine vertebrates

2021
I | 2 | .
Very poor Poor Good Very good

Limited confidence

The condition of Antarctic marine species varies between species. Populations of fish, whales
and penguins are in a good condition, but elephant seal and seabird numbers are poor and
deteriorating. The trend for many species is unclear because of insufficient data.

© Assessment Albatrosses

2021 2016 2011
| 4 IS EUE
Very poor Poor Good Very good Very poor Very poor

Adequate confidence

All but one albatross species are endangered. Seabird deaths in Australian fisheries and
in the Conservation of Antarctic Marine Living Resources area are greatly reduced, but
seabirds continue to interact at unsustainable levels with fisheries outside Australia’s
jurisdiction.
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© Assessment Other flying seabirds

2021 2016 2011
I | 7 [ ? ?
Very poor Poor Good Very good Good Good

Limited confidence

Status and trends vary with species and location. Population data, if available, cover only
limited areas. At Macquarie Island, several petrel species have returned to the island since
eradication of non-native predators.

© Assessment Penguins

2021 2016 2011
T THY W EHEBE
Very poor Poor Good Very good Good Very good

Somewhat adequate confidence

Penguins are relatively well studied. Many populations appear to be stable or increasing,
but, at Macquarie Island, gentoo penguins appear to be decreasing.

© Assessment Trueseals

2021
I I 7 | .
Very poor Poor Good Very good

Limited confidence

Because of their distribution and behaviours, it is difficult to assess populations of true
seals in Antarctica. The last comprehensive seal survey occurred in 1999-2000.
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© Assessment Eared seals

2021 2016 2011
T H N7 7
Very poor Poor Good Very good Good Good

Adequate confidence

Status and trends vary with species and location. At Macquarie Island, the small
populations of fur seals appear to be stable, but elephant seals are still in decline.

© Assessment Baleen whales

2021 2016
Very poor Poor Good Very good Very good

Limited confidence

Some species have recovered well since whaling ceased in the Southern Ocean, whereas
for others there are no signs of recovery. For many species, population data are difficult
to acquire.

© Assessment Toothed whales

2021
T H_ [
Very poor Poor Good Very good

Limited confidence

Killer whales are the best studied toothed whales. However, uncertainties about their
taxonomy make population assessments difficult.
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© Assessment Patagonian toothfish

2021
Very poor Poor Good Very good

Adequate confidence

Regular pre-recruit surveys, tagging studies and biennial stock assessments provide
relatively high levels of information on current status and trends of fished stocks in
Australia’s jurisdiction. Current stock levels are above (Macquarie Island) or just below (Heard
Island and McDonald Islands) the long-term target level prescribed in the harvest strategy.

© Assessment Antarctic toothfish

2021
Very poor Poor Good Very good

Limited confidence

Data for this species are limited. Declines in illegal, unreported and unregulated fishing,
and recent research in an exploratory fishery indicate that stocks off the Australian
Antarctic Territory are healthy.

© Assessment Mackerel icefish

2021
Very poor Poor Good Very good

Adequate confidence
Annual surveys and stock assessments provide relatively high levels of information on

current status and trends of this species at Heard Island and McDonald Islands. Current
fishing levels are sustainable.
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Marine invertebrates

The Southern Ocean is home to more

than 5,000 invertebrate species. Antarctic
invertebrate communities form a significant
part of the marine food web because they form
habitat, and cycle and sequester carbon and
other nutrients. Marine organisms sequester
inorganic carbon by converting it into

organic carbon and storing it in their bodies
(blue carbon). There are strong interactions
between blue carbon and loss of sea ice,
leading to a negative (mitigating) feedback on
climate change effects. The growth season of
phytoplankton occurs in summer when less
sea ice covers the Southern Ocean (including
through the retreat of ice shelves), allowing
more light to penetrate the ocean waters
than in winter. Through increased primary
production by phytoplankton, more carbon
reaches the seabed. Benthic communities
consume plankton that has died and sunk

to the bottom of the ocean. As benthic
communities grow, age and die, the carbon

is sequestered into the sediments and stored
(Barnes et al. 2018). This occurs mostly in
deeper shelf waters, but also in some shallow
areas. Thus, climate change can lead to a
greater carbon drawdown in Antarctica
through this benthic-pelagic coupling and the
growth of the benthic communities.

Where glaciers retreat and ice shelves
disintegrate, new habitat opens that is likely
to be colonised by algal and invertebrate
communities, increasing the drawdown and
storage mechanism. However, as Antarctica
warms, more glaciers and ice shelves calve
off icebergs. Icebergs can scour the substrate
(strike the seabed) in coastal shallows,

or further offshore, destroying benthic
communities and making the organisms
available for scavengers in the lower water
column (Dunlop et al. 2014). Consequently,
carbon sequestration is reduced. Scouring
may be constrained to areas where there

79

are many icebergs, and where winds drive
them into shallow waters (i.e. much of the
Antarctic Peninsula). Giant icebergs can persist
for many years; for example, iceberg A23A
(1,760 km2) calved off the Filchner Ice Shelf,
Weddell Sea, in 1986 and moved only about
200 km in 30 years. Scouring by giant icebergs
can destroy nearly all benthic organisms; it
may take decades to hundreds of years for
these communities to recover, provided no
further major disturbances occur (Barnes
2017). Although scouring is detrimental to
benthic organisms, it also mobilises carbon,
effectively fertilising affected areas and
increasing primary production, particularly

in areas where productivity was low (Barnes

et al. 2018). At the western Antarctic Peninsula,
a region where some of the most significant
environmental changes are occurring, scouring
may mobilise about 80,000 t of carbon per
year to the marine environment. However,
carbon storage is disrupted where benthic
communities do not have the opportunity to
recover - for example, as a result of ongoing
iceberg calving and continued scouring
(Barnes 2017).

Benthic and pelagic marine invertebrates will
be affected by warming ocean temperatures,
acidification, sediment input from melting
glaciers and changes in nutrient cycling
associated with climate change; they will also
be affected by commercial fishing activities
and invasive species (Brasier et al. 2021).

Benthic invertebrates

The bottom of the Southern Ocean offers rich
habitats for many species, which grow much
more slowly than their temperate equivalents.
Invertebrate taxa living on the continental
shelf (0-1,000 m deep) and in the deep ocean
(more than 1,000 m deep) encompass 7,210
known species (De Broyer & Danis 2011). At
depth, environmental conditions are stable,
and species communities and assemblages
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do not appear to change much. Sea spiders,
sea urchins, marine worms, molluscs, sponges
and other creatures are highly diverse,

with a substantial percentage of endemic
species (Brandt et al. 2006, Rapp et al. 2011).
The benthic invertebrate communities of
Antarctica, especially those living outside

the intertidal zone - for example, in the high
Antarctic - exist in a very stable environment
where temperatures fluctuate as little as

1.5 °C throughout the year (Peck 2005). These
stenothermal environments (i.e. with a narrow
temperature range) came into existence about
4-5 million years ago as the waters surrounding
Antarctica cooled (Portner et al. 2007).

It is difficult to predict how warming of

the ocean may affect organisms that have
adapted to live in a very narrow temperature
range. Many invertebrates die or cannot
perform crucial biological activities when
temperatures are raised 5-10 °C (Portner

et al. 2007). However, these results are based
on experiments during which temperatures
are increased rather quickly compared with
rates of change expected in nature. The more
gradually environmental change occurs,

the better are the chances for at least some
species to adapt to the changing conditions.

Ocean acidification will have different effects
on the various species of invertebrates
(Dupont et al. 2010, Hancock et al. 2020).
Experimental work on temperate marine
organisms has demonstrated a wide variety of
responses, ranging from potentially positive
effects, such as increased metabolic rates

in autotrophs (organisms that produce their
own food from inorganic sources) to negative
effects, such as decreased growth rates and
increased mortality (Hendriks et al. 2010,
Hancock et al. 2020, Brasier et al. 2021).

For example, fertilisation of the Antarctic
nemertean (ribbon) worm (Parborlasia
corrugatus) may not be affected by higher
acidity, and experimental work showed that

N/
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egg development appeared resilient when
seawater pH was reduced to neutral. However,
abnormalities occurred at a later (blastula)
stage of the embryos’ development (Ericson
et al. 2010). Although the pH changes that
produced the abnormalities are not predicted
to occur soon (i.e. by 2100), they are expected
if the oceans continue to acidify in the long
term (i.e. beyond 2100) (Ericson et al. 2010).
Other factors, such as temperature and
nutrient availability, also play a part.

Plankton

The deep, turbulent, cold Southern Ocean
separates Antarctica from the other
continents. Although upwelling currents
around the continent deliver nutrients from
the deep to the surface waters, plankton
(pelagic organisms) plays a vital role in the
biological pump, a mechanism through

which atmospheric carbon is sequestered
and eventually delivered to the ocean floor.
Extraordinarily huge masses of phytoplankton
(photosynthetic microbes) convert about

90 gigatonnes of dissolved carbon dioxide per
year into organic carbon (Cavan et al. 2019).

Krill is among the largest and most ecologically
important species of pelagic invertebrates
(zooplankton). Near the surface of the ocean,
grazers such as Antarctic krill consume
phytoplankton and other microorganisms,

and are themselves eaten by higher-order
predators. These abundant food resources
sustain large numbers of predators, including
whales, seals, seabirds, fish and squid.

Krill species also play an important role in the
nutrient cycling of the Southern Ocean, simply
because of their extraordinary abundance.
Although the total biomass of Antarctic krill is
not easy to estimate, combining acoustic and
trawl data provides estimates of krill biomass
of about 215 million tonnes (Atkinson et al.
2009). The movement and action of this mass
- including daily vertical migration, fast swim
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speed, rapidly sinking faecal pellets and huge
grazing capacity - make krill a critical influence
in the stimulation of primary productivity and
movement of nutrients through the water column.

Krill populations are already under pressure
through increasing ocean temperatures and
changes in sea ice cover. Juvenile (larval) krill
continues to feed during winter to survive
and recruit to the stock during the following
spring. The main food source comprises algae
that grow on the underside of the seaice. The
dependence of juvenile krill on sea ice algae
makes new cohorts particularly vulnerable

to reductions in sea ice extent and duration
(Bernard et al. 2019). During summer, krill
still consume sea ice algae but also use other
carbon sources such as pelagic diatoms.

This is particularly true for the crystal krill,

an omnivorous krill species. Thus, although
krill may be more adaptable to changing
summer conditions, in winter their reliance
on food resources linked to seaice is a major
limitation to their survival (Kohlbach et al.
2019). The combined effects of these pressures
and an increase in ocean acidification could
significantly compromise krill recruitment
within a century (Kawaguchi et al. 2013).

With regard to commercial krill fishing
operations off East Antarctica, broadscale
surveys of Antarctic krill are conducted

at roughly 10-year intervals, and enable

the assessment of status. However, the
assessment of trends is challenging. Although
catches are currently well below sustainable
levels, future impacts of climate change will
need to be considered.

Human environment

Humans maintain a presence in Antarctica
and have a direct influence on some areas,
particularly ice-free areas, through various
activities. Continent-wide, there are about
1,100 people in winter and 4,400 people in
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summer on the various research stations
(World Population Review 2021).

Before the COVID-19 pandemic, more ships
and aircraft were visiting Antarctica than ever
before, making pollution with hydrocarbons
(fuel, oil) through leakage and spills a real risk
to the environment, particularly for benthic
communities (Polmear et al. 2015). Disturbance
to wildlife can be an issue; this includes visits
to breeding areas, and noise pollution by
aircraft, ships and machinery. Even simple
activities such as walking can affect habitat,
particularly soils. Trampling of soils can result
in their compaction, which alters the surface
structure, nutrient cycles, and soil and plant
communities (Tejedo et al. 2014).

Antarctic stations

In 2017, 29 nations collectively occupied

40 Antarctic year-round stations, and

another 36 facilities operated only during
summer (October to March) (COMNAP 2017).
Some 27 stations had been constructed
before the adoption of the Environmental
Protocol to the Antarctic Treaty (Brooks

et al. 2019). Several old, abandoned stations
continue to deteriorate. In addition, field

huts and refuges, weather stations, runways,
historical huts and tourist camps increase

the human footprint in Antarctica (Brooks

et al. 2019). On the continent, construction of
stations is continuing; for example, in 2018,
China constructed a temporary station at
Inexpressible Island, Ross Sea, while finalising
a Comprehensive Environmental Evaluation for
the construction of a permanent base there.

Sixty stations have been built on gravel or soil
sites and 17 on rock. Gravel or soil sites occupy
areas that are often breeding habitat of wildlife
or where terrestrial vegetation is abundant.
Permanent alteration of the substratum

can lead to changes in the geomorphology
and water cycle, and loss of wilderness and
aesthetic values (Brooks et al. 2019).
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Australian Antarctic stations

Australia maintains 3 year-round continental
research stations (Casey, Davis and
Mawson), and 1 at subantarctic Macquarie
Island. Remote field bases operate during
the summer season, including Wilkins
Aerodrome, 70 km inland from Casey
Station. The station populations range from
40 to 100 expeditioners over summer, and
15 to 20 over winter. Each season, about
500 expeditioners travel south with the
Australian Antarctic Program.

The Australian Antarctic Division (AAD)
maintains an Environmental Management
System (EMS) consistent with AS/NZS ISO
14001. The EMS is a systematic means of
managing the AAD’s activities, using a set of
operational indicators to monitor and assess
human impact on the environment associated
with the Australian Antarctic Program during

N/

the planning, operational and continual
improvement stages.

The operation of Antarctic stations requires

a significant amount of energy. The total fuel
consumption of Antarctic operations was
relatively steady over 2015-16 to 2019-20,

and ranged from 6.4 to 7.1 megalitres (ML).
Shipping and aircraft operations use 40-45%
and 21-24% of the total fuel, respectively (see
Shipping and air operations). The remainder is
used in station operations, mainly to generate
electricity (Table 5).

Electricity is needed to heat buildings and
water tanks, to provide light, especially
through the long Antarctic winter, to operate
workshops, and so on. From 2015-16 to
2019-20, overall electricity use per person
increased by 11.4%, from 0.166 terajoules (TJ)
t0 0.185 TJ (46,100 kilowatt hours (kWh) to
51,390 kWh).

Table5 Summary of environmental performance of Antarctic station operations by season

Variable 2015-16  2016-17  2017-18  2018-19  2019-20
Total waste (t) 304 177 263 252 201
Waste to landfill (t) 169 147 164 191 90
Waste recycled (t) 135 30 78 61 111
Liquid waste treated and disposed of (t) 17 43 10 22 54
Water use (ML) 6.27 6.79 6.68 6.83 6.15
Electricity generated by diesel (TJ) 18.5 19.7 20.6 21.0 21.5
Electricity generated by renewables (TJ) 5.4 5.9 4.0 2.4 1.7
Operational diesel fuel (ML) 2.27 2.09 2.25 2.39 2.46

ML = megalitre; t = tonne; TJ = terajoule

a  Comprisesdiesel used for electricity generation, vehicles, plant, incinerators and boilers.
Sources: DAWE (2020a); DAWE (2020b) for 2019-20 operational diesel fuel data
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The total electricity generated by diesel
increased by 6.5% from 18.5 TJ in 2015-16 to
21.5TJ in 2019-20. At Mawson Station, the
wind turbine has suffered some technical
issues in recent years. In 2019-20, it produced
only 1.7 TJ (420,200 kWh), compared with

5.9 TJ (1.64 x 10° kWh) in 2016-17, a decrease of
68% (DAWE 2020a).

Water

Free-flowing water for human use is greatly
limited in Antarctica. On stations, water is
required for domestic uses (kitchen, showers,
laundries), in workshops and in other
operational buildings. Water is stored in large
tanks. Special tanks designated for firefighting
in case of an emergency comprise two-thirds
of the water stores on stations. These tanks
are heated so that the water can be used all
the time. Water is produced by melting snow
and ice in special facilities, or, at times during
summer, from seawater using reverse osmosis.

