Chapter 7
Antarctica

Lynda E. Chambers, Marie R. Keatley, Eric J. Woehler,
and Dana M. Bergstrom

Abstract Antarctica was the last continent to be discovered and colonized by people,
and this has resulted in generally sparse meteorological, oceanographic and biological
data for the Antarctic and much of the Southern Ocean. Within the Antarctic region,
here defined to include all regions south of the Antarctic Polar Front, much of the land-
based biological research occurs at or near international scientific stations, leading to
some regions, such as the Amundsen Sea, being poorly researched. In the last decade,
evidence has emerged of significant differences, but also some similarities, in species’
responses to changing environmental conditions, including climate change. However,
most of the studies have been confined to larger organisms, such as seabirds and
marine mammals, with few long-term studies on the phenology of plants,
invertebrates and other species. This highlights the need for greater spatial and species
coverage 1n the southern regions of the globe to assess and quantify regional and
ecosystem-scale processes and patterns.
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7.1 Introduction

Antarctica 1s defined within this chapter as including all regions within the
biological Antarctic boundary, which extends to the oceanic Antarctic Polar Front
(formerly known as the Antarctic Convergence) and includes the islands of the
Southern Ocean that lie on or close to the Front, and covers ~34.8 million km?
(Young 1991; Gritfiths 2010, Table 7.1). This biological boundary 1s not static,
shifting with time and longitude, with an average position around 358°S, but
extending as far north as 48°S.

The coldest continent on Earth, Antarctica 1s 1solated from more northerly land-
masses due to the perpetually circulating Antarctic Circumpolar Current and
associated strong westerly wind field. Seasonality 1s extreme, with the thermal
energy and light from the sun absent during winter at higher latitudes. Antarctic
sea 1ce 1s also highly seasonal, more so than in the Arctic (Cattle 1991), and it 1s this
variability that 1s an important climatic feature of the Southern Hemisphere. During
winter, sea 1ce can reach the Polar Front, essentially doubling the continental
surface area, but 1n summer only covers parts of the continental shelf (DASET
1992). The growth and decay of the pack ice, in conjunction with latitude and water
mass movements, influence productivity of the system (Young 1991; Massom and
Stammerjohn 2010) with the most productive regions of the Southern Ocean
generally occurring within the sea ice zone, also known as the marginal ice zone
(Griffiths 2010).

According to Young (1991, and others listed within) the Antarctic region can be
divided 1nto three biogeographical zones (Table 7.1). However, ecosystems on
individual 1slands, and potentially their phenologies, may vary depending on the
extent of sea 1ce or open water surrounding the 1slands during the summer period.

The northeast and western parts of the Antarctic Peninsula, and the surrounding
seas, have seen significant warming trends in recent decades (Turner et al. 2005, 2007;
Gritfiths 2010; Trathan and Agnew 2010). Rapid changes in the marine environment
include reduced sea 1ce formation and a shortening of the sea ice season in the
Amundsen and Bellingshausen Seas, increased sea 1ce extent in the Ross Sea region,
and altered coastal habitats associated with the collapse of 1ce shelves (Griffiths 2010;
Trathan and Agnew 2010). Warming oceans have also been associated with a decrease
in Antarctic Krill, an important food source for several species of fish, seabirds and
marine mammals (Trathan and Agnew 2010). In terrestrial systems, changes have
been observed 1n vascular plant populations, but are generally restricted to local
population expansion (Convey et al. 2011).

Most coastal stations around Antarctica have recorded an increase in surface
wind speeds over the last 50 years (Turner et al. 2005, 2007). At Casey, East
Antarctica, increased winds have resulted in lower growth rates in mosses due to
reduced water availability at some sites (Clarke et al. 2012).
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7.2 Agency Data and Research

Due to its extreme climate and i1solation, Antarctica was the last continent to be
discovered and colonized by people, though contemporary human residents are
transitory. This has resulted in generally sparse meteorological, oceanographic and
biological data for the Antarctic and much of the Southern Ocean (but see Laws
1984; Cattle 1991; El-Sayed 1994; and Knox 1994 for reviews).

Nations claiming territories in the Antarctic are: Argentina, Australia, Chile,
France, New Zealand, Norway and the United Kingdom. Australia has the largest
claim, 1ts two sectors covering approximately 42 % of the continent. The Antarctic
Treaty, enacted 1n 1961, 1s concerned with the governance of Antarctica and
involves two tiers of membership: (1) nations which conduct significant science
programs 1n the region, and (i1) those who subscribe to the provisions of the Treaty
but are yet to establish scientific programs (DASET 1992).