Water-saving behaviours are encouraged
among expeditioners. However, the
consumption of water (and energy) does

not always reflect the size of the station
population but may reflect an increase in,

or change of, activities. For example, overall
water consumption increased during 2018-19
compared with previous years, as did energy
consumption, although there were fewer
expeditioners than in previous years (DEE 2019).

Overall, water consumption increased from
6.27 ML in 2015-16 to 6.83 ML in 2018-19. As
a result of the COVID-19 pandemic in 2019-20
and reduced operational activities, water
consumption dropped slightly to 6.15 ML
(Table 5).

Waste management

Each year, waste and materials no longer
required on station are returned to
Australia for recycling, re-use or disposal.
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Waste typically includes general landfill

and commingled recycling, such as paper,
glass, aluminium and plastic (polyethylene
terephthalate - PET, and high-density
polyethylene - HDPE), sewage sludge, paint,
oil, steel, copper, brass, building materials and
laboratory chemicals.

Quantities of waste returned to Australia
vary annually and with capacity of ships to
transport these materials. From 2015-16 to
2019-20, the amounts of liquid taken from
Antarctica ranged from 10 to 54 t. Over the
same period, the quantities of materials sent
to landfill ranged from 90 to 191 t, but 73%
more recyclable material was returned to
Australia (DAWE 2020b, DAWE 2020a).

Wastewater derives from various parts of

a station, and includes greywater from the
kitchen, showers, workshops and laboratories.
This water contains a mix of contaminants,
including chemicals, detergents, medications
and cosmetics. Generally, wastewater
treatments are used to reduce the level of
nutrients and microorganisms (Corbett et al.
2014). The treated water is released into

the nearshore environment, and solids are
returned to Australia.

Shipping and air operations

Each year, various ships and aircraft transport
people and goods to and from Australia’s

4 permanently occupied research stations of
Casey, Davis, Mawson and Macquarie Island.
During recent years, the winter populations
at the Australian stations have remained
relatively stable; there have typically been
16-22 people on each of the continental
stations, and 13-15 on Macquarie Island. For
many years, Davis Station had the largest
summer population, with up to 100 personnel.
However, with efforts to modernise station
facilities, this number is likely to increase over
the coming years. Casey Station has a much
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larger number of expeditioners coming and
going throughout the summer season because
of the improved access to Antarctica by air
transport. Prevailing weather conditions do
not allow use of the runway during winter.

The AAD undertakes voyages for a range of
purposes, primarily resupply of the stations,
and deployment and retrieval of personnel,
as well as marine science research. The

new icebreaker RSV Nuyina (see case study:
Cultural connections of RSV Nuyina) arrived

in Hobart in October 2021, and will be the
primary vessel used for logistics and research
conducted under the Australian Antarctic
Program. Occasionally, the AAD charters other
vessels to augment activities, such as waste
removal, Southern Ocean and marine science
research activities, and transport of personnel
to and from Macquarie Island.

The AAD also uses a variety of aircraft to
transport passengers and cargo, including
the Royal Australian Air Force’s C-17
Globemaster Ill, which has delivered heavy
cargo to Wilkins Aerodrome in support of the

N/

Australian Antarctic Program. Use of this type
of heavy-lift aircraft has improved the AAD’s
logistical and scientific capabilities.

Fuel consumption by vessels decreased by
34.7% from 3.34 ML in 2015-16 to 2.48 ML
in 2019-20; fuel use by aircraft remained
relatively steady, averaging 1.49 ML in this
period (DAWE 2020a).

Over the past 5 years, total greenhouse

gas emissions (tonnes of CO, equivalent)
decreased by 10% from 19,894 tin 2015-16
to 17,917 t in 2019-20 (Table 6), partly due

to variations in operational demands.
Variations in the use of fuel for ships is related
to the size and number of vessels used and
whether or not marine science voyages are
undertaken. For example, in 2017-18, the
RSV Aurora Australis undertook 4 voyages,
and no additional vessel was chartered as in
the previous 2 seasons (Australian Antarctic
Program 2021). Sea ice conditions also
influence fuel use; when the sea ice extent is
reduced, less fuel is required to break ice.

Table 6 Summary of environmental performance of Antarctic shipping and air operations

by season

Variable 2015-16 2016-17 2017-18 2018-19 2019-20
Aircraft fuel (ML) 1.49 1.56 1.57 1.55 1.31
Ship fuel (ML) 3.34 3.13 2.57 2.85 2.48
Total fuel (kL) 7.10 6.78 6.39 6.72 6.25
Total greenhouse gas emissions 19,894 19,002 17,829 18,996 17,917

(t CO,equivalent)

CO, = carbon dioxide; kL = kilolitre; ML = megalitre; t = tonne
Sources: DAWE (2020a); 2019-20: DAWE (2020b)
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B Case study Cultural connections of RSV Nuyina

tunapri Palawa milangkani milaythina paywuta. tunapri muylatina muka-ti,
nipakawa nuritinga kani pakana milaythina & muka liyanana Antarctica.

muka tina, pinungana & muta tapilti Antarctica-tu paywuta.

Nuyina, lukrapina lakarana, tapilti makuminya maytawinya-ta & yula; nara
kipli muka-ti mapiya Antarctica.

liyanana panitha; muka ningina latu. warr! waranta pumili manina ngayapi,
narakupa milaythina-nara-mapali & tina muka kitina, maytawinya lakarana.

manta manta.

(Tasmanian Aboriginal knowledge comes from Country, and is connected to country
since the beginning of time.

This knowledge embraces sea Country, and the waters which carry our stories that
connect us with the icy land and seas of Antarctica.

Marine animals, fish and birds migrate from northern lands to Antarctica and back,
every year as they have done since creation.

The big ice-breaker Nuyina follows the path of the muttonbird and whale that feed in
the waters around Antarctica.

But the ice is melting; ocean temperatures are rising! We must bring our planet back
to life, care for our Country and the ocean’s lifeworlds - from the smallest krill to the
largest whale, for all the times to come.)

In palawa kani, the language of Tasmanian Aboriginal peoples, with thanks to the
Tasmanian Aboriginal Centre.

Australia’s new Antarctic icebreaker, RSV Nuyina (Figure 14), which arrived in Hobart
in October 2021, will be the main lifeline to Australia’s Antarctic and subantarctic
research stations. It will be the central platform of the nation’s Antarctic and
Southern Ocean scientific research, and provide expanded and improved
capabilities to manage Australia’s environmental footprint in the region.

‘nuyina’ - pronounced noy-yee-nah - means ‘southern lights’ in palawa kani, the
language of Tasmanian Indigenous people.

The southern lights, also known as the aurora australis, are a phenomenon in the
high altitudes of the atmosphere over Antarctica that reaches northwards to light
up Australian - and particularly Tasmanian - skies. The first Australian Antarctic
ship, Sir Douglas Mawson’s SY Aurora, was named after the same phenomenon, as
was Australia’s first icebreaker, the RSV Aurora Australis, retired from service in 2020.
The name RSV Nuyina continues this theme and forms another chapter in the story
of connection between Australia and Antarctica, in both human and physical terms.
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The naming of the RSV Nuyina recognises the long connection that Tasmanian
Aboriginal people have with the evocative southern lights and the waters to the
south of the island. Tasmanian Indigenous people were the most southerly on the
planet during the last ice age. The adaptability and resilience of the Tasmanian
Indigenous people, who travelled in canoes to small islets in the Southern Ocean, are
qualities emulated by our modern-day Antarctic expeditioners as they travel south.

Australian schoolchildren suggested the ship’s name through the ‘Name our
Icebreaker’ competition in 2017 that aimed to engage Australian students and
expand their understanding of Antarctica; its environment, climate and history; and
Australia’s role there.

Aboriginal language was the inspiration for one-fifth of all the valid ship names
submitted by Australian children. In many of the competition entries, students
spoke of their desire for reconciliation with, and recognition of, Australia’s
Indigenous peoples. Using an Indigenous name for the new ship acknowledges all
the children who wanted to recognise the interwoven history of Indigenous people
and the great southern land - Antarctica.

Tasmanian Indigenous peoples speak palawa kani today. Development of the
language draws on extensive historical and linguistic research of written records
and spoken recordings, and Aboriginal cultural knowledge. Since not enough
remains of any of the 6-12 original Tasmanian languages to form a full language
today, palawa kani combines authentic elements from many of these languages.
Language workers used a standard process of linguistic analysis to transcribe early
English spellings into phonetics, to compare the sounds. In this way, they could
retrieve a language, as close to the original sounds as possible, and reproduce
these sounds in the standardised spelling system developed for palawa kani. This
language flourishes in Aboriginal community life, and 3 generations of children
have grown up learning it. palawa kani features increasingly in public life, including
in gazetted Tasmanian placenames.
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Photo: © Commonwealth of Australia 2020

Figure 14 Australia’s new icebreaker RSV Nuyina during sea trials
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Assessment Station and human environment

2021
Very poor Poor Good Very good

Adequate confidence

Many aspects of the station environment are good. The treatment of waste is good, and
remediation of contaminated sites is improving contamination levels. However, the overall
footprint is increasing, and fuel use at stations and by vehicles is high and increasing.

© Assessment Environmental footprint of stations

2021
Very poor Poor Good Very good

Adequate confidence

The human footprint is increasing through modernisation of stations and logistical
requirements.

© Assessment Waste returned to Australia for landfill

2021 2016 2011
I | 7 [ - -
Very poor Poor Good Very good Good Good

Adequate confidence

The amount of waste returned to Australia depends on the cargo limits of ships and varies
from year to year.
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© Assessment Waste returned to Australia for recycling

2021
Very poor Poor Good Very good

Adequate confidence

The amount of waste returned to Australia depends on the cargo limits of ships and varies
from year to year.

© Assessment Water use

2021
Very poor Poor Good Very good

Adequate confidence

The amount of water required varies with the number of people and operational
activities.

© Assessment Operational fuel use (e.g. generators and boilers)

2021 2016 2011
R
Very poor Poor Good Very good Good Poor

Adequate confidence

Quantity of fuel used is high but relatively steady at all stations.
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© Assessment Fuel used by vehicles

2021 2016 2011
I THY BB
Very poor Poor Good Very good Poor Poor

Adequate confidence

Fuel use is highly variable at all stations. Increase in fuel use at Casey and Davis stations
due to increased activities.

© Assessment Electricity

2021 2016 2011
T N7 7
Very poor Poor Good Very good Good Good

Adequate confidence

Use of electricity is linked to fuel use. The loss of wind turbines increased electricity
production by diesel.

© Assessment Fuel use by ships

2021 2016 2011
EENEN | -
Very poor Poor Good Very good Poor Poor

Adequate confidence

Vessels transport goods and people, and undertake marine science voyages. Annual fuel
consumption varies, and depends on the number of voyages and sea ice conditions.
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© Assessment Fuel use by aircraft

2021 2016 2011
Very poor Poor Good Very good Poor Poor

Adequate confidence

This is variable from year to year and is dependent on quantities of goods and numbers of
people transported by aircraft.

© Assessment State of contaminated Antarctic sites

2021 2016 2011
I | / —
Very poor Poor Good Very good Good Good

Adequate confidence

Remediation work is continuing and progressing.

© Assessment State of listed or specially protected sites in Antarctica
and the subantarctic that are managed by Australia

2021 2016 2011
I | — [ . ? ?
Very poor Poor Good Very good Good Good

Adequate confidence

Management plans are in place for all protected areas.
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Heritage values

Antarctica’s unique environment is
internationally recognised, and the Protocol
on Environmental Protection to the Antarctic
Treaty (the Madrid Protocol) protects many of
its heritage values. In addition to the general,
continent-wide protection provided by the
protocol, extra levels of protection can be
applied to areas of outstanding environmental,
scientific, historical, aesthetic and/or
wilderness values through area protection

for specific values, and by adding areas to the
list of historic sites and monuments. Whereas
environmental, scientific and historical values
are relatively easy to define, what constitutes
aesthetic and wilderness values has not been
defined by treaty parties. A recent study
highlighted these issues and attempted to
identify wilderness areas by quantifying
human activities continent-wide over the
past 200 years. One result is that, although
99.6% of the continent can still be defined as
wilderness, most areas of biodiversity value
have been affected by human activities.
Protection of Antarctica’s biodiversity would
be enhanced by the expansion of the network
of Antarctic Specially Protected Areas (ASPAs)
(Leihy et al. 2020).

Natural heritage sites

Australia manages 12 ASPAs on the Antarctic
continent, including one at Commonwealth
Bay, and together with other nations
manages the Larsemann Hills Antarctic
Specially Managed Area. Since 2015, BirdLife
International has identified 41 Important Bird
Areas (IBAs) as important breeding sites for
flying seabirds and penguins in the Australian
Antarctic Territory (BirdLife International
2021). Four ASPAs (Taylor Rookery, Rookery
Islands, Scullin and Murray monoliths, and
Amanda Bay) are included in this list. A site
must fulfil certain criteria identified by BirdLife
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International to be nominated as an IBA (Harris
et al. 2015). The Antarctic Treaty parties agreed
to draw on the information about these IBAs in
advancing Antarctic environmental protection
objectives.

Australia’s 2 subantarctic islands or island
groups - Heard Island and McDonald Islands
in the Southern Ocean, and Macquarie Island
in the south-west Pacific - were listed on the
World Heritage List and the National Heritage
Listin 1997 and 2007, respectively, because

of their ‘outstanding universal value’. The
inclusion of these areas on the World Heritage
List underlines not only the physical and
natural values of these areas, but also their
international importance. These areas are also
significant for Australia’s Antarctic history,
and both have sites of cultural heritage value
(Parks and Wildlife Service Tasmania & DEST
1996). Heard Island and McDonald Islands is
an Australian external territory, managed by
the Australian Antarctic Division (AAD). The
Heard Island and McDonald Islands Marine
Reserve comprises 71,000 km? in total, and

is classified as a 1A Strict Nature Reserve
under International Union for Conservation

of Nature categories; its natural values are

of outstanding national and international
conservation significance (Australian Antarctic
Division 2014).

Historic heritage sites

The Mawson’s Huts Historic Site at Cape
Denison in the Australian Antarctic Territory
is Australia’s oldest and arguably most
significant historic heritage site in Antarctica
(Table 7). At the time of their construction,
more than 100 years ago, the huts were
supposed to last only a few years. Nobody
expected that the huts would still be standing
more than a century later and considered a
valuable part of Australia’s Antarctic heritage.
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The building materials are vulnerable to
deterioration, and the natural elements

- wind, weather, frost, ice and meltwater -
threaten the integrity of the buildings and
structures. Corrosion, fungal growth, wind and
snow loads, exposure to ultraviolet radiation,
the freeze-thaw cycle, and high relative
humidity inside the main hut also affect the
conservation of structures and artefacts (Lazer
2006).

The Mawson’s Huts Historic Site management
plan provides guidance for the protection

and conservation of the site buildings

and artefacts. The Australian Antarctic
Division works closely with the Mawson’s

Huts Foundation, a not-for-profit charity
established in 1996, to determine conservation
priorities and methods to manage the site
appropriately.

On subantarctic Macquarie and Heard islands,
artefacts associated with 19th century
sealing activities, such as iron melting pots
and oil barrels, remain. The maritime climate
promotes corrosion of metal artefacts, and
windborne sand and salt particles abrade
wooden items. Disturbance by wildlife,

land erosion and slippage are also potential
problems (Vincent & Grinbergs 2002, Clark
2003, Vincent 2004), as are erosion and
exposure of artefacts, and volcanic and
seismic activities. Seismic activity is a specific
threat to structures on Macquarie Island,
although most of the research expedition
buildings were built to withstand tremors
(Lazer 2006). There are several sealers’ graves
in the south-eastern part of Heard Island,

not far from a large king penguin colony.
Vegetation cover is dense, and continues to
cover and engulf the old graves.

Heard Island is a long way from continental
Australia, and caring for the components of
historic heritage on the island is an enormous
challenge. The cultural heritage of Heard Island
is conserved through a process of managed
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decay. This pragmatic management option
acknowledges the practical impossibility

of conserving all elements of the cultural
environment in a remote area with extremely
limited access (Vincent & Grinbergs 2002, Lazer
2006). Permitted visits are very infrequent and
tend to be restricted to the short summer. The
management plan states that heritage values
are in a greatly deteriorated state and have
been in such a state for a long time and are
permitted to disintegrate under the influences
of weather and climate. However, the exposed
asbestos requires management as it poses a
safety risk to people visiting the site.

The AAD liaises closely with vessel operators
interested in visiting Heard Island to advise
them of permit requirements. Given Heard
Island’s remote location, however, it is possible
that unauthorised visits occur occasionally,
and that activities that would otherwise
require a permit, such as entering the Heritage
Zone or collecting materials from the island,
could occur without the awareness of the
Australian Government.

A specific risk to Heard Island is the changing
coastline. For example, wooden oil barrels

left by sealers at Oil Barrel Point have been
steadily eroding out of the beach cliff during
the past few decades (Lazer & McGowan 1990).
Less than a quarter of those recorded in the
1980s are still in place.
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Table 7 Status of listings of Australia’s historic heritage in Antarctica

National World ASPA/ASMA
Heritage = Commonwealth Heritage (designated HSM (designated
Site List Heritage List List by ATCM) by ATCM)
Heard Island and Listed 2007 n/a Registered n/a n/a
McDonald Islands 1997
Macquarie Island Listed 2007 n/a Registered n/a n/a
1997
Mawson’s Huts Listed 2005  Listed 2004 n/a ASPA 162, HSM 77: Cape
Historic Site designated Denison, designated
2004 2004
Mawson Station  n/a Listed 2004 n/a n/a n/a
Rock cairn at n/a n/a n/a n/a HSM 3: Enderby
Proclamation Land, designated
Island 1972
Rock cairn at n/a n/a n/a n/a HSM 5: MacRobertson
Cape Bruce Land, designated
1972
Rock cairn at n/a n/a n/a n/a HSM 6: Vestfold
Walkabout Rocks Hills, Princess

Elizabeth Land,
designated 1972

Mikkelsen cairn n/a n/a n/a n/a HSM 72: Vestfold
Hills, designated
1989

ASMA = Antarctic Specially Managed Area; ASPA = Antarctic Specially Protected Area; ATCM = Antarctic Treaty Consultative
Meeting; HSM = Historic Site or Monument; n/a = not applicable

Sources: Department of Agriculture (nd); Antarctic Treaty Secretariat (nd)
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Climate change

As in other areas of the globe, human activities
are directly affecting the climate of the
Antarctic region. The 2 key human influences
on climate are emissions of greenhouse

gases (principally carbon dioxide - CO, -
methane and nitrous oxide) and substances
that deplete the stratospheric ozone layer
(chlorofluorocarbons, halons and related
gases) (IPCC 2013, WMO 2018, IPCC in press-a).

The increasing atmospheric concentration

of greenhouse gases is acting globally to
warm the lower parts of the atmosphere

and surface. Ozone-depleting substances

are also greenhouse gases, contributing to
the warming of the lower atmosphere. At

the same time, the increasing atmospheric
concentration of CO, and depletion of
stratospheric ozone are acting to cool the
upper levels of the atmosphere, as well as the
surface of the Antarctic interior (IPCC 2013,
WMO 2018). These temperature changes are
placing various pressures on fundamental
aspects of the Antarctic region, including

the structure of the atmosphere, the mass
balance of the ice sheet, the formation of

sea ice, the availability of liquid water at the
surface of the ocean and land, and the physical
characteristics of the surrounding ocean.

The extent and rate of change of the climate
effects depend on their duration in climate
systems (which, in the case of CO,, amounts
to many centuries), and also on the timescale
of the long-term changes they cause to the
heat content of the deep ocean (which is also
expected to be many centuries) (Solomon

et al. 2010). International efforts through
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the Paris Climate Accord are attempting to
control greenhouse gas emissions and limit
the amount of global warming. The Montreal
Protocol has already provided tangible
benefits in limiting warming from ozone-
depleting substances (Neale et al. 2021).

Air temperature

Whereas the Antarctic interior experiences
temperatures well below the freezing point
of water throughout the year, coastal areas,
particularly in the Antarctic Peninsula region,
can experience conditions where ice can
melt to provide run-off. Additionally, some
areas can experience rainfall. Knowledge of
future temperature variability and change
isimportant in anticipating pressures on
habitats, such as changes associated with
extreme physical conditions, changes in the
availability of ice-free areas and sea ice for
breeding, and changes in the presence of
water for plant growth (Convey & Peck 2019).

Temperatures at the Antarctic surface have
shown differing regional patterns of change,
with warming in parts of the Antarctic
Peninsula and West Antarctica, and generally
no significant change in East Antarctica

(see Atmosphere). The observed patterns
and trends are consistent with influences
from changes in the large modes of climate
variability, particularly the Southern Annular
Mode (SAM) (Turner et al. 2020a). While climate
variability is showing the imprint of climate
change (Cai et al. 2015, Fogt & Marshall 2020),
these modes are also countering the effects
of greenhouse warming in some parts of
Antarctica. The latest state-of-the-art climate
simulations indicate that global warming
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will have a more significant impact on the
Antarctic region during coming decades
(Bracegirdle et al. 2020), with the likelihood of
increased surface precipitation over coastal
areas.

In the stratosphere, ozone depletion in spring
influences temperature trends, with cooling
observed from the 1980s to around 2000.
Subsequently, temperatures have stabilised
or slightly warmed (Randel et al. 2017, WMO
2018). Increases in greenhouse gases have also
led to cooling in all seasons (Randel et al. 2017,
French et al. 2020a), which is strongest in the
upper levels (particularly in the mesosphere).
In combination with trends near the surface,
the changes in the lower stratosphere

have altered the thermal structure of the
atmosphere, primarily resulting in the
strengthening of the westerly wind belt over
the Southern Ocean (Polvani et al. 2011).

Winds

The alteration of the temperature structure of
the lower atmosphere by climate change has
led to a general strengthening of the westerly
winds in summer over the Southern Ocean,
and a shift in the zone of strongest winds
towards Antarctica (Thompson & Solomon
2002, Polvani et al. 2011, Perren et al. 2020).
These changes have been implicated in a
range of physical effects, including warming
in the Antarctic Peninsula region (Turner et al.
2020a); changes in the ability of the Southern
Ocean to take up CO, (Xue et al. 2018, Keppler
& Landschiitzer 2019); cooling of the surface
waters, and warming and freshening below
the surface (Kostov et al. 2018, Swart et al.
2018); influences on sea ice (Doddridge &
Marshall 2017) and ice-shelf disintegration
(Hattermann et al. 2021); and alteration of the
overturning circulation in the upper oceanic
layers (Li et al. 2019). Increasing wind speeds
appear to be promoting regional drying in
the Windmill Islands of East Antarctica, and
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this is implicated in the degradation of moss
communities (Robinson et al. 2018, Bergstrom
etal.2021).

Over the next few decades, the wind changes
over the Southern Ocean are likely to be held
in place due to competing effects - long-term
cooling of the stratosphere from increasing
greenhouse gases and the warming associated
with increasing ozone concentrations as the
ozone hole recovers (Arblaster et al. 2011).
Increasing greenhouse gas concentrations
are expected to cause general strengthening
of the westerly winds in all seasons
(Morgenstern 2021).

At the Antarctic coast, the easterly surface
winds are expected to weaken over the
coming decades in response to changes in the
strength and position of the westerlies over
the Southern Ocean (Bracegirdle et al. 2020).
Additionally, the northward penetration of the
katabatic winds away from the coast is likely to
be reduced as a result of surface warming and
strengthening of the SAM (Bintanja et al. 2014).

Although changes in surface wind direction
and speed have potential implications for
coastal and marine habitats in the Antarctic
region, it is not clear how expected future
wind changes will affect certain species. For
example, Fretwell & Trathan (2020) concluded
that the emperor penguin is susceptible to
changes in wind regime. On the other hand,
Antarctic seabirds have shown some tolerance
to variability in present wind conditions.

Precipitation

Precipitation, in the form of falling snow, ice
crystals, hail and rain, is a potential stressor
of animals and plants in the Antarctic region
(Convey & Peck 2019) as it can influence heat
loss, and the physical properties of nesting
and breeding habitats. On the other hand, the
cold Antarctic climate limits the availability of
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liquid water, and plants especially can benefit
from rain and melting ice.

Precipitation has shown mixed patterns of
change in the Antarctic and Southern Ocean
region, reflecting influences from large-scale
modes of climate variability, including the

El Nino-Southern Oscillation and the SAM
(Turner et al. 2014, Turner et al. 2020a). Parts
of the Antarctic Peninsula and West Antarctica
have shown evidence of a positive trend in
the observational period (Turner et al. 2005a),
while trends in East Antarctica are generally
not significant (Bromwich et al. 2011).

Changes in local precipitation can affect
biological communities. For example,
regional drying in the Windmill Islands of East
Antarctica is implicated in the degradation

of moss communities (Robinson et al. 2018).
In contrast, growth has increased in plant
communities on the Antarctic Peninsula

as a result of precipitation increases and
warming (Amesbury et al. 2017). Altered

wind and precipitation patterns are causing
extensive change in the alpine tundra (fellfield)
ecosystem on Macquarie Island, with the
collapse of endemic keystone species, such as
the Macquarie cushion plant and associated
bryophytes (Bergstrom et al. 2015, Bergstrom
et al. 2021). Future projections suggest
generally increased precipitation in Antarctica
(Bintanja et al. 2014, Bracegirdle et al.

2020), with possible benefits for microflora
(Singh et al. 2018), but negative effects on
some penguin species (Bricher et al. 2008,
Trathan et al. 2015). For example, Adélie
penguins at Pointe Géologie, East Antarctica,
suffered major breeding failures in 2013-14
when rain flooded nests, and downy chicks
whose plumage is not yet waterproof died of
hypothermia and starvation (Ropert-Coudert
et al. 2015).

97

Ultraviolet radiation

The stratospheric ozone layer protects

the biosphere from harmful levels of solar
ultraviolet radiation (UVR). The development
of the Antarctic ozone hole in the late 1970s
(WMO 2018) has increased the exposure of
large regions of Antarctica and the Southern
Ocean to UVR, primarily in spring. Several
studies have identified biological impacts in
the Antarctic region from increased radiation
exposure, including cellular damage in

algae (Davidson & Belbin 2002), sea urchins
(Schroder et al. 2005) and plants, including
mosses (Newsham & Robinson 2009, Turnbull
& Robinson 2009); reduced survival of krill
larvae (Ban et al. 2007); and effects on human
health (Russell et al. 2015, Neale et al. 2021).

Over the coming decades, the ozone hole will
continue to recover as a result of international
controls imposed on ozone-depleting
substances by the Montreal Protocol (WMO
2018); full recovery (defined as a return to
1980 conditions) is expected by around the
middle of the 21st century (Dhomse et al. 2018,
Amos et al. 2020). Accompanying the recovery,
the UVR-induced biological stress caused by
ozone depletion in the Antarctic region will
subside. Towards the end of the 21st century,
the speedup of the equator-to-pole circulation
driven by global climate change (WMO 2018)
will additionally increase the total ozone
column in the Antarctic region, and lead to
further reduced UVR exposure compared with
conditions during the ozone hole era.

Seaice

Any substantial changes in Antarctic sea ice
coverage, thickness and properties have wide-
ranging consequences and may have major
impacts on global climate, regional weather,
ocean properties and processes, ecosystems,
biogeochemical cycles, sea level rise and
human activities (Massom & Stammerjohn
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2010). For example, the krill fishery at the
Antarctic Peninsula is now mainly active in
autumn and winter rather than in midsummer
(Meyer et al. 2020).

Numerous plant and animal species depend
on sea ice as a food source, shelter, refuge and
breeding platform, and are highly adapted to
its presence and seasonal rhythms (Massom
& Stammerjohn 2010). These organisms range
from microscopic primary producers (e.g. ice
algae) that proliferate in high concentrations
within the icy matrix (Arrigo et al. 2017) and
support pelagic herbivores such as krill (a
keystone species that also supports major
fisheries (Bluhm et al. 2017)), through to fish,
seals, seabirds (including penguins) and
whales (Ainley et al. 2017, Bester et al. 2017).
Sea ice also controls the amount of light that
is available to photosynthesising organisms
within the upper water column (Clark et al.
2015). Each late spring to summer, seasonal
sea ice melt releases a pulse of algae, fresh
water and key nutrients that have accumulated
within the ice to drive intense algal blooms
around the high-latitude Southern Ocean.

Sea ice algae released into the water column
also form a primary food source for biodiverse
benthic (seabed) ecosystems in shallow
nearshore Antarctic regions (Clark et al. 2017).

There is low confidence in climate model
projections of the trajectory of Antarctic sea
ice in coming decades in a warming world
(IPCCin press-a). However, there is general
agreement across model projections that
substantial decreases in Antarctic sea ice
extent and volume will occur by 2100 in
response to climate change. Estimates of
predicted decreases in sea ice area range
from 29% to 90% in February (depending
on the emissions scenario) and from 15% to
50% in September (Roach et al. 2020). The
implications of these changes for the food
webs of the Southern Ocean and Antarctic
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coastal environments are currently not well
understood (Newman et al. 2019).

Ocean temperature

The Southern Ocean has warmed more rapidly
and to a greater depth than the global ocean
average in recent decades (Boning et al. 2008,
Roemmich et al. 2015, Swart et al. 2018).
Increased ocean heat transport has caused
Antarctic ice shelves and glaciers to thin and
retreat (Jacobs et al. 2012, Stevens et al. 2020),
particularly in West Antarctica (Joughin & Alley
2011, Rignot et al. 2014). Melting of grounded
ice, as well as thermal expansion of the ocean
due to warming, contributes to global sea level
rise (IMBIE team 2018).

As water temperature increases, its ability

to absorb CO, decreases. Thus, increased
ocean temperatures reduce the important
role of the ocean as a carbon sink, leaving
more greenhouse gases in the atmosphere
and driving further global warming (Menzel &
Merlis 2019).

Ocean acidification

The world’s oceans have taken up around
25-30% of the anthropogenic (human) CO,
released to the atmosphere. Some 40% of
these emissions have been taken up by cold
Southern Ocean waters that lie south of 40°S
(Rintoul 2018, IPCC in press-a), altering its ionic
content. The uptake of CO, varies with season
and location, resulting in non-uniformity in
the vertical structure of carbon storage in

the Southern Ocean (Rae et al. 2018). Current
atmospheric CO, levels, at more than 400 parts
per million by volume (NOAA 2021), are higher
than they have been for the past 80,000 years

and even the past 25 million years (Noble
et al. 2020). Compared with pre-industrial
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times (before the 1700s), when CO, levels were
around 280 parts per million, the pH of the
Southern Ocean has dropped from pH 8.2 to
pH 8.1 as a direct result of CO, uptake (ACE CRC
2010). Although the ocean is still alkaline, it

is becoming more acidic in a process known

as ocean acidification. Because the pH scale

is logarithmic, the 0.1 change means that the
acidity of the ocean has increased by 30%.