Much of the land-based biological research in the Antarctic occurs at or near the
scientific stations (37 of 64 are open year-round) (Gritfiths 2010). Due to the
locations of these stations, and their proximity to their home countries, this has
meant that Australian, New Zealand and Asian (Japan, China, South Korea)
research 1s concentrated in East Antarctica while European and South American
research 1s conducted mainly in West Antarctica, the Scotia Sea and Weddell Sea
areas. The United States and Russia conduct research in both regions (Gritfiths
2010). As a result, the regions of Antarctica with no neighboring continent, such as
the Amundsen Sea, have been and continue to be poorly researched. A summary of
continuous long-term (commencing pre-1970) biological research programs 1s
given below. Many other nations operate, or participate, 1in short-term biological
monitoring programs in the Antarctic (http://www.scar.org), but these are not
discussed here. Further details of logistic, operational and research efforts for all
stations and Treaty partners are available at http://www.ats.aq/devAS/ie_annual.
aspx?lang=e and http://www.ats.aq/devAS/ie_permanent.aspx?lang=e.

7.2.1 Scientific Committee on Antarctic Research

The Scientific Committee on Antarctic Research (SCAR) 1s composed of members
from national scientific academies or research councils interested in Antarctic
research, and the relevant scientific unions of the International Council for Science.
Full membership 1s reserved for countries (31 as of 2011) with active Antarctic
research programs (http://www.scar.org). SCAR’s mission 1s to provide science
leadership and to provide independent scientific advice to the Antarctic Treaty
System. The SCAR scientific research program of most relevance to phenology 1s
“Evolution and Biodiversity in the Antarctic”’, which includes the study of the
‘response of life to change’.
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7.2.2 Argentine Antarctic Institute

Argentina has six permanent research stations and three summer-only stations in
the Antarctic, including Orcadas Base 1n the South Orkney Islands, which opened in
1904, making it the earliest Antarctic base (Griffiths 2010).

The Argentine Antarctic Institute (Instituto Antartico Argentino) was created in
1951. The Institute conducts a number of long-term biological studies including
population dynamics and reproductive biology of seal and seabird species (http://
www.scar.org/about/nationalreports/argentina/99to00/).

7.2.3 Australian Antarctic Program

The Australian Antarctic Program 1s a joint agency and university program, run
from the Australian Antarctic Division (AAD: http://www.antarctica.gov.au)
within the Federal Department of Sustainability, Environment, Water, Population
and Communities. The basis of the science program 1s a 10 year Science Strategic
Plan (http://www.antarctica.gov.au/science/australian-antarctic-science-strategic-
plan-201112-202021).

The AAD 1s the lead Antarctic scientific agency in Australia and also
administers the Australian Antarctic Territory (AAT) and Heard and McDonald
Islands. Australia has three coastal Antarctic continent stations 1in East Antarctica
(Mawson, Davis and Casey) and one subantarctic station on Macquarie Island.
Visits to Heard Island are intermittent and at decadal scales.

Two of the four current priority research programs are relevant to phenology:
Southern QOcean Ecosystems: Environmental Change and Conservation and
Terrestrial and Near Shore Ecosystems.: Environmental Change and Conservation.
Long-term Adélie penguin (Pygoscelis adeliae) population and phenological
studies occur near Mawson Station (Béchervaise Island) as a contribution to the
Commission for the Conservation of Antarctic Marine Living Resources Ecosystem
Monitoring Program (CCAMLR-CEMP). A number of other long-term population
studies were undertaken in the AAT, some extending from the 1950s to the early
2000s, 1n addition to on-going long-term glaciological and meteorological research.
Long-term albatross and fur seal population and phenological studies occur on
Macquarie Island with intermittent penguin studies. No long-term terrestrial phe-
nological studies are 1n progress at the time of writing.

7.2.4 British Antarctic Survey

The British Antarctic Survey (BAS, http://www .antarctica.ac.uk) has been responsible
for the majority of the United Kingdom’s Antarctic research for more than 60 years.
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BAS has five research stations in the Antarctic (summer-only since 1996 at Signy,
South Orkney Islands), two on South Georgia: Bird Island (continuously since 1982)
and King Edward Point and Halley and Rothera, Antarctica.