Ocean acidification is likely to have profound
impacts on Antarctic marine species and
ecosystems if it continues to increase at
current rates (Doney et al. 2009, Hancock et al.
2020). Human food security and economies
may also be affected (Doney et al. 2020).
Although some marine species may be
resilient (Peck et al. 2018), organisms that
have evolved under comparatively stable
conditions are expected to be vulnerable.
Ocean acidification is already affecting many
ocean species, especially organisms such as
oysters and corals that make hard shells and
skeletons by combining calcium and carbonate
from seawater (IPCC in press-a). As ocean
acidification increases, fewer carbonate ions
are available for calcifying organisms to build
and maintain their shells, skeletons and other
structures. If the pH becomes too low, shells
and skeletons can begin to dissolve (Hancock
et al. 2020).

The physiology and energy requirements of
shelled organisms, such as pteropods and
molluscs, may also be negatively affected
(Seibel et al. 2012). Changes in the carbon
chemistry of the oceans can reduce the
growth rate of the larvae of some fish species,
and affect their respiration and behaviour.
Larval fish and other marine organisms lack
the ability to self-regulate their internal pH.
Increases in environmental CO, concentration
can lead to decreases in internal pH, which can
cause behavioural and developmental issues
and even death (Hancock et al. 2020, Brasier
et al. 2021).
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Population

As the only continent without a native human
population, Antarctica has experienced less
pressure from human activities than other
continents. However, the southern continent,
and its surrounding seas and islands, have not
escaped the effects of these activities.

Pollution

Despite the large distances separating
Antarctica from the rest of the world, pollution
is present in Antarctica, whether from legacy
or contemporary station operations, or
transported from other continents by air

or water.

Pollution from stations

Emissions from exhausts of machinery, oil
spills, sewage outfalls and abandoned tip
sites are all primary sources of hydrocarbon
and heavy metal contamination in Antarctica
(Stark et al. 2016, Raymond et al. 2017, Chu
et al. 2019).

The Australian Antarctic Division’s
Environmental Management System supports
a reduction in pollution from stations during
the planning, operational and continual
improvement stages. Recent incident and
hazard reporting has resulted in actions to
reduce emissions from incineration of waste,
and has improved fuel spill response and spill
vigilance by expeditioners.

Waste

Contaminated waste disposal is a product of
past practices of Antarctic expeditions. Before
the Protocol on Environmental Protection

to the Antarctic Treaty (the Madrid Protocol)
was signed in 1991, rubbish was dumped at
various locations near the stations, or was
disposed of by leaving it on the sea ice until

it broke out, which resulted in waste and
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contaminants entering the terrestrial and
marine environments.

Some contaminants are present in quantities
known to be hazardous to the environment.
Although frozen for much of the year, these
contaminants, either dissolved in water or
attached to sediment, can be mobilised during
the summer months when there is increased
water flow through contaminated areas from
snowmelt.

The Environmental Aspects and Impacts
Register identifies waste-management impacts
and associated mitigation measures required
to minimise waste at the activity level.

Fuel

Each of Australia’s permanent stations has an
oil spill contingency plan. This is a requirement
of Article 15 of the Protocol on Environmental
Protection to the Antarctic Treaty. Any

ship owned or chartered by the Australian
Antarctic Program also must have a current
contingency plan. Depending on their role,

any expeditioners participating in major fuel
transfer receive basic or specialist training.
However, accidents happen.

The largest ongoing risk and source of new
pollution in Antarctica is associated with
storing and handling bulk volumes of fuel.

As part of the Australian operations, large
quantities of Special Antarctic Blend fuel
(more than 1 million litres (L) per station per
year) are transferred from a ship, and stored
and handled at the stations. The climate in
Antarctica presents significant challenges for
infrastructure and operations. There is always
the risk of spills when transporting, handling
or storing fuel. Land-based fuel spills, some
as large as 15,000 L, have occurred in the past,
because of mechanical failures or human error
during transfer from ship to shore or transfer
between storage tanks and powerhouses.
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Fuel spills occurred, mainly caused by
equipment failure but also by human error.
The effect of one oil spill of 4,000 L was rated
as high, and the effect of another of just over
1,000 L as medium (DEE 2019). Half of all
recorded spills were 10 L or less, and 85%
were less than 200 L, the official reporting
level for spills of the Committee of Managers
of National Antarctic Programs (COMNAP)
(COMNAP 2008).

At times, fuel storage tanks, valves and piping
have leaked during winter, and the leaks

have gone unnoticed until the summer melt
revealed that these storages had drained
their contents. Today, all tanks are bunded
(surrounded by a secondary containment that
minimises or eliminates any fuel leakage from
fuel storage areas). Hence, the environmental
damage is reduced or avoided altogether.
However, not all fuel infrastructure (e.g. fuel
transfer pipework, flanges, pipe joins) has
secondary containment.

At Davis and Casey stations, the Australian
Antarctic Division (AAD) has successfully
remediated soils contaminated from several
fuel spill events at the bases, and used
remediated soils in local building projects
(McWatters et al. 2016b). Recently, several tip
sites and old fuel spill sites have been assessed
and remediated. At the time of writing,

the most significant fuel spill remediation
underway is of contaminated soil and water
at 4 spill sites at Casey Station; 2 of these
incidents occurred in 2015 and 2018 when a
connection in the fuel transport infrastructure
leaked and contaminated the site.

Another potential source of fuel contamination
derives from empty fuel drums. If left in situ,
they will eventually rust, and residual fuel

will leak into the environment. In the 2014-15
season, the AAD removed 2,600 crushed

steel drums (weighing nearly 50 t) from Davis
Station for recycling in Australia (Greenslade
et al. 2008).
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These incidents have been the subject of
root-cause investigations, and comprehensive
assessment and remediation planning have
been conducted to identify the best course

of action in containing and remediating the
site. A major theme of Australia’s Antarctic
Science Program is scientific and engineering
research to understanding, assess, remediate
and monitor human impacts. Further strategic
planning for assessment and clean-up of
contaminated sites within the Australian
Antarctic Territory is a key deliverable of

the 2016 Australian Antarctic Strategy and

20 Year Action Plan (Australian Antarctic
Programme 2016).

Building materials

Some station buildings contain asbestos
and are listed in the AAD’s asbestos register.
The AAD is addressing this hazard and is
progressively removing asbestos from its
buildings. For example, the former living
quarters at Davis Station contained a
significant quantity of asbestos. This was
removed and returned to Australia in 2015.

Other areas, such as Heard Island, present a
greater challenge. The decay of buildings and
structures, and the extent of asbestos debris
on the island were assessed in 2012. However,
there has not yet been an opportunity to
undertake any clean-up activity at the site

of the former Australian National Antarctic
Research Expeditions station at Atlas Cove on
Heard Island. The AAD provides warnings and
advice to government and nongovernment
operators intending to visit the site, as

part of the permitting process provided for

in the Heard Island and McDonald Islands
Marine Reserve management plan, and the
Environment Protection and Management
Ordinance 1987 to the Heard Island and
McDonald Islands Act 1953.
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Pollution from global sources

Pollution and toxins can arrive in Antarctica
from all over the world. Plastics can travel on
ocean currents. Winds can transport volatile
substances into distant areas, and pollutants
with a long atmospheric residence time can
disperse on a global scale (GESAMP 2001).

Plastics

Plastic pollution due to unsustainable use
and disposal of plastics is a serious threat
to the environment and human health. This
is an area of international research through
the SCAR Action Group on Plastics in Polar
Environments.

Plastics increasingly contribute to
environmental pollution both on land and

at sea, and endanger wildlife (Waller et al.
2017). Although the Southern Ocean is still
comparatively unpolluted, some subantarctic
regions - particularly in the Indian Ocean -
are becoming increasingly exposed to plastic
pollution (Perold et al. 2020).

Entanglement in plastics, such as ropes, nets
and monofilaments used in commercial fishing
operations, threatens at least 243 species.
Entanglement often results in death and

may be responsible for most plastic-related
deaths. For example, young Antarctic fur
seals (Arctocephalus gazella) can become
caught in plastic materials; as the animals
grow, the plastic tightens and cuts into their
bodies (Pemberton et al. 1992). As plastics
persist for years in the environment and do
not decompose, they can kill repeatedly
once the carcases of entangled animals have
decomposed (Mattlin & Cawthorn 1986).

There are concerns about an increase in
plastic waste at high latitudes, particularly
with regard to seabirds that frequently ingest
marine plastic debris (Wilcox et al. 2015,
Kihn et al. 2021). Plastics are also ingested
by marine predators, either directly when
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they forage (primary ingestion) or indirectly
when they receive it from contaminated prey
species (secondary ingestion). A long-term
study at Marion Island, in the southern Indian
Ocean, documented a decrease in fisheries-
related plastics as fishing activities in the
region decreased after 1999, but noted a near-
simultaneous increase in other litter. Matter
regurgitated by wandering and grey-headed
albatrosses, and giant petrels contained

food packing, plastic bags and rubber gloves
(Perold et al. 2020).

Near Antarctic stations, plastic ingestion

has been noted, for example, in 9% of brown
skuas (Stercocarius antarcticus lonnbergi) at
Esperanza Bay, Antarctic Peninsula (Ibafiez

et al. 2020). At Haswell Island, East Antarctica,
a 23 cm piece of synthetic rope (possibly a
snood from a fishing line) was discovered in
the stomach of an emperor penguin chick. The
rope probably did not cause the death of this
chick (Golubev 2020). However, among petrels,
up to 63% of deaths were due to ingestion of
plastics (Rochman et al. 2016). Small petrels
are particularly at risk of dying when plastics
become lodged in their digestive systems,
while large petrels and albatrosses may pass
on the contaminants to their chicks (Petry &
Benemann 2017).

In addition to macroplastics, microplastics
(less than 5 mm) are of concern as they
spread through the food web. For example,
at Macquarie Island, microplastics were
isolated from fur seal scats, the result of
secondary ingestion of big-eye lantern fish

(Electrona subaspera) (van den Hoff et al. 2018).

As filter feeders, baleen whales also ingest
microplastics directly (Besseling et al. 2015).

Toxins

Heavy metals occur naturally in the
environment and can be transported via sea-
spray, windblown dust and volcanism (Dick
1991). Industrial and agricultural contaminants

have reached Antarctica through global
circulation (Chu et al. 2019). Organochlorine
pesticides such as hexachlorocyclohexanes
(HCHs) and other persistent organic pollutants
(POPs) travel large distances through the
atmosphere (Corsolini et al. 2002). Some
chemicals can reach the polar regions through
a process known as ‘global distillation’: volatile
chemicals evaporate in the warmer places
where they are used and condense in colder
places to which they are transported (Mackay
& Wania 1995, Yamashita et al. 2018, Bertinetti
et al. 2020).

Airborne pollutants can be deposited into
the ocean and land environments, where
they may enter the food web. For example,
dichlorodiphenyltrichloroethane (DDT; a
synthetic pesticide once widely used) and

its derivatives bind to particles in water

and to organic matter where they remain

for many years. Since POPs accumulate in
phytoplankton, they enter the food web at its
very base (Chiuchiolo et al. 2004). Plankton
(krill, copepods and fish larvae) ingest the
pollutants, which accumulate in their fatty
tissue. Since toxins are not digested, seabirds
and marine mammals acquire them through
their diet, and the toxins are concentrated
through the food web (a process called
bioaccumulation) (Corsolini et al. 2002). As part
of their adaptation to life in the extreme cold,
Antarctic organisms often have high levels of
fats, which can result in the bioaccumulation
of fat-soluble toxins (Corsolini et al. 2017).

For example, POPs have been isolated from
the blubber of fin whales (Taniguchi et al.
2019). Biopsied tissues taken from fin whales
feeding near the Antarctic Peninsula contained
hexachlorobenzene (HCB; a fungicide), DDT
and derivatives, HCHs and polybrominated
diphenyl ethers (PBDEs). DDT levels were
15-380 times higher than in specimens
collected in the Northern Hemisphere. PBDE
levels were similar to samples from the
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Northern Hemisphere, whereas HCH content
was lower (Taniguchi et al. 2019).

An issue of concern is that fat-soluble
(lipophilic) pollutants accumulate in the
tissues of female whales. Many species spend
the austral summer in the Southern Ocean
where they feed extensively before they head
north to their breeding grounds. During their
migration and breeding time, the whales
often undergo periods of fast. Toxins stored in
the mother’s fat become mobilised and can
also be transferred to the embryo and calf.
The impacts of this on the whales’ immune
function, for example, need urgent attention
(Nash 2018).

As early as the 1960s, traces of DDT were
detected in the fat tissue of Adélie penguins
(George & Frear 1966). In 1978, DDT and

its derivatives were found in tissues and

eggs of 3 species of brush-tailed penguins
(Pygoscelis spp.) on the Antarctic Peninsula
(kukowski 1983). The Stockholm Convention
on Persistent Organic Pollutants banned the
use of this pesticide for general agricultural
use in the Northern Hemisphere in the 1970s,
and worldwide in 2001. Some countries still
produce and use DDT to fight malaria; in 2014,
some 3,772 t were produced globally - a 30%
decrease since 2001 (van den Berg et al. 2017).
In 2010, DDT still occurred in the feathers of
Adélie and gentoo penguins (Metchava et al.
2017).

POPs, including DDT, have also been detected
in 5 lakes in the Larsemann Hills, East
Antarctica (Bhardwaj et al. 2019), and DDT,
HCHs, HCB and polychlorinated biphenyls
(PCBs) were found in the soils and some lichen
on the coast of East Antarctica (Negoita et al.
2003). DDT was also detected in the muscle
tissue of Antarctic toothfish in the Ross Sea at
relatively high levels (20.1 + 6.70 nanograms
per gram wet weight). These fish are relatively
slow-growing, long-lived predators (living to
around 50 years). Thus, toxins can potentially
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accumulate in their tissues for decades.
Weddell seals, predators of Antarctic toothfish,
also had elevated levels of DDT in their livers
(Corsolini et al. 2017).

A number of new POPs have been

reported from Antarctica, including
polychlorinated naphthalenes (PCNs),
hexabromocyclododecanes (HBCDs),

and polychlorinated compounds such as
Dechlorane Plus (DP) and related compounds
(Kim et al. 2021). It is currently unknown how
far they are spread; PCNs have so far only
been reported from the Ross Sea (Grotti et al.
2016). However, this is due to a paucity of
studies. Dechlorane Plus is a flame retardant
for plastics that is added, for example, to the
coating of electrical wire and cables, used in
TV connectors, and is also used in computer
screens (Persistent Organic Pollutants Review
Committee 2020). DP appears to cause
metabolic and developmental disorders in
animals (Kim et al. 2021) and is currently under
consideration for listing under the Stockholm
Convention. Brominated flame retardants
were recently detected in the soil of Adélie
penguin colonies in East Antarctica (Lewis

et al. 2020).

In various regions of Antarctica, mercury,
lead, cadmium and other metals have been
isolated from many different organisms, such
as penguins (Jerez et al. 2013, Pacyna et al.
2019), flying seabirds (Tartu et al. 2015, Becker
et al. 2016, Souza et al. 2020), various marine
invertebrates (Webb et al. 2020), lichens

and mosses(Zvérina et al. 2014), and yeasts
(Fernandez et al. 2017a). Phenol-degrading
yeasts are tolerant of heavy metals and may
find a use in the treatment of wastewater in
cold environments (Fernandez et al. 2017a).

The 4 penguin species at Macquarie Island all
had traces of mercury in their feathers. The
levels in 2002-03 were significantly different
in all species from historical values (1937-76).
Although mercury levels had decreased in
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king and royal penguins, they had increased in
gentoo and rockhopper penguins. Variability
in diet and foraging strategies may explain
interspecific differences, but the reasons for
the different trends are still unclear (Gilmour
etal.2019).