Phenology fits within one of BAS’s key challenges, “understanding how South-
ern Ocean species respond to climate change”. Several long-term monitoring
programs have been established and contribute to CCAMLR-CEMP, including
seabird and seal research at Bird Island and penguin, seabird and seal biology at
Signy research station. Signy research station also hosts long-term collaborative
studies with the Japanese National Institute for Polar Research and the Netherlands
Polar Programme.

7.2.5 Chilean Antarctic Institute

The Chilean Antarctic Institute (INACH, http://www.inach.cl) was established 1n
1963. It operates scientific stations on King George Island, Greenwich Island and
Cape Sharrett (South Shetland Islands) and on the Palmer and Antarctic Peninsulas.
Long-term monitoring programs investigate Antarctic flora, benthic communities,
fur seals and seabirds. Recent initiatives include research on the impacts of regional
climate change on marine and terrestrial systems.

7.2.6 French Polar Institute

France has had research bases in the Antarctic since 1950. The French Polar
Institute Paul-Emile Victor 1s responsible for the implementation of research
programs 1n polar and subpolar regions in both hemispheres.

The territory of the French Southern and Antarctic Lands (Terres Australes et
Antarctiques Francaises) administers several 1sland groups in the southern Indian
Ocean and part of Antarctica (Adélie Land). The subantarctic territories include the
Crozet and Kerguelen Archipelagos, St. Paul and Amsterdam Islands.

There are two continental stations (Dumont d’Urville and Concordia, which 1s
managed 1n conjunction with Italy) and three subantarctic stations: Alfred Faure on
the Crozet Archipelago, Port aux Francais on the Kerguelen Archipelago and
Martin-de-Vivies on Amsterdam Island.

Scientific research of relevance to phenology includes the project, “penguins as
indicators of climate anomalies in the Southern Ocean”. One of the longest pheno-
logical Antarctic and subantarctic projects (extending for more than 50 years), this
study monitors the first arrival and first egg laying dates in Adélie Land, Crozet and
Kerguelen Archipelagos and on Amsterdam Island (Table 7.2).
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7.2.7 New Zealand

Antarctica New Zealand 1s responsible for New Zealand government activities in
the Southern Ocean and Antarctica. New Zealand manages the research station
Scott Base, 1n Victoria Land, and has an operational presence in the Ross Depen-
dency (http://www.antarcticanz.govt.nz/).

Research of relevance to phenology includes a long-term project investigating
the population dynamics of the Adélie Penguin of the Ross Sea and its use as a
biological indicator of local and broad-scale changes.

The Department of Conservation has long-term population and phenological
studies established for New Zealand Sea Lions (Phocarctos hookeri) on Enderby
Island. Long-term population and demographic studies of albatrosses at Campbell

Island commenced 1n the 1940s (Waugh et al. 1999).

7.2.8 Norwegian Polar Institute

Norway operates a year round base in Dronning Maud Land and has conducted
regular expeditions to the Antarctic since 1976 (http://www.npolar.no). Biological
and climate-change related studies are conducted at their field station, Tor, and
opportunistic studies on the 1sland of Bouvetgya in the South Atlantic Ocean.

7.2.9 Russian Antarctic Expedition

Russia has had a research presence in the Antarctic since 1956 when Mirnyy station
was established. The Russian Antarctic Expedition (http://www.aari.aq) currently
maintains four other active stations: Vostok, Novolazarevskaya, Bellingshausen
and Progress (summer only). Long-term monitoring of seabird populations has been
undertaken at Mirnyy since the 1950s (Barbraud et al. 2011).

7.2.10 South African Antarctic Programme

The South African National Antarctic Programme (http://www.sanap.org.za/)
maintains bases on Antarctica and on Marion and Gough Islands. The first Antarctic
Expedition in 1959 established a permanent South African presence on Antarctica.
Research themes include the response of biodiversity to earth system variability,
and programs of phenological relevance include seabirds at Marion Island and
individual variation 1n albatross reproduction.
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7.2.11 United States Antarctic Program

The United States has had a research presence (including 3 year-round research
stations) 1n Antarctica since 1956, with an aim to understand the region’s
ecosystems and 1ts responses to global processes, including climate (http://www.
nst.gov/od/opp/antarct/usap.jsp).