Metal contamination can be a problem in
the nearshore environments of stations.
Various metals, such as chromium, iron, nickel
and zinc, are essential for the maintenance
of healthy function. However, when these
so-called trace elements surpass a certain
threshold, they can become toxic. In marine
algae, for example, metal uptake from the
environment is highly regulated. However,
when different metals occur together at
elevated levels, they may affect an organism
differently from when they occur by
themselves. For example, 2 Antarctic marine
microalgae - Phaeocystis antarctica and
Cryothecomonas armigera - were exposed
experimentally to cadmium, copper, nickel,
lead and zinc to examine toxicities of the
metal mixture compared with a single metal.
Both algae accumulated metals in their cells;
copper appeared to drive toxicity, whereas
zinc appeared to provide some protection
from toxicity of the other metals. Depending
on the mixture and relative concentration

of the various metals, there is a risk of
bioaccumulation of metals and potentially
toxicity in the Southern Ocean food web at
the level of microalgae and grazing plankton
(Koppel et al. 2019).

Large-scale processes underlie the presence
of POPs in Antarctica. The best-studied

componentis probably DDT and its derivatives.

Penguin samples collected over the past

five decades show that the concentration of
dichlorodiphenyldicholoroethylene (DDE), a
derivative of DDT, rose from the 1960s, peaked
around 1985 and has steadily declined since
(Ellis et al. 2018). The decrease of POPs in

the Southern Ocean may indicate that these
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compounds have left the pelagic environment
and have entered the benthic realm. As part
of the biological carbon pump, POPs bound to
organic matter, such as moulted exoskeletons
of krill or faeces expelled by vertebrates while
at sea, sink to the ocean floor and accumulate
there (Ellis et al. 2018). Antarctica provides

an important site for monitoring global
background levels of known contaminants
controlled by the Stockholm Convention

(SSC 2020), and marine sediments and benthic
communities may need to be examined to
assess levels of POPs and other pollutants.

Industry

A small number of industries have direct
impacts in Antarctica.

Commercial fishing

Antarctica is a productive fishing ground that
is used by many countries. Mid-water trawlers
and continuous fishing system vessels catch
krill, while predominantly longline vessels
catch toothfish. There is some bottom
trawling in areas of national jurisdiction for
toothfish and icefish. The Commission for
the Conservation of Antarctic Marine Living
Resources (CCAMLR) manages the fisheries in
the Convention Area of the Southern Ocean

- which is divided into 3 statistical areas,
several subareas, divisions and subdivisions
(Figure 15) - and sets catch limits for each
fishery and each area, open and closed season
periods, move-on rules and measures to
minimise bycatch. Each vessel eligible to fish
commercially participates in a race to obtain
as much krill or fish until the total catch limit
is reached, and the fishery is closed. CCAMLR
allows the allocation of a specific catch for a
member in some specific areas to conduct
research or exploratory fishing (Reid 2019).
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Krill fishing

The Antarctic krill fishery is the largest
commercial fishery in the Southern Ocean.
However, there is currently no krill fishery

off East Antarctica. The krill fishery is
concentrated in the South Atlantic Ocean
(Statistical Area 48; 3.45 million square
kilometres). Most of the catch is taken using

a continuous fishing system that pumps krill
nonstop from the codend of the net onto the
ship, rather than hauling the catch aboard in a
net. The continuous fishing system has been
employed since 2004 by Norway and more
recently by China. CCAMLR sets catch limits for
different areas in the Southern Ocean; catch
limits vary from 93,000 to up to 279,000 tonnes
(t) per managed area. Antarctic krill was first
fished at low levels in the 1960s (4 tin 1961-62
and 306 tin 1964-65) as an exploratory
fishery (Miller & Agnew 2000). Commercial
exploitation began only in late 1973; at this
time, annual catches amounted to around
500,000 t of Antarctic krill (Nicol et al. 2012).

The total catch limit for Area 48 (30°E to
70°W) is 5.61 million tonnes. However,

since commercial fishing has increasingly
concentrated on a much smaller area,
targeting only a section of the whole krill
population, there were concerns that the
concentrated fishing activities would have

a disproportionate effect on local krill
populations, associated ecosystems and
krill-dependent predators. Therefore, in 1991,
CCAMLR implemented interim precautionary
catch limits for large statistical areas. These
‘trigger limits’ in an area cannot be exceeded
until a more elaborate management strategy is
established. For Area 48, the trigger limit was
set at 620,000 t; this limit will be in place until
catch effort can be distributed relative to the
total krill population (Reid 2019). An interim
measure is currently in place to distribute the
trigger limit across the 4 subareas. Since 2015,
the fishery in Subarea 48.1 was closed to krill
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fishing before the end of the fishing season on
3 occasions, because the catch had reached
annual trigger limits.

Since 2005, krill catches in Area 48 have
steadily increased but have remained below
the total catch limit. Since 2013, the catch limit
of 155,000 t has been reached in Subarea 48.1,
where catches by conventional trawlers were
46% higherin 2019 than in 2008. Vessels with

a continuous fishing system can operate in the
Antarctic krill fishery. Around 450,000 t is being
harvested in total from Area 48. In the 2019-20
CCAMLR fishing season, the krill catch in

Area 48 was the highest in the recorded history
of the fishery (CCAMLR 2021b).

Off the western Antarctic Peninsula, krill
catches have increased over the past

2 decades, particularly in the Gerlache and
Bransfield straits. The krill fishery is active
during the breeding season of gentoo and
chinstrap penguins. The interactions between
the fishery and penguins are complex and
dependent on environmental conditions.

For example, low levels of sea ice can reduce
krill recruitment in some years. Furthermore,
the SAM index plays a role (see Atmosphere).
In years when it is negative, the probability

of lowered breeding success increases (see
Watters et al. (2020)) Also, the recovery of
populations of baleen whales may increase
competition for resources (Kriiger et al. 2021).

In East Antarctica, krill fishing took place from
1974 to 1995 (Williams 1985, Pauly et al. 2000).
After many years of no krill fishing, small krill
catches have been taken again since 2017. Krill
fishing is likely to intensify in East Antarctica.
There is currently a catch limit of 440,000 tin
place for Division 58.4.1, split into 2 areas, and
a catch limit of 260,000 t for Division 58.4.2
(CCAMLR 2017).

So far, CCAMLR has successfully managed the
krill fisheries. The organisation has carefully
monitored the quantity of krill caught at any
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one time (catch capacity), and the quantity of
krill that can be taken in a season. However,
the development of new technologies and the
arrival of new entrants into the fishery must be
managed carefully (Nicol & Foster 2016). If the
ratio of the catch capacity to total allowable
catchis low, it is possible to monitor catches
and forecast potential closures. However,

as catch limits are being reached faster

(e.g. through continuous fishing), it becomes
more challenging to make these forecasts and
keep fishing activities within the catch limits.
Given the large scale over which the fishery
operates, it is also challenging to conduct
fishery-independent surveys of krill stocks.
For example, broadscale surveys in Area 48
have occurred with an interval of 20 years
(2000 and 2019) (Trathan et al. 2001, CCAMLR
2019). Developments are underway to involve
commercial vessels in collecting data that can
support more regular assessments.

The krill fishery may also face challenges
associated with the vulnerability of krill to
environmental changes, particularly climate
change (Kawaguchi et al. 2013). Changes to the
marine environment are having a significant
impact on krill. Increasing ocean acidification
is likely to affect krill embryos negatively

and may significantly reduce hatching
success (Kawaguchi et al. 2013, Veytia et al.
2020). Since krill is near the base of the food
web, these changes may have profound
effects throughout Antarctic ecosystems,
particularly on dependent predators such as
seabirds, seals and whales. The challenge is
thus to manage krill fishing while achieving
ecosystem-based objectives (Reid 2019).

Fishing for fin fish

The dominant target species of fin fish in
Southern Ocean fisheries are toothfish
(Dissostichus spp.). The estimated aggregated
weights of toothfish caught in 2018 and 2019
were 30,591 t and 30,231 t, respectively.
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Australia was the second largest producer after
France (CCAMLR 2021a). The precautionary
approach to fisheries management taken

by CCAMLR, with set catch limits and
comprehensive regulations in place, is highly
unlikely to have a negative effect on Southern
Ocean ecosystems. Current levels of illegal,
unreported and unregulated (IUU) fishing

in the CCAMLR area are at a historical low.
However, the high value of toothfish and the
difficulty of comprehensive surveillance of the
vast Southern Ocean remain a strong incentive

In the Southern Ocean, in East Antarctica
Divisions 58.4.1 and 58.4.2, commercial fishing
operations have remained well below set catch
limits because only small-scale, exploratory
fisheries currently operate in Division 58.4.2
(Table 8).

In Australian subantarctic waters, commercial
fishers harvest Patagonian toothfish
(Dissostichus eleginoides) and, to a lesser
extent, mackerel icefish (Champsocephalus
gunnari). Australian fishing efforts are
concentrated around the subantarctic Heard
Island and McDonald Islands, and Macquarie
Island. Substantial marine reserves surround
both regions. Precautionary catch limits and
various other environmental controls apply
in accordance with CCAMLR’s conservation

toothfish fisheries are relatively small, landing
less than 5,000 t per year.

Exceptin 2015, only 1 vessel has been licensed
to catch mackerel icefish at Heard Island

since 2007. Catch limits have varied since the
inception of this fishery in 1997 due to the
high recruitment variability of this species
(Maschette & Welsford 2019). For example,

the catch limit was 2,980 t in 2003; this has
decreased to around 500 t since 2016. In 2020,
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M Year-round station —— CCAMLR Statistical Reporting Subarea boundary =~ — FAQ Fishing Area boundary
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CCAMLR = Commission for the Conservation of Antarctic Marine Living Resources; FAO = Food and Agriculture Organization of
the United Nations; km = kilometre
Source: Australian Antarctic Data Centre

Figure 15 CCAMLR statistical reporting area and subarea boundaries, and FAO fishing
area boundaries
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the vessel landed 507 t, only 20 t short of the
year’s catch limit (Table 8) (CCAMLR 2021c).

As the summer sea ice is receding in some
areas such as the Antarctic Peninsula, certain
regions are becoming more accessible to
fishing vessels. Thus, the krill fishery has
remained on the fishing grounds later into the
autumn and winter (CCAMLR 2021b).

The Australian Fisheries Management Authority
(AFMA) regulates the fishing activities of
Australian vessels, consistent with CCAMLR
conservation measures. AFMA also manages
the fishery around Macquarie Island. Although
it falls outside the CCAMLR area, CCAMLR-like
procedures apply here as well. Licensed vessels
in the subantarctic fisheries show a very high
degree of compliance with licence conditions.
Based on the best scientific information
available, catch limits are adopted through the
CCAMLR process, and Australia undertakes
regular fish stock assessments for the regions.
The tight regulation of fishing permits and the
requirement for comprehensive mitigation

e

methods have virtually eliminated seabird
bycatch in these regions.

Fishing and other legal or illegal extraction

of resources are themselves pressures on

the Antarctic environment and its species.
Other pressures affecting the fisheries include
the impacts of climate change (particularly
ocean acidification), and other anthropogenic
factors, such as pollution.

Strategies are needed to protect the

marine food web - for example, through
establishment of more marine reserves.
Currently, CCAMLR marine reserves exist off
the South Orkney Islands near the Antarctic
Peninsula, and in the Ross Sea region.
Furthermore, CCAMLR and Australia need to
examine more formally the current and future
impacts of climate change on Southern Ocean
ecosystems. For example, climate change
scenarios could become part of decision rules
that are used to estimate catch limits (Brooks
et al. 2018).

Table 8 Australian Antarctic fisheries catches and catch limits, 2015-20

Catch (catch limit) (tonnes)

Antarctic toothfish Antarctic toothfish Mackerel icefish
Season Area 58.4.1 Area 58.4.2 Area 58.5.2
2015 122 (724) 10 (35) 10 (309)
2016 400 (660) Not fished 469 (482)
2017 206 (660) 35(35) 543 (561)
2018 264 (545) 42 (42) 515 (526)
2019 Not fished 50 (50) 443 (443)
2020 Not fished 58 (60) 507 (527)

Source: CCAMLR (2020)
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Illegal, unreported and
unregulated fishing

IUU fishing encompasses all fishing and
related activities that breach any law (national
or international) with regard to extraction,
reporting and conservation (Ma 2020). In the
areas managed by CCAMLR and Australia, IUU
fishing has effectively been reduced to near
zero in recent years. In the absence of actual
catch rates, it is difficult to determine how
much fish IUU vessels catch.

As well as harming fish stocks through
overfishing, including in prohibited areas, lUU
activities are frequently linked to arms, people
and drug smuggling activities; bribery; money
laundering; and document fraud (Swan 2018).
In 2016, the Food and Agriculture Organization
of the United Nations brought into force the
Agreement on Port State Measures, a legally
binding agreement, to prevent illegally caught
fish entering markets (FAO 2021).

All known IUU vessels have used gillnets,

a method that CCAMLR has banned. Lost
gillnets continue to float through the ocean,
and catch and destroy fish (‘ghost fishing’),
so that the actual numbers of fish taken from
the ecosystems are much larger than those
officially reported.

Historically, bottom longline and gillnet
IUU fishers have exploited toothfish on the
continental slope and submarine banks.
Since 2009-10, CCAMLR has not estimated
IUU fishing at the level of individual stocks.
However, the organisation maintains a

list of IUU vessels of both contracting and
noncontracting parties.

Off the coast of East Antarctica, IUU fishing is
at historically low levels. However, as fisheries
productivity in low and mid-latitudes are
predicted to decrease because of climate
change, IUU fishing may return to higher
latitudes. If it were to resume, uncontrolled
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fishing is likely to alter the structure of the
Southern Ocean food web and could lead to
stock declines (Trebilco et al. 2020). Thus, the
ecosystem-based management approach used
by CCAMLR would be jeopardised.

Tourism

Tourism is a major economic activity in
Antarctica and is regulated under the
Antarctic Treaty, its Protocol on Environmental
Protection, and measures and resolutions
adopted by the Antarctic Treaty Consultative
Meeting. In addition, regulations of the
International Maritime Organization (IMO)
determine standards for ship operations. It

is mandatory for all shipping operators to
adhere to the IMO’s International Code for
Ships Operating in Polar Waters (Polar Code),
which entered into force on 1 January 2017
(IMO 2019). The requirements of the Polar
Code supplement those of the International
Convention for the Safety of Life at Sea
(SOLAS) and the International Convention
for the Prevention of Pollution from Ships
(MARPOL), which still apply to polar shipping.
The Polar Code aims to protect human lives,
but also to minimise the impact of shipping on
polar environments (IMO 2019).

Antarctica is a popular tourist destination,
and the industry continues to grow. From
2014-15 to 2019-20, the number of visitors
more than doubled, increasing from 36,702
to 74,381 (IAATO 2021). Most tourists visited
the Antarctic Peninsula; some travelled to
the Ross and Weddell seas regions. On the
Antarctic Peninsula, the number of sites
visited increased from 206 in 2014-15 to 282
in 2019-20 (IAATO 2021). From 2018-19 to
2019-20, tourist numbers increased by 32%
from 56,168 to 74,401 visitors (Carey 2020,
IAATO 2021). The increase was in part due
to the launch of 9 new purpose-built vessels
(IAATO 2021).
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In East Antarctica, the Ross Sea is the most
visited region, but the cost and duration of
voyages limit the number of passengers. In
2018-19, only 98 passengers (excluding crew
and expedition staff) visited the Ross Sea,
whereas some 514 passengers visited the
region in 2019-20 (IAATO 2021), when 99% of
tourists departed from South American ports
(Carey 2020).

During this period, a tourist vessel visited
Commonwealth Bay in the Australian Antarctic
Territory in January 2018 for the first time in

7 years. A large iceberg, B90B, had blocked the
entrance to the bay for several years.

Tourists travel during the Antarctic summer,
the breeding season for most Antarctic
wildlife. Environmental aspects of tourism
are regulated through the Protocol on
Environmental Protection to the Antarctic
Treaty, implemented by each treaty party,

as is the case for all activities. Safety and
operational aspects of tourism activities

will be subject to measures agreed by the
Antarctic Treaty parties, although the entry
into force of the relevant measures is lagging.
In addition, the industry develops and
implements self-regulatory practices. There
are calls for additional regulations through
the Antarctic Treaty Consultative Meeting
because of increasing numbers of visitors and
vessels travelling to the continent, as well as
the increasing variety of adventure activities
offered by tour operators (Walton 2018, Carey
2020). Potential impacts of human activities
on Antarctic values include disturbance to
wildlife, pollution (chemical, noise and light),
and introduction of non-native organisms.

In 2020, 43 tour operators active in Antarctica
were nationals of signatory nations of the
Antarctic Treaty, meaning that commercial
tourism is almost universally carried out
within the framework of the treaty system.
Companies are keen to increase their markets,
and build new ships to replace old ones and
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to add to the current fleet. Some 70 vessels
were projected to operate by 2021 (Walton

2018); the COVID-19 crisis dampened these

ambitions.

The impact of tourism is considered through
the environmental impact assessments
required for all activities under the Protocol,
although on-site monitoring and verification
of impacts is limited. General and site-specific
visitor guidelines assist tourism operators

to carry out their activities in an appropriate
manner, including keeping safe distances
between people and wildlife. However, long-
term and additive impacts have not been
examined in detail, nor has there been a
fine-scale assessment of effects on plants

and soil organisms (Carey 2020). For example,
trampling can change soil properties, decrease
the habitat quality of soil organisms and affect
soil respiration (Tejedo et al. 2014). Tourism
operations have expanded significantly in the
past 2 decades, and activities are becoming
more diversified (e.g. more adventure
activities, more fly-cruise operations) (Liggett
et al. 2017).

Macquarie Island is managed by Tasmania’s
Parks and Wildlife Service. Commercial

tour operators must apply to the service for
permission to visit the island. Quotas limit
access to 18 vessels with up to 1,500 tourists
per financial year (Tasmania Parks and Wildlife
Service 2020). In the 5 years from 2015-16 to
2019-20, an average of 7 tourist vessels and
586 passengers per year visited the island

(N Carmichael, Tasmanian Parks and Wildlife
Service, pers. comm., 22 July 2021).

Bioprospecting

Bioprospecting is the systematic search for
biological products (biochemical or genetic)
from plants, animals and microbes that

can be developed commercially for use in
food products, bioremediation, agriculture,
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pharmaceuticals, cosmetics and so on
(O’Connor 2016, Kumar et al. 2018). Globally,
companies spend significant sums on finding
and commercialising compounds derived from
biological resources, attracting significant
profits. For example, sales of drugs derived
from the English yew (Taxus baccata) generated
USS$2.3 billion in 2000 (Beattie et al. 2005).

Bioprospecting activities have been taking
place in Antarctica since at least 1995,
mainly focused on the marine environment
(Hemmings & Rogan-Finnemore 2008).
Recently, bioactive compounds with potential
commercial uses were isolated from fungi

in glacialice (de Menezes et al. 2020), lakes
(Ogaki et al. 2020a) and deep-sea sediments
(Ogaki et al. 2020b). Antarctic yeasts produce
enzymes with potential use in industries,
such as the food, wine, and textile industries
(Martorell et al. 2019).

The pharmaceutical industry already uses
various genetic materials sourced from
Antarctica, such as the hydrolase enzyme
from Antarctic krill, which prevents immune
rejection reactions; melanin derived from the
Antarctic black yeast Nadsoniella nigra, which
has cytotoxic activity in human cancer cells
(Guyomard 2010); and a bacterial glycoprotein
that assists wound healing. A protein from
Antarctic krill improves dye uptake in cotton
fabrics (Pisitsak et al. 2018), and there are many
more examples (Lohan & Johnston 2003).

Considerable efforts and resources are
required for successful bioprospecting.

From finding a compound to achieving a
marketable product can take decades and
hundreds of millions of dollars. Biological
prospecting occurs in the Antarctic region,
and a 2020 survey conducted by the Scientific
Committee on Antarctic Research summarised
bioprospecting or natural products research
undertaken by countries active in Antarctica,
and related patents. The Antarctic Treaty
Consultative Meeting has agreed that the
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Antarctic Treaty System is the appropriate
international framework for managing

the collection of biological material in the
Antarctic Treaty area and for considering its
use. Bioprospecting activities in the Antarctic
Treaty area are subject to the provisions of
the Antarctic Treaty and its Environmental
Protocol, including the requirement for prior
environmental impact assessment. Harvesting
of marine organisms would also be subject to
the CCAMLR.

Non-native species

Non-native and invasive species can

threaten Antarctic species. This threat

is likely to increase with climate change,

and with increasing speed and volume of
travel to Antarctica by tourists and national
programs. Recent risk assessments have
identified 14 invasive species at highest risk of
establishing in the most rapidly changing and
highest-traffic areas on the Antarctic Peninsula,
comprising 9 marine invertebrates, 2 terrestrial
invertebrates, a kelp and 2 terrestrial flowering
plants (Hughes et al. 2020).

In 2011, the Committee for Environmental
Protection adopted the Non-native species
manual, which provides guidelines to help
parties prevent or minimise the introduction of
non-native species to Antarctica. The manual
makes recommendations about the transfer

of species into the Antarctic terrestrial and
marine environments, as well as between sites
in Antarctica (CEP 2011).

Terrestrial species

The Antarctic and subantarctic environments
are fragile and vulnerable. Australia has
obligations under the Antarctic Treaty System,
and national and state legislation to protect the
environment. This includes robust biosecurity
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measures to reduce the risk of introducing non-
native species to the environment.

The introduction of non-native, sometimes
invasive, species has significantly altered the
landscape, the composition of ecosystems
and species interactions on many subantarctic
islands (Frenot et al. 2005). Various factors
increase the potential for non-native species to
establish in the terrestrial environment. These
include glacier retreat, an increase in ambient
temperatures, and precipitation falling as rain
rather than snow. These changes are furthering
the establishment of non-native plants and
microbes. Human activities can also introduce
seeds and microbes, particularly at or near
research stations and during field activities.

At Macquarie Island, 5 non-native vascular
plants have become established since the
island’s discovery. Two of these species were
successfully eradicated, but the remaining 3
are still thriving. The 2 main non-native invasive
plant species are the annual meadow grass
Poa annua, a small grass that can outcompete
some native species, and the perennial
chickweed Cerastium fontanum (March-Salas &
Pertierra 2020). Disturbed sites, such as walking
tracks, are particularly suited to colonisation
by annual meadow grass. Research is currently
underway to evaluate its distribution and
impact to find ways to eradicate this invasive
species in the near future (Williams et al. 2013).

Throughout the subantarctic, many Eurasian
weeds have established. Many of those
originate from alpine or boreal environments
and are thus already cold adapted. The effects
of climate change, including increases in
temperatures, and changes in precipitation and
wind conditions, may allow more non-native
plant species to survive and reproduce, while
native species may not be able to adapt to the
new conditions (March-Salas & Pertierra 2020).

On Macquarie Island, there are also
28 introduced invertebrate species. The

N/ 4

112

presence of some introduced invertebrates
may have a negative impact on the richness
and density of native invertebrate species
(Terauds et al. 2011). Non-native invertebrates
include 2 terrestrial crustaceans (an isopod

- Styloniscus otakensis, and an amphipod

- Puhuruhuru patersoni) (Greenslade et al.
2008), 2 species of predatory flat worms
(Kontikia andersoni and Arthurdendyus
vegrandis) (Greenslade et al. 2007) and two
species of springtails (Protaphorura fimata and
Proisotoma minuta) (Phillips et al. 2017). When
and how these organisms were introduced

to the island are difficult to establish. Should
their distribution spread across the island,

it might be difficult to eliminate them. Non-
native predatory species may have particularly
damaging impacts on native populations.

There is also a risk of invertebrates being
transported unintentionally to Antarctica.
Beetles (Coleoptera), flies (Diptera) and
butterflies (Lepidoptera) often enter large
cargo containers. Many insects are still alive
when they reach Antarctica (Houghton et al.
2016). For example, at Casey Station, a small
fly (Lycoriella ingenua) was first recorded in
the wastewater treatment plant and subfloor
spaces in 1998, and proved very difficult to
eradicate. Recent eradication efforts appear
to have been successful, but monitoring is
continuing (COMNAP 2019).

Introduced vertebrates can also have a
devastating impact on native species. On
various subantarctic islands, house mice (Mus
musculus) caused widespread decreases in the
breeding success of several seabird species by
taking eggs and attacking live chicks (Dilley

et al. 2017). There is evidence that mice attack
adult seabirds, such as northern giant petrels
(Macronectes halli) and albatrosses (Jones et al.
2019). Since a successful eradication program
at Macquarie Island in 2010-11, the island has
remained free of mice (Springer 2018).

e
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Marine species

Non-native marine species can find their way
into Antarctic waters via different pathways.
Microorganisms, plants and animals may be
transported on the hull of ships (fouling) or
in ballast water (Lewis et al. 2003). Although
many ship hulls are painted with antifouling
paint, the constant abrasion of the hull of
Antarctic vessels travelling through sea ice
diminishes the paint’s effectiveness. Ships
with long layover periods outside the Antarctic
shipping season are particularly at risk of
carrying non-native species into subantarctic
or Antarctic waters (Lewis et al. 2003).

Although ballast water tends to be taken up
rather than discharged in Antarctic waters
(e.g. after vessels have resupplied a station),
the Antarctic Treaty nations agreed to a set of
guidelines for the exchange of ballast water

in the treaty area (Secretariat of the Antarctic
Treaty 2006). These include recommendations
for ships to have a Ballast Water Management
Plan and a record of ballast water operations.

For many years, exchange of ballast

water appeared to be the main transport
mechanism for marine non-native species.
However, rafts of non-Antarctic kelp carry

a vast array of organisms and can drift

across very long distances into Antarctic
waters (Fraser et al. 2018). In the past, these
organisms may not have survived in the frigid
waters of the Southern Ocean, but, as sea
temperatures increase, so does the likelihood
that potentially invasive species may reach
Antarctica and establish there (Avila et al.
2020). The first settlement of a mussel (Mytilus
cf. platensis) was reported from the South
Shetland Islands, West Antarctica, in 2019
(Cardenas et al. 2020).
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Assessment Pressures on the Antarctic environment

2021
Very high impact High impact Low impact Very low impact

Adequate confidence

The impacts of climate change and pollution on the Antarctic environment are high and increasing.

© Assessment Climate change

2021 2016 2011
L I
Very high impact High impact Low impact Very low impact High impact High impact

Adequate confidence

Climate change is ongoing and increasingly affects Antarctic ecosystems.

© Assessment Marine pollution

2021 2016 2011
Very high impact High impact Low impact Very low impact High impact High impact

Adequate confidence

Marine pollution is a global challenge; although Antarctica is still less affected than other
regions, micro- and nano-plastics have been detected in the food web.
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© Assessment Commercial fisheries

2021 2016 2011
Very high impact High impact Low impact Very low impact Low impact Low impact

Adequate confidence

All commercial fisheries in the Southern Ocean are managed by the Commission on the
Conservation of Antarctic Marine Living Resources, which applies an ecosystem-based
management approach. Exploratory fisheries for toothfish operate in East Antarctica.

© Assessment Tourism

2021 2016 2011
] ]
Very high impact High impact Low impact Very low impact Low impact Low impact

Adequate confidence

Impacts of tourism vary with the site visited. Some sites receive many more visitors than
others.

© Assessment Non-native species - animals

2021 2016 2011
. m7m m? ?
Very high impact High impact Low impact Very low impact Low impact Low impact

Adequate confidence

Eradication of non-native introductions (e.g. rabbits and rodents on Macquarie Island)
has been successful.
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© Assessment Non-native species - plants

2021 2016
] ] ?
Very high impact High impact Low impact Very low impact Low impact

Very limited confidence

Invasive plants may be spreading.

Assessment ratings

For assessments in the ‘Pressures’ section

2011

?

Low impact

. Very low impact: Pressures do not degrade or only negligibly degrade the

state of the environment.

Low impact: Pressures minimally degrade the state of the environment over a

small extent and/or with low severity.

. High impact: Pressures moderately degrade the state of the environment over

a moderate extent and/or with moderate severity.

. Very high impact: Pressures strongly degrade the state of the environment

over a large extent and with a high degree of severity.
Trend

Improving: The situation has improved since the previous assessment (2016

state of the environment report).

|E| Stable: The situation has been stable since the previous assessment.

Deteriorating: The situation has deteriorated since the previous assessment.

Unclear: It is unclear how the situation has changed since the previous

assessment.
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National and
international
frameworks

A suite of international agreements,
collectively known as the Antarctic Treaty
System, governs Antarctica, and is designed
to take into account the characteristics and
environmental challenges of the Antarctic
region. These agreements establish Antarctica
as a natural reserve devoted to peace and
science. Environmental protection and
conservation of marine living resources are
key objectives. Parties to these agreements
fulfil their obligations through national
legislation and supporting administrative
arrangements, and environmental
management arrangements for activities

in Antarctica conducted by their nationals.
Under the Environmental Protocol to the
treaty, environmental impact assessments are
required for all human activities in Antarctica,
including tourism.

The Australian Government’s 2016 Australian
Antarctic Strategy and 20 Year Action Plan
(Australian Antarctic Programme 2016)
identifies that one of Australia’s key national
interests in Antarctica is to protect the
Antarctic environment. Australia promotes
best practice in environmental stewardship
across all aspects of the Australian Antarctic
Program. Australia implements and manages
practical ways to minimise the effects of
activities in Antarctica, and addresses past
impacts by cleaning up former work and waste
disposal sites.
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Australia works in close collaboration with
other nations active in the region, and plays a
leading role in international forums, such as
the Antarctic Treaty Consultative Meeting, its
Committee for Environmental Protection, the
Commission for the Conservation of Antarctic
Marine Living Resources, and the Agreement on
the Conservation of Albatrosses and Petrels.

Australia also plays a significant role in

the Southern Ocean in combatingillegal,
unreported and unregulated fishing, and in
conserving albatross and petrel species across
their extensive range in these higher latitudes.
Australia conducts and supports science to
inform the responsible management and
protection of Antarctica.

Australian legislation
and guidance

Australia’s international obligations arising
from the agreements of the Antarctic Treaty
System come into effect through domestic law.
The primary pieces of Australian legislation
are:

« Antarctic Treaty (Environment Protection) Act
1980 - gives effect to the 1991 Protocol on
Environmental Protection to the Antarctic
Treaty, which includes environmental
protection principles, including biosecurity,
and requirements for all activities in the
Antarctic Treaty area

 Antarctic Marine Living Resources
Conservation Act 1981 - implements the
requirements arising from the Convention
on the Conservation of Antarctic Marine
Living Resources.
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Subantarctic islands

Australia’s subantarctic islands are located
outside the Antarctic Treaty area. The
Australian Antarctic Division (AAD) manages
the Territory of Heard Island and McDonald
Islands, and the Heard Island and McDonald
Islands Marine Reserve on behalf of the
Australian Government. Macquarie Island
and nearby islets are part of the state of
Tasmania and are managed by the Tasmanian
Department of Primary Industries, Parks,
Water and Environment.

The Heard Island and McDonald Islands Act
1953 provides a legal regime for Heard Island
and McDonald Islands. Under this Act, the
Environment Protection and Management
Ordinance 1987 provides for the protection

of the environment and controls access to

the territory. The territory is also a World
Heritage site, located within a Commonwealth
Reserve proclaimed under and protected by
the Environment Protection and Biodiversity
Conservation Act 1999 (EPBC Act). All activities in
the territory must be undertaken in accordance
with the Heard Island and McDonald Islands
Marine Reserve management plan 2014-24
(Australian Antarctic Division 2014).