Long-term biological studies are undertaken at Palmer Station on Anvers Island
(Antarctic Peninsula), Admiralty Bay and King George Island, in the South Shet-
land Islands. This includes the breeding biology and demography of the Pygoscelid
penguins. Long-term studies of Adélie Penguins are also conducted in the Ross Sea
region on Beaufort and Ross Islands (Cape Crozier, Cape Bird and Cape Royds),
and a long-term population study of Weddell Seals (Leptonychotes weddellir) 1n
Erebus Bay, Ross Island.

7.2.12 National Institute of Polar Research (Japan)

Japan has had a research presence in the Antarctic since the 1950s, with Syowa
Station, East Antarctica, opening in 1957 (http://www.nipr.ac.jp). Long-term
biological studies are undertaken at Syowa Station and, until 1991, at Asuka Station.
Since 1997, there has been an emphasis on monitoring for biological change.

7.3 Recent Phenological Research

Although low 1n number compared to many Northern Hemisphere regions, a
number of long-term (at least 10 years of data) studies have been conducted 1n
the Antarctic (Fig. 7.1, Table 7.2). The most notable being the 50+ year study of all
seabird species 1n the East Antarctic (Barbraud and Weimerskirch 2006).

Most long-term phenological research has been conducted on birds (84 % of
45 data series); the balance has been conducted on mammals (16 %). Studies of
breeding and migration phenology were equally represented.

7.3.1 Plants

Limited phenological studies have been conducted on terrestrial plants in the
Antarctic and phenology (spelling was incorrect on line 221) on the subantarctic
1slands and most are short-term studies. Bryophyte and lichen phenology in particu-
lar, 1s significantly neglected as a topic of study. Many mosses and some lichens do
not produce reproductive structures such as capsules or apothecia in the Antarctic or
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Fig. 7.1 Typical duration of long-term phenological data sets in the Antarctic. Broken down into
(left) bird data sets (dark grey, n = 38) and mammal data sets (light grey, n = 7); (right)
according to breeding data (dark grey, n = 24) and migration data (light grey,n = 21)

subantarctic (see Seppelt 2004; Olech 2004; Ochyra et al. 2008). In terrestrial areas
of the extreme zone (continental Antarctica), only one third of the bryophyte flora
(5 of 15) species have been observed fruiting. In the southern maritime Antarctic
(68—72°S), this increases to 47 % at Marguerite Bay, 51 % at the South Shetlands,
but decreases again on subantarctic 1slands (37 % South Georgia, Smith and Convey
2002; 33 % Macquarie Island [mosses data only]|, Bergstrom and Selkirk 1987).
Reasons for failure to sexually reproduce include disjunct patterns in male and
female plants, lack of one gender at a locality and failure for gametangial initiation
(Smith and Convey 2002).

Phenology in flowering plants 1n the region 1s cued to seasonality in the light
regime. Two species, the small cushion plant Antarctic Pearlwort Colobanthus
quitensis and the grass Antarctic hair grass Deschampsia antarctica can be found
along a latitudinal gradient from South Georgia extending to the cold Antarctic
zone along the Antarctic Peninsula, to as far south as Alexander Island (69°22'0S,
71°50"7W). They have both been noted to flower most years and produce mature
seed along their entire latitudinal range (Holtom and Greene 1967; Convey et al.
2011). Flower 1nitiation for the species 1s 1n early to late summer and both species
can produce seed within a single year but, with increased (southward) latitude, rates
of development were observed to become lower and less predictable. Flower
primordia for D. antarctica develop late in the previous summer season (Holtom
and Greene 1967; Edwards 1974). In many years, seeds failed to reach maturity.
With climate warming, however, seed maturation appears to be increasing (Convey
1996; Convey and Smith 2006).

In the subantarctic, flowering onset generally occurs 1n spring and 1s triggered by
day length, but variation in the timing of stage development (e.g., flower bud
opening, fruit ripening, seed shedding) can be found across the floras and 1s often
associated with life history strategies. Small herbs generally have rapid development
and some long-lived perennial stayers often do not complete a sexual reproductive
cycle 1n a single year, with both preformation of flower buds the season previous
and post winter ripening (see: Dorne 1977; Walton 1982; Bergstrom et al. 1997,
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Table 7.3 Key plant phenological studies across the subantarctic region

Island Author Notes (number of species)
Kerguelen Dorne (1977) Floral phenology and germination (7)
Frenot and Gloaguen (1994) Reproductive biology (7)
Hennion and Walton (1997) Germination (8)
Chapius et al. (2000) Reproductive biology (1)
Macquarie Taylor (1955) Autecology including phenological notes (39)
Bergstrom et al. (1997) Phenology and reproductive behaviour (10)
Tweedie (2000) and Shaw Phenology and germination (6, 26)
(2005)
Marion Huntley (1970) Phenology and distribution (12)
Mukhadi (2010) Vegetative and reproductive phenology (15)
South Callaghan and Lewis (1971) Reproductive performance (1)
Georgia  Tallowin (1977) Phenology and reproductive biology (1)
Walton (1977, 1979, 1982) Phenology, germination, and hybridization (19)

Hennion and Walton 1997; Shaw 2005). Some non-native species, such as Poa
annua and Cerastium fontanum exhibit longer reproductive seasons (Bergstrom
et al. 1997; Mukhad1 2010). Table 7.3 summarises major studies on subantarctic
vascular plant phenology.

Phenological patterns have been noted in some marine algae, with development
finely tuned to seasonal light regimes. “Seasonal anticipators™ become fertile 1n late
autumn to winter, in contrast “‘seasonal responders” reproduce in summer under
suitable 1rradiance, nutrient, and temperature conditions (see Wiencke et al. 2011
for review).

7.3.2 Birds

On a whole, more research has been conducted 1nto seabirds than other taxa of the
Antarctic region (Korczak-Abshire 2010). As these seabirds are long-lived (in some
cases for more than 50 years), and thereby integrate environmental signals over
multiple time and space scales, this research may provide useful insights into
ecosystem status and processes (Trathan et al. 2007).

Many Antarctic seabirds have high degrees of breeding synchrony (e.g. Black-
browed Albatross (Croxall et al. 1988), Cape Petrel (Weidinger 1997), Snow Petrel
(Amundsen 1995; Barbraud et al. 2000)). For species that require snow-iree areas
for breeding, the amount of time available to breed can be relatively short and may
lead to more breeding synchrony (and 1s broadly correlated with latitude); sea 1ce
seasonality and photoperiod may also reduce the time available for breeding.
Synchronous breeding may also result in predator swamping, thereby increasing
the likelihood of individuals surviving the breeding period (but see Kharitonov and
Siegel-Causey 1988; Siegel-Causey and Kharitonov 1990 for reviews of seabird
colonmality).
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Many Antarctic seabird species show strong latitudinal gradients in time of
breeding, for example Lynch et al. (2009) found that Pygoscelis penguins breed
approximately 4.77 days later per degree latitude south, later revised to 5.2 days per
degree south (Lynch et al. 2012a). But despite this, not all species show a high
degree of flexibility in phenology (e.g., Adélie and Emperor Penguins, Forcada and
Trathan 2009).

Although species that are reliant on snow-iree areas for breeding may advance
their breeding in response to higher temperatures (e.g., Lynch et al. 2009), the rate
of change 1s not always consistent among species, e.g., Gentoo Penguins advanced
their breeding at more than twice the rate of either Adé¢lie or Chinstrap Penguins
(Lynch et al. 2009). Gentoo Penguins forage close to the breeding colonies during
winter, potentially giving them the competitive advantage of local knowledge of
prey distribution, compared to the dispersive Adélie and Chinstrap penguins (Lynch
et al. 2012b).

Since the early 1950s, the community of nine species of Antarctic seabirds
breeding at Dumont d’Urville on the East Antarctica coast have been monitored
for their arrival dates and breeding chronologies (Barbraud and Weimerskirch
2006). Over the period of the study, this region saw no major warming or cooling
events, but did experience a large reduction 1n sea ice extent. Although all nine
species delayed their arrival over time (c. 9.1 days later than in 1950s), the only
species with significantly later (p < 0.05) arrival dates were Southern Fulmars,
Antarctic and Cape Petrels. The mean egg-laying dates for two species were also
significantly delayed (Adélie Penguin and Cape Petrel). The combined delay in
both arrival and egg-laying resulted in a ¢. 7 day compression of the pre-laying
period (Barbraud and Weimerskirch 2006), possibly due to the birds requiring
additional time to feed betfore returning to their colonies to commence breeding.