Macquarie Island is also a World Heritage

site. The Tasmanian Government manages

the Macquarie Island Commonwealth Marine
Reserve adjacent to the Macquarie Island
Nature Reserve. The marine reserve is subject
to the EPBC Act, and activities in the reserve
are governed by the South-east Commonwealth
Marine Reserves Network management plan
2013-23 (Australian Government Director of
National Parks 2013).

All albatross and petrel species listed under the
Agreement on the Conservation of Albatrosses
and Petrels (ACAP) that are native to Australia,
including the endemic shy albatross, are listed
migratory species under the EPBC Act. The
listed threatened species of albatrosses and
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petrels under the legislation are subject to a
national recovery plan. The draft of the third
National recovery plan for albatrosses and
petrels (2021) was open for public comment
until 27 August 2021, and is currently being
evaluated (DAWE 2021a). When adopted, it will
replace the plan adopted in 2011.

Station management and training

As lead agency for Australia’s Antarctic
program, the AAD ensures that everyone
involved in the program is aware of their
personal responsibilities to care for

the environment. When appointed, all
expeditioners must agree to abide by a code
of personal behaviour that emphasises a
commitment to Australia’s environmental
management responsibilities. Induction

and training of new employees includes an
introduction to relevant Australian laws and
the AAD’s approach to environmental issues.

At Australia’s Antarctic and subantarctic
stations, the station leader is responsible on
the ground for environmental management,
including implementation of policies, standard
operating procedures and management
decisions from AAD; the station environment
committee, a station environmental officer and
a station waste-management officer assist the
station leader in this task. However, everybody
is responsible for environmental protection.

A web-based reporting system allows
expedition members to submit information or
suggestions on environmental issues.

Recently, the AAD identified and implemented
improvements to the biosecurity system, such
as improved cargo biosecurity procedures,
checklists, training and supplier declarations.
The Environmental Management System
enables continued improvement of biosecurity,
and supports ongoing monitoring and
reporting (Australian Antarctic Program 2019).
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Protected areas

Under the Environmental Protocol to the
Antarctic Treaty, all of Antarctica has a high
level of environmental protection. However,
certain areas receive a higher level of protection
if they contain outstanding environmental,
scientific, historical, aesthetic or wilderness
values (or any combination thereof).

Antarctic Specially Protected Areas

Certain areas are designated as Antarctic
Specially Protected Areas (ASPAs) to protect
values of outstanding significance. Entry to an
ASPA requires a permitissued by a relevant
national competent authority, and activities
must be conducted in accordance with a
management plan that has been agreed by
the Committee for Environmental Protection
and the Antarctic Treaty Consultative Meeting.
Australia has lead management responsibility
for 10 ASPAs in East Antarctica, and jointly
manages 2 ASPAs with other nations.

Protected areas are one important means of
achieving the objectives of the Environmental
Protocol to the Antarctic Treaty. Although the
Environmental Protocol provides a high level
of protection for all of Antarctica, the Antarctic
Treaty parties are pursuing efforts to further
develop the network of ASPAs, because of
increasing pressures from climate change

and intensifying human activities. Based on a
systematic approach, expanding the network
would ensure that it is representative of the
continent’s biodiversity and other values. At
the same time, effective management systems
with set conservation objectives are important
to increase the resilience of the ASPA network
(Coetzee et al. 2017).

Marine protected areas

The Southern Ocean region is unique in its
biodiversity. Marine protected areas (MPAs)
are widely considered an important tool for
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the management of the great southern region
and its conservation. All activities, including
use of resources in the Southern Ocean, have
been managed effectively under the Antarctic
Treaty System.

From the beginning, the Commission

for the Conservation of Antarctic Marine
Living Resources (CCAMLR) recognised the
importance of ecosystem-based management
and the precautionary principle. CCAMLR was
the first international organisation to endorse
the recommendations by the United Nations
World Summit in 2002 to develop a network
of comprehensive and representative MPAs in
the Southern Ocean (CCAMLR 2011). CCAMLR
considers and adopts a range of conservation
measures, including those that protect

the general marine environment, species

and communities, and those that manage
commercial fishing activities. MPAs are part
of this approach. In 2011, CCAMLR adopted
Conservation Measure 91-04, which sets out
the ‘General framework for the establishment
of CCAMLR marine protected areas’. Major
goals are the establishment of a network of
MPAs representative of biodiversity, habitats
and marine ecosystems; and the protection of
key ecosystem processes and critical features
to maintain ecosystem resilience or enable
adaptation to climate change (CCAMLR 2011).

Although the aim to have a representative
network of MPAs in place by 2012 was not
achieved, 2 MPAs have been established. The
first, set up in 2009, was the South Orkney
Islands Southern Shelf Marine Protected
Area, the first MPA declared in international
waters. In CCAMLR Subarea 48.2, an area of
around 94,000 square kilometres (km?) is now
protected, which includes important foraging
areas for penguins, a range of flying seabirds
and marine mammals, as well as a species-
rich benthic region (Trathan & Grant 2020). In
2016, CCAMLR members reached consensus
on declaring a second MPA in the Ross Sea
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region (CCAMLR 2016) that is currently the
world’s largest MPA, covering 1.55 million km?
(MFAT n.d.).

Southern Ocean MPAs also exist in national
waters around Heard Island and McDonald
Islands (Australia), the Kerguelen Islands and
the Crozet Islands (France), and the Prince
Edward Islands (South Africa).

Currently, 3 further MPAs have been proposed
and are still being negotiated: the Weddell

Sea MPA, which would cover 4.2 million km?
(Teschke et al. 2021); an MPA in East Antarctica
comprising 3 areas collectively covering about
1 million km?; and an MPA in the region of the
western Antarctic Peninsula (Hogg et al. 2020).

Convention on the
Conservation of Antarctic
Marine Living Resources

The conservation of Antarctic marine living
resources is subject to the regulations
imposed under the CCAMLR. This convention
came into force in 1982 as part of the Antarctic
Treaty System. CCAMLR comprises 25 member
states and the European Union. A further

10 countries have agreed to the terms of the
convention. Article | of the convention defines
its area of operation as ‘the area south of 60°
South latitude and the area between that
latitude and the Antarctic Convergence which
form part of the Antarctic marine ecosystem’
(UN 1980). The commission manages about
10% of the world’s oceans (Brooks 2013).

Antarctic Treaty parties established the
convention because of a growing concern
that an increase in krill catches in the
Southern Ocean could have a serious effect
on populations of krill and other marine life,
particularly birds, seals and fish, all of which

The objective of the convention is the
conservation of Antarctic marine living
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resources. CCAMLR has applied an ecosystem-
based management system to ensure that
fisheries are sustainable, and that the needs

of dependent predators and ecosystems are
considered. CCAMLR was the first international
convention applying the ecosystem-based
approach to its fisheries management strategy
(Arnaudo 2005). This sets CCAMLR apart from
regional fishery management organisations,
which largely focus on the management and
production of harvested species and often deal
with single species only.

CCAMLR considers the needs of krill-
dependent predators and sets conservative
catch limits to safeguard their requirements.
Since several krill-dependent predators act
as indicators of the health of the Southern
Ocean ecosystem, CCAMLR developed the
Ecosystem Monitoring Program ‘to detect
and record significant changes in critical
components of the ecosystem to serve as a
basis for the conservation of Antarctic marine
living resources’ (CCAMLR 1984). As part of the
precautionary approach, CCAMLR establishes
conservation and management measures to
maintain populations of harvested species at
levels that ensure stable recruitment.

CCAMLR continues to work on achieving
consensus among party members to achieve
its objectives to protect the Antarctic
environment, habitats, species and ecological
processes, and increase resilience to climate
change (CCAMLR 2011). CCAMLR also
encourages national programs operating in
Antarctica to undertake targeted fisheries-
related research to ensure that there is
constant recruitment into populations of
target species, but also provide for the needs
of dependent species (Constable 2002).
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Agreement on the
Conservation of Albatrosses
and Petrels

The Agreement on the Conservation of
Albatrosses and Petrels (ACAP) aims to achieve
and maintain a favourable conservation
status for albatrosses and petrels. This
agreement came into force in 2004, as part of
the framework of international agreements
under the auspices of the Convention on the
Conservation of Migratory Species of Wild
Animals. ACAP applies to the species listed

in Annex 1 to the agreement: currently all 22
of the world’s albatross species and 9 petrel
species (ACAP 2020b).

ACAP has 13 member states, including
Australia. The agreement enhances
cooperation and builds capacity among
its member states, and works closely with
regional fisheries and conservation bodies
(ACAP 2021a).

Australia and other concerned nations
established the agreement because of a
growing concern about rapid decreases in
global albatross and petrel populations. These
decreases were due to threats at sea, mainly
associated with interactions with fishing gear,
and threats on land affecting breeding sites,
including human disturbance, predation and
habitat damage by invasive species.

ACAP applies the precautionary approach
when developing measures to enhance the
conservation status of these species. ACAP
promotes best and improving practices in
seabird bycatch mitigation in fisheries, and
provides guidelines for addressing threats
affecting albatross and petrel breeding sites.
It advocates the implementation of effective
technologies and techniques to avoid or
minimise the incidental catch of seabirds
during fishing operations. It also promotes the
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monitoring of the degree and extent of seabird
mortalities in global fisheries (ACAP 2021b).

ACAP has established World Albatross Day,
celebrated on 19 June each year (the date
when the agreement opened for signature

in 2001). This initiative helps to raise public
awareness and understanding about albatross
conservation. Each year, ACAP selects a theme
to give particular attention to a conservation
concern that affects albatrosses. In 2021, the
theme for World Albatross Day is ‘Ensuring
albatross-friendly fisheries’. It will highlight
some of the successful initiatives taken in
coastal state and high-seas fisheries to reduce
albatross bycatch (ACAP 2020a).

International Whaling
Commission

In the 20th century, commercial whaling
operations killed more than 2 million whales
in the Southern Hemisphere, mostly in the
Southern Ocean. Many populations were
reduced to about 1% of their previous size
(Clapham & Scott Baker 2018). Following

the recognition that many populations of
large whales were near to extinction, the
International Convention for the Regulation
of Whaling (ICRW) and its regulatory body,

the International Whaling Commission (IWC),
were established to regulate whaling activities
in 1946. However, most whale populations
continued to decline for the next few decades.

Finally, in 1986, the IWC set all commercial
catch limits to zero, and established the
‘moratorium’ on commercial whaling that is
still in place today. In 1994, the IWC created
the Southern Ocean Whale Sanctuary (SOWS),
which excludes all commercial whaling from
an area of about 50 million km?. However, the
moratorium on commercial whaling and the
SOWS do not prohibit whaling under Article VIlI
of the ICRW.
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Since 1946, the IWC has grown from 15 to 88
member governments. It continues to manage
whaling activities but increasingly works to
address other human impacts on whale and
dolphin populations, such as fisheries bycatch,
entanglement, noise and pollution.

Data and monitoring

Data and monitoring are essential to
understanding interactions in the Antarctic
region, particularly the large-scale, long-term
changes and impacts due to climate change.

The Australian Antarctic Division (AAD) leads
Australia’s scientific program in Antarctica,
which is undertaken on behalf of the Australian
Government by Australian and international
researchers. The research program covers
physical and life sciences in the atmospheric,
terrestrial and marine domains, as well as
human biology and medical research. It also
includes long-term observational activities,
such as a network of meteorological facilities;
space weather monitoring; seismic, magnetic
and geodetic networks; and hydrographic and
bathymetric mapping.

The key areas of research include:

+ environmental protection and management
- research and monitoring to improve
management of Antarctica and the
Southern Ocean, including climate change
impacts, fisheries management and
environmental remediation

+ ice, ocean, atmosphere and Earth systems
- understanding the impact of Antarctica
and the Southern Ocean on Australia and
the world, including high-latitude climate
science, interpretation of past climate
records to inform climate understanding,
geophysical mapping, and atmosphere and
weather studies

« human presence and activities in Antarctica
- including polar medicine and human
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biology, space and astronomy, social
sciences (policy and law), and pollution
monitoring.

The Australian Antarctic Strategic Plan,
developed by the Australian Antarctic Science
Council in 2019, directs research activities. The
plan delivers key research outcomes outlined
in the Australian Antarctic Strategy and 20 Year
Action Plan.

Although the AAD leads Australia’s scientific
program in Australia, other key government
initiatives are also contributing to long-term
sustained observations of the Southern
Ocean - in particular, the Integrated Marine
Observing System (IMOS 2021).
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Assessment Effectiveness of Antarctic management

2021
Ineffective Partially effective Effective Very effective

Management of the Australian Antarctic Territory and protected areas is generally effective in
protecting environmental values.

© Assessment World Heritage of subantarctic islands and protected
areas under the Antarctic Treaty

2021 2016 2011
Ineffective Partially effective Effective Very effective Partially effective Effective

Adequate confidence

Management plans are in place and are reviewed regularly. Natural and cultural heritage
values are being preserved.

© Assessment Land use and management

2021 2016 2011
Ineffective Partially effective Effective Very effective Effective Effective

Adequate confidence
Australia’s Antarctic environmental management policy for the Australian Antarctic

Territory and its external territories in the subantarctic is consistent with Australia’s
obligations under the Antarctic Treaty.
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Assessment ratings

For assessments in the ‘Management’ section

. Very effective: Management measures maintain or improve the state of
environment and secure it against known pressures.

Effective: Management measures maintain or improve the state of the
environment, but pressures remain as significant factors that degrade
environment values.

. Partially effective: Management measures have limited impact on maintaining
or improving the state of the environment.

. Ineffective: Management measures are failing to stop substantial declines in
the state of the environment.

Trend

Improving: The situation has improved since the previous assessment (2016
state of the environment report).

E Stable: The situation has been stable since the previous assessment.
Deteriorating: The situation has deteriorated since the previous assessment.

Unclear: It is unclear how the situation has changed since the previous
assessment.
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Approach

Generally, limited data are available to
assess many aspects of the Antarctic
environment. This is largely a consequence
of the remoteness and sparse habitation of
the region. Specific information is available
to assess trends and changes in the physical
environment. This includes palaeoclimate
records from ice cores that extend back
hundreds of thousands of years, synoptic
weather observations generally starting in
the 1950s, and satellite remote-sensing data
from the late 1970s onwards. For the various
components of the ecosystem, far sparser
records are available. For many species,
such as baleen whales, accurate population
assessments remain unavailable.

This report presents our best available
assessments of the state and trends of the
Antarctic environment (the area south of

60°S, the Southern Ocean and Australia’s
subantarctic islands), primarily as they relate
to Australia’s interests in the region. Overall,
the material presented here is largely an
update on the 2016 state of the environment
report, primarily informed by the peer-
reviewed literature that has appeared in the
intervening 5 years. Consequently, almost all
the assessments presented here are directly
comparable to those presented in 2016. For the
physical environment, many aspects of change
are occurring on multiyear or longer timescales
because of the nature of physical processes
associated with the Antarctic atmosphere,

ice sheet and surrounding oceans. Thus, the
assessed changes and trends are generally
identical to those presented in the 2016 state
of the environment report.

The 2016 state of the environment report
was prepared using the Fifth Assessment
Report (AR5) of the Intergovernmental Panel
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on Climate Change (IPCC) (IPCC 2013) which
provided a comprehensive picture of the state
of the Antarctic environment at its release in
2013. In preparing the present report, we have
primarily used observational assessments
from subsequent major reports including the
IPCC special report on the ocean and cryosphere
in a changing climate (IPCC in press-a), the
Scientific assessment of ozone depletion: 2018
(WMO 2018) and the Sixth Assessment Report
of the IPCC (IPCC 2021). In addition to other
peer-reviewed literature, we have also used
the opinion of experts in specific fields and,
where possible, we have made use of a variety
of up-to-date environmental and management
data collected in support of the Australian
Antarctic Program.