The extent of sea 1ce has been associated with the arrival timing of several
species of Antarctic seabirds. For some penguin species at some colonies, years of
extensive sea ice are assoclated with generally later arrival at breeding colonies,
either due to longer travel times over the 1ce, penguins assessing the i1ce extent and
delaying travel and/or the effect of the sea ice on prey availability and therefore the
penguin’s body condition (e.g., Ainley et al. 1983; Ainley 2002; Emmerson et al.
2011). For other seabird species, sea ice extent was either unrelated to arrival timing
or resulted 1n earlier arrival when sea 1ce was more extensive (Olivier et al. 20035;
Barbraud and Weimerskirch 2006). Changes 1n sea 1ice may not only affect the
timing and success of breeding but, consequently, can have flow on effects to
survival and population abundance (e.g., Fraser et al. 1992; Crawtford et al. 2006;
Korczak-Abshire 2010). In fact, changes 1n sea i1ce seasonality may explain many of
the shifts observed in key phenological relationships in the Antarctic (Massom and
Stammerjohn 2010).

Variation 1n body size has also been proposed as a means of explaining individ-
ual variation in laying date, at least in the case of the nest fidelity of Snow Petrels;
with larger females having later laying dates (Barbraud et al. 2000). A higher
proportion of larger females 1n larger colonies 1s also suggested as the main reason
for laying occurring approximately 2 days later in larger breeding colonies
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compared to small colonies or 1solated nests of the same species. The presence of
flipper bands on birds has also been shown to delay arrival and breeding of penguins
which had negative implications for breeding success and survival (Froget et al.
1998; Saraux et al. 2001; Gauthier-Clerc et al. 2004; Le Bohec et al. 2008).

The breeding cycle of the King Penguin 1s unique among penguins in that it takes
more than 1 year to complete. As the timing of 1nitiation of breeding depends on the
success of the previous season there can be considerable asynchrony in laying dates
over the colony (du Plessis et al. 1984). Early breeding leads to generally higher
breeding success with more chicks surviving to fledging compared with later laying
(du Plessis et al. 1984; Weimerskirch et al. 1992; Jouventin and Lagarde 1995). In
the Crozet Archipelago, late breeding almost always leads to breeding failure
(Wemmerskirch et al. 1992). Successtul breeders tended to return to the colony
earlier for either moult or displaying (Jouventin and Lagarde 1995). Moult duration
in King Penguins was shorter for individuals that commenced moult later in the
season (Jouventin and Lagarde 1995).

7.3.3 Mammals

Although the peak haul out date for Southern Elephant Seals tends to vary with
latitude, Authier et al. (2011) found no corresponding latitudinal pattern in the level
of breeding synchrony. However, within sites, breeding synchrony tended to be
lower 1n the harems that formed earlier 1in the breeding season than those forming
later and may be age related (breeding experience); older, more experienced,
females tended to haul out later (Authier et al. 2011). The level of haul out
synchrony 1n Antarctic Fur Seals has been shown to vary between genders, and
also at the individual and population levels (Duck 1990; Slip and Burton 1999).
Both genders vary the timing of haul out in relation to environmental conditions,
but females appear to be more constrained 1n timing to ensure that offspring are
born and raised during the brief summer period.

A long-term study of Antarctic Fur Seals in South Georgia (Forcada et al. 2003,
2008) found that they are more likely to “optimize” individual fitness by altering
their phenology (particularly birthing dates) when faced with short-term changes in
their environment. Although later mean birthing dates tended to correspond to
periods of higher sea surface temperatures, the overall long-term variability in
birthing dates was small (range of 4—15 days), indicating that their ability to alter
their phenology may be limited (Forcada et al. 2005, 2008). A similar result was
found for all major Southern Elephant Seal populations (Hindell and Burton 1988).
Antarctic and Subantarctic Fur Seals A. tropicalis at Marion Island also show little
year-to-year variation in pupping dates (Hotmeyr et al. 2007).

There has been some debate in the past as to whether Leopard Seals are
migratory or not (see Rounsevell and Eberhard 1980) and hence exhibit migration
phenology. Long-term sighting dates of Leopard Seal haul outs on Macquarie
Island indicate that non-breeding seals will over-winter in subantarctic and
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temperate oceans. The number of seals undertaking this northward movement

varies from year to year, suggesting dispersion rather than migration, which may
be driven by food shortages (Rounsevell and Eberhard 1980).

7.3.4 Other Species

Low thermal energy budgets in all three Antarctic zones results 1n reduced or zero
growth rates 1n terrestrial invertebrates over winter (Convey 1996). This can lead to
life-cycle events (such as moulting and oviposition) being synchronized following
the winter period.

The onset of maximum production of Antarctic phytoplankton varies with
latitude, from early spring in the northern zones (~50°S) to late summer or early
autumn 1n the south (El-Sayed 1988). There 1s an inverse relationship between
latitude and the length of the period of maximum production. The timing and
magnitude of peak marine production, and the phytoplankton species associated
with 1t, also varies inter-annually in association with oceanographic changes
(El-Sayed 1988).

The timing, and intensity, of Antarctic Krill spawning 1s affected by a variety of
environmental conditions including variation in the timing of sea ice formation and
retreat, and by the amount and duration of sea-ice cover (Massom and Stammerjohn
2010). Spawning tends to be earlier when there 1s a longer duration of winter sea ice
and delayed seasonal pack ice opening in spring. When spawning 1s delayed, larval
production and or survival are generally poor, presumably due to larvae being less
developed, and therefore less able to survive the food-limited winter sea ice
conditions (Siegel and Loeb 199)5).

Water temperature also influences moult in the sub-Antarctic dytiscid water
beetle Lancetes claussi which delays moulting from 1ts larval stage IV 1nto pupa
until surface water temperatures exceed 7.3 °C (Convey 1996). This delayed
moulting results 1n early summer peaks of adult emergence and oviposition.

At subantarctic Heard and Kerguelen Islands, site, gender, and species
differences have been observed in the timing of seasonal activity of Dipterans
and, based on these data, earlier and longer lasting reproductive phases are expected
in the future (Greenslade et al. 2011).

7.4 Conclusions

There are few long-term studies that collect phenological data for the Southern
Hemisphere and our review draws heavily on information published on a limited
number of species from a limited number of sites. For the few species with sufficient
data to detect phenological changes, both over time and in response to climate
variables, the responses varied by location and species. This highlights the need for
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greater spatial coverage to assess and quantify regional and ecosystem-scale
processes and patterns. The proposed Southern Ocean Observing System (http://
www.scar.org/soos), based on sustained multi-disciplinary observations for the detec-
tion, interpretation and responses to change may assist this goal. The ideal monitoring
system comprises long-term observations over multiple trophic levels (Griffiths
2010), enabling investigators to detect potential mismatches in temporal scales
between response from populations/communities/species and rates of change in
environmental parameters.

For species with less flexible life histories (e.g., many Antarctic mammals and
seabirds) changes to critical components of their environment (e.g., sea 1ce) may
result in population changes. These may take the form of range shifts or demo-

graphic change. Some of these changes have already been observed (e.g., Forcada
et al. 2008).

Acknowledgments We thank Lily Gao and the staff at the Australian (National Meteorological
Library). Patricia Selkirk for advice and references. We thank Valeria Ruoppolo for assistance
with details on the South American research programs and Amy Winnard, Steve Pendlebury, Scott
Carpentier and Phillip Reid for helptful comments on earlier drafts.

References

Ainley DG (2002) The Adélie penguin: bellwether of climate change. Columbia University Press,
New York

Ainley DG, LeResche RE, Sladen WJL (1983) Breeding biology of the Adélie penguin. University
of California Press, Berkeley

Amundsen T (1995) Egg size and early nestling growth 1n the snow petrel. Condor 97:345-351

Authier M, Delord K, Guinet C (2011) Population trends of female Elephant Seals breeding on the
Courbet Peninsula, 1les Kerguelen. Polar Biol 34:319-328

Barbraud C, Wemmerskirch H (2006) Antarctic birds breed later in response to climate change.
PNAS 103:6248-6251

Barbraud C, Lormée H, LeNevé A (2000) Body size and determinants of laying date variation in
the Snow Petrel Pagodroma nivea. J Avian Biol 31:295-302

Barbraud C, Gavrilo M, Mizin Y, Wemmerskirch H (2011) Comparison of emperor penguin
declines between Pointe Géologie and Haswell Island over the past 50 years. Antarct Sci
23:461-468