In general, our assessment of the confidence
rating for grade and trend is graded using
the 3 levels used for the 2016 state of the
environment report (‘adequate’, ‘limited’ and
‘low’). At present, a finer assessment using
the 2 additional grades adopted in this report
(‘somewhat adequate’ and ‘very limited’)
cannot be applied confidently for most of the
Antarctic topics considered here.
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fungi, 49-50, 111
fur seals (Arctocephalus spp.), 68t, 70, 77, 101, 102

G

genetic analysis see DNA technology
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94t
McDonald Islands, 17f, 42
fish stocks status, 78
heritage listings, 55, 92, 94t
Important Bird Area, 57
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invasive species, 54
legislative protection, 101, 118
management plan, 101, 118
marine reserve, 92, 106, 118, 120
marine vertebrate species, 57
penguins, 57, 64

McMurdo Dry Valleys, Ross Sea, 48, 51

Megaptera novaeangliae (humpback whale), 70,
71t, 72

meromictic lakes, 48
Mesonychoteuthis hamiltoni (colossal squid), 74
mesosphere, 20, 96
metagenomics, 47
metal contamination, 104
heavy metals, 102, 103-104
mice, 58,112
microinvertebrates, 48
microorganisms, 47
bioaccumulation of metals, 104
non-native species, 9, 113
soil microorganisms, 50-51
see also phytoplankton
microplastics, 102, 114

Mirounga leonina (southern elephant seals), 56, 68t,
70,75, 77

mites, 48, 49

molluscs, 80,99, 113

monitoring, 122

Montreal Protocol, 7, 19, 21, 95, 97

mosses (bryophytes), 47, 48, 50, 52-53, 54, 55, 56,
96,97

mussels, 113
Mysteceti see baleen whales (Mysteceti)

Nadsoniella nigra (Antarctic black yeast), 111
National Heritage List, 92, 94t
National recovery plan for albatrosses and petrels
2021,63
nematodes, 48, 49
non-native species, 9, 48, 51, 53,54, 111-113,
115-116; see also invasive species
Northern Hemisphere
Arctic Ocean sea ice, 34, 35, 35f, 37
climate, 37
toxins, 102-103
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Notothenia spp. (rock cods), 73
notothenioids, 73-74

nutrient cycling, 80-81

Nuyina (icebreaker), 84, 85-86, 87f

(0]
ocean acidification, 8, 12, 45, 80, 81, 98-99, 108
ocean currents, 43
ocean salinity, 29, 37, 43, 46
ocean temperature

and fish physiology, 73, 74

marine heatwaves, 44

state and trends (summary), 45

warming, 7, 8, 10, 11, 72, 74, 80, 98
oceanic circulation patterns, 8
Oceanites oceanicus (Wilson’s storm petrel), 56
Odontoceti see toothed whales (Odontoceti)
Ommatophoca rossii (Ross seal), 68-69
orchids, 54
Orcinus orca (killer whale), 70-71, 72-73, 74, 77

Oryctolagus cuniculus (European rabbits) see
rabbits

outlook and impacts, 11-13
oysters, 99

ozone depletion and recovery, 7, 19, 20, 21-22, 25,
95, 96, 97

P

Pachyptila turtur (fairy prion), 62
packice, 34, 64, 68, 69

Pagodroma nivea (snow petrel), 56
palawa kani (language), 85, 86

Parborlasia corrugatus (Antarctic nemertean
(ribbon) worm), 80

Paris Climate Accord, 95
Patagonian toothfish (Dissostichus eleginoides), 74,
78,106

pathogens, 49-50, 54
PBDEs (polybrominated diphenyl ethers), 102-103
PCNs (polychlorinated naphthalenes), 103
penguins, 11, 56, 57, 63-67, 75

bioaccumulation of toxins, 103-104

habitat contraction, 37

Important Bird Areas, 57,92

ingestion of plastics, 102

in krill fishery, 105
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prey, 74-75
species and populations, 63-64
state and trends (summary), 76
status (EPBC Act and IUCN), 65t
threats to, 64, 97
persistent organic pollutants (POPs), 102-104
pesticides, 102-104
petrels, 56, 57-58, 59, 62, 63, 76
conservation, 11, 57,58, 117,118,121
ingestion of plastics, 102
status (EPBC Act and IUCN), 65t
pharmaceutical industry, 110-111; see also
bioprospecting
Phoebetria palpebrata (light-mantled albatross),
57,65t

Physeter macrocephalus (sperm whale), 71, 72-73,
74

physical environment, 17, 47
phytoplankton, 37, 79, 80, 102
pinnipedia see seals
plankton, 80-81, 102; see also phytoplankton
plants, 47, 52
Antarctic, 52-53
invasive species, 54, 55,111-112, 116
state and trends (summary), 55-56
subantarctic, 53-55

plastic pollution, 11,101-102, 114

Pleuragramma antarctica (Antarctic silverfish),
73-74

Pleurophyllum hookeri (silver-leaf daisy), 54
Poa annua (annual blue grass), 54, 55,112
Poa foliosa (tussock grass), 54

polar amplification, 20

Polar Code (International Code for Ships Operating
in Polar Waters), 109

poleward migration of species, 9, 11, 37
pollution, 99-104, 110
from global sources, 101-104
plastics, 11, 101-102
state and trends (summary), 114
from stations, 99-101
toxins, 102-104

polybrominated diphenyl ethers (PBDEs), 102-103
polychlorinated compounds, 103
polychlorinated naphthalenes (PCNs), 103

precipitation patterns, 12, 96-97; see also rainfall;
snowfall



pressures on Antarctic environment
impacts, 11-13
key findings, 7-10
outlook, 11
state and trends (summary), 114-116

see also specific pressures: bioprospecting;
climate change pressures; commercial
fishing; human-induced pressure on
Antarctic environment; industry impacts on
Antarctica; non-native species; pollution;
tourism

primary production, 37, 79

Procellaria cinerea (grey petrel), 57-58

Protaphorura fimata and Proisotoma minuta
(springtails), 112

protected areas, 92-94

Antarctic Specially Protected Areas, 13, 92, 94t,
119

marine protected areas, 10, 92, 106, 108,
119-120

state and trends (summary), 91

see also heritage

protected species, 15, 72
delisting, 72

Protocol on Environmental Protection to the
Antarctic Treaty, 13, 81, 92,99, 100, 109, 110, 111,
117,119

Pseudogymnoascus roseus (soil fungus), 49
Pterodroma mollis (soft-plumaged petrel), 58, 62
pteropods, 99

Puhuruhuru patersoni (amphipod), 112

pygmy blue whale (Balaenoptera musculus
brevicauda), 70, 71t

pygmy right whale (Caperea marginata), 70
Pygoscelis adeliae (Adélie penguin), 63, 65t, 97, 103
Pygoscelis antarctica (chinstrap penguin), 63, 105

Pygoscelis papua (gentoo penguin), 64, 65t, 76, 103,
104, 105

Q

Queen Maud Land, 31

R
rabbits, 54, 58, 62, 115
rainfall, 96-97

variability in Eastern Australia, 27

range shifts see species distribution and
abundance
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research, 122
Australian Antarctic Program, 82, 84, 100, 101,
117,118
see also Antarctic stations, Australian;
Australian Antarctic Division (AAD)

reserves see protected areas
rock cairns, historic heritage status, 94t
rock cods (Notothenia spp.), 73
rodents, 54, 55, 58, 62, 112, 115
Ross ice shelf, 31
Ross Sea, 35, 40
marine protected area, 119
McMurdo Dry Valleys, 48, 51
tourism, 109, 110
toxins detected, 103
see also East Antarctica
Ross seal (Ommatophoca rossii), 68-69
rotifers, 48, 49
royal penguin (Eudyptes schlegeli), 64, 65t, 104

S
salinity changes, 29, 37, 43, 46
satellite imagery, 66-67
Scientific Committee on Antarctic Research, 111
scientific program, 122
Australian Antarctic Program, 82, 84, 100, 101,
117,118
see also Antarctic stations, Australian;
Australian Antarctic Division (AAD)
seaice, 7,8, 26,34-39
causes of sea ice changes, 36-37, 98
climate change impacts on, 98
extent, 8, 10, 34-36, 38, 39f, 40, 98
impact of seaice changes, 37, 79, 81, 97-98
seal breeding platform, 68, 69
seasonality, 35, 36, 40, 98
state and trends (summary), 40-42
seaice algae, 81,98
sea levelrise, 8,12,43-44
causes, 46
global mean sea level change, 43
ice sheet melting contribution, 31, 32f, 43, 44,
46,98
seaice loss, 37
sea lions, 56
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seabirds, 56-63
bioaccumulation of toxins, 103-104

commercial fishing bycatch threats, 57, 58, 63,
75,108,121

conservation, 11, 57,58,92, 117,118,121
DNA technology in research, 58, 59-62
Important Bird Areas, 57, 92
marine plastic debris ingestion, 101-102
non-native vertebrate threats to, 58, 112
state and trends (summary), 75-76
threatened species, 56-57, 63, 65t, 75
see also albatrosses; penguins; petrels
seals, 8, 56, 68-70
DDT in tissue, 103
fishing bycatch, 70
habitat contraction, 37, 69
plastics threat to, 101, 102
population estimates, 69, 70
prey, 69, 70, 74
state and trends (summary), 76-77
status (EPBC Act and IUCN), 68t
sei whale (Balaenoptera borealis), 70, 71t
shearwaters, 56, 62f
shipping
Antarctic station operations, 83-84, 90-91
ballast water management, 113
non-native species introduction, 113
regulation, 109
shy albatross (Thalassarche cauta), 61, 65t
silver-leaf daisy (Pleurophyllum hookeri), 54

silverfish see Antarctic silverfish (Pleuragramma
antarctica)

skuas (Stercocarius spp.), 57,63, 102

snow algae, 53

snow cover depth, 27, 36, 41

snow petrel (Pagodroma nivea), 56

snowfall, 27, 29, 31

social wellbeing related to Antarctica, 14-16
soft-plumaged petrel (Pterodroma mollis), 58, 62
soil organisms, 48, 49, 50-51

soils and soil formation, 50-51, 57; see also
terrestrial species

sooty shearwater (Ardenna grisea), 62f

South Orkney Islands, 108, 119

South Sandwich Islands, 52, 74

South Shetland islands, 52, 53, 113

Southern Annular Mode (SAM), 19, 23, 44, 95, 96, 97
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southern elephant seals (Mirounga leonina), 56, 68t,
70,75,77
southern fulmar (Fulmarus glacialoides), 56
Southern Hemisphere
average maximum temperatures, 23f
humpback whale breeding stock, 72
precipitation patterns, 12
whale deaths (20th century), 121
Southern Ocean, 17f, 43-46
acidification, 8, 12, 45, 80, 81, 98-99, 108
area and depth, 73
climate change impacts, 45-46
commercial fisheries, 10, 107f; see also
commercial fishing
key findings, 7-8
marine heatwaves, 44
marine protected areas, 10, 92, 106, 108,
119-120

properties, 43

salinity changes, 29, 37, 43, 46

sea level, 43-44; see also sea level rise

state and trends (summary), 45-46

temperature trends, 8, 43, 44, 45

warming, 7, 8, 10, 11, 72, 74, 80, 98

whaling, 121
Southern Ocean Whale Sanctuary, 71,121
southern right whale (Eubalaena australis), 70, 72

southern rockhopper penguin (Eudyptes
chrysocome), 64, 65t, 104

species distribution and abundance, 48, 53
southward movement, 9, 11, 37

species diversity, 47, 48,52
species protection (status and trends), 15

sperm whale (Physeter macrocephalus), 71, 72-73,
74

springtails (Protaphorura fimata and Proisotoma
minuta), 112

stations see Antarctic stations
Stercocarius spp. (skuas), 57, 63, 102
Stilbocarpa polaris (Macquarie Island cabbage), 54

Stockholm Convention on Persistent Organic
Pollutants, 103, 104

strategic plans, 101, 117, 122

stratosphere, 7, 20, 21, 25, 96, 97; see also ozone
depletion and recovery

Styloniscus otakensis (isopod), 112



subantarcticislands, 9, 47
heritage, 92-94
marine vertebrate species, 56, 57
non-native species, 58,112
penguins, 57, 63, 64, 76, 103-104
plants, 53-55
seals, 69, 70
weeds, 54, 55, 112

see also specific islands: Heard Island,
Macquarie Island; McDonald Islands

T
tardigrades, 48, 49
Tasmanian Government, 110, 118
Tasmanian Indigenous people, 85-86
temperature, 18-24, 95-96
changes, 28f, 95
cooling, 19, 20, 24, 96
extremes, 22-23
ocean see ocean temperature; Southern Ocean
surface, 18-20, 22-23, 24,95
upper atmosphere, 20, 21, 24, 96
warming, 20, 24, 95-96
terrestrial environment nutrients, 57
terrestrial species
endemic, 47, 48-49, 53-54
fungi, 49-50
invertebrates, 48-49, 50
microorganisms, 47, 48
non-native species, 111-112
plants, 47, 52-55
soil organisms, 48, 49, 50-51
state and trends (summary), 55-56
Thalassarche cauta (shy albatross), 61, 65t
Thalassarche chrysostoma (grey-headed albatross),
57, 65t, 102
Thalassarche melanophris (black-browed
albatross), 57, 65t
threat abatement plans, 63
threatened species
plants, 54
seabirds, 56-57, 63, 65t, 75
seals, 68t
whales, 71t
toothed whales (Odontoceti), 56, 70-71, 72-73
state and trends (summary), 77
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toothfish (Dissostichus spp.), 12, 72-73, 74,78, 103,
104, 106, 108t, 109, 115

tourism, 109-110, 115
toxins, 102-104
trace gas scavenging, 51

Transantarctic Mountains, 47
Trematomus newnesi (dusky rockcod), 74
tussock grass (Poa foliosa), 54

U

ultraviolet radiation, 97

United Nations Food and Agriculture Organization
Agreement on Port State Measures, 109
fishing area boundaries, 107f

United Nations World Summit (2002), 119

Vv
vascular plants, 52,53, 54,112

vegetation
Antarctic plants, 47, 52-53
invasive species, 54, 55,111-112, 116
subantarctic plants, 53-55

vertebrates see fin fish (commercial fishing); fish
species; marine vertebrate species; penguins;
seabirds; seals; whales

Vestfold Hills area, 48
volcanic activity, 34
vulnerable species see threatened species

W

wandering albatross (Diomedea exulans), 57, 65t,
102

waste management, 82t, 83, 88-89, 99-100
water availability, 49, 50, 52, 53, 97

water column habitats, 48, 73, 74, 98

water use (human), 82t, 83, 89

Weddell Sea
Filchner Ice Shelf, 79
marine protected area proposal, 10, 120
sea ice extent and duration, 35, 36, 40
tourism, 109
Weddell seal (Leptonychotes weddellii), 68t, 69, 74,
103

weeds, 54,55, 112
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West Antarctica
emperor penguin colonies, 66, 67f
grounding line retreat, 31
ice mass change, 30-32
ice retreat, 7, 33
ice sheet, 31
precipitation patterns, 97
surface temperature, 18, 24, 95
whale sanctuaries, 71,121
whales, 56, 70-73
bioaccumulation of toxins, 102-103
catch limits, 121
populations decline, 121
state and trends (summary), 75, 77
whaling, 72, 73,121-122
wilderness values, 13, 55,92, 119
Wilkes Land, 31
Wilkes subglacial basin, 31, 33
Wilkins Aerodrome, 82, 84
Wilkins Ice Shelf, 31, 37
Wilson’s storm petrel (Oceanites oceanicus), 56
Windmill Islands region, 52, 53, 96, 97
winds, 7, 36, 38, 43, 66, 96
windswept helmet-orchid (Corybas dienemus), 54
World Heritage Areas, 54, 55, 92, 94t, 118, 123

YA

zooplankton, 80-81; see also Antarctic krill
(Euphausia superba); crystal krill (Euphausia
crystallorophias)
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