Bergstrom DM, Selkirk PM (1987) Reproduction and dispersal of mosses on Macquarie Island.
Symposia Acta Biol Hung 35:247-257

Bergstrom DM, Selkirk PM, Keenan HM, Wilson ME (1997) Reproductive behaviour of ten
flowering plant species on subantarctic Macquarie Island. Opera Bot 30:1-12

Callaghan TV, Lewis MC (1971) The growth of Phleum alpinum L. in contrasting habitats at a
sub-Antarctic station. New Phytol 70:1143-1154

Cattle H (1991) Global climate models and Antarctic climate change. In: Harris C, Stonehouse B
(eds) Antarctica and global climate change. Belhaven Press, London, pp. 21-34

Chapius JL, Hennion F, Roux VL, Cuziat JL (2000) Growth and reproduction of the endemic
cruciferous species Pringlea antiscorbutica in Kerguelen Islands. Polar Biol 23:196-204

Clarke JL, Robinson AS, Hua Q, Ayre J, Fink D (2012) Radiocarbon bomb spike reveals biological
effects of Antarctic climate change. Glob Chang Biol 18:301-310




7 Antarctica 133

Convey P (1996) Overwintering strategies of terrestrial invertebrates in Antarctica — the significance
of flexibility in extremely seasonal environments. Eur J Entomol 93:489-505

Convey P, Smith RIL (2006) Reponses of terrestrial Antarctic ecosystems to climate change. Plant
Ecol 182:1-10

Convey P, Hopkins DW, Roberts SJ, Tyler AN (2011) Global southern limit of flowering plants
and moss peat accumulation. Polar Res 30:8929. do1:10.3402/polar.v3010.8929

Crawford RJM, Dyer BM, Cooper J, Underhill LG (2006) Breeding numbers and success of
Eudyptes penguins at Marion Island, and the influence of mass and time of arrival of adults.
CCAMLR Sci 13:175-190

Croxall JP, McCann TS, Prince PA, Rothery P (1988) Reproductive performance of seabirds and
seals at South Georgia and Signy Island, South Orkney Islands, 1976—1987: implications for
Southern Ocean monitoring studies. In: Sahrhage D (ed) Antarctic Ocean and resource
variability. Springer, Berlin, pp. 261-285

DASET (1992) Impact of climate change on Antarctica — Australia. Department of the Arts, Sport,
the Environment and Territories, Canberra

Dorne AJ (1977) Analysis of the germination under laboratory and field conditions of seeds
collected in the Kerguelen Archipelago. In: Llano GA (ed) Adaptations within Antarctic
ecosystems — proceedings of the third SCAR symposium on Antarctic Biology. Smithsonian
Institute, Washington, DC, pp. 1003—1113

du Plessis CJ, van Heezik YM, Seddon PJ (1984) Timing of king penguin breeding at Marion
Island. Emu 94:216-219

Duck CD (1990) Annual variation in the timing of reproduction in Antarctic fur seals,
Arctocephalus gazelle, at Bird Island, South Georgia. J Zool (Lond) 222:103-116

Edwards JA (1974) Studies in Colobanthus quitensis (Kunth) Bartl. and Deschampsia antarctica
Desv. VI. Reproductive performance on Signy Island. Br Antarct Surv B 39:67-86

El-Sayed SZ (1988) Seasonal and interannual variabilities in Antarctic phytoplankton with
reference to krill distribution. In: Sahrhage D (ed) Antarctic Ocean and resource variability.
Springer, Berlin, pp. 101-119

El-Sayed SZ (1994) Southern Ocean ecology: the BIOMASS perspective. Cambridge University
Press, Cambridge

Emmerson L, Pike R, Southwell C (2011) Reproductive consequences of environment-driven
variation in Adélie penguin breeding phenology. MEPS 440:203-216

Forcada J, Trathan PN (2009) Penguin responses to climate change in the Southern Ocean. Glob
Chang Biol 15:1618-1630

Forcada J, Trathan PN, Reid K, Murphy EJ (2005) The effects of global climate variability in pup
production of Antarctic fur seals. Ecology 86:2408—2417

Forcada J, Trathan PN, Murphy EJ (2008) Life history buffering in Antarctic mammals and birds
against changing patterns of climate and environmental variation. Glob Chang Biol
14:24°73-2488

Fraser W, Trivelpiece WZ, Ainley DG, Trivelpiece SG (1992) Increases in Antarctic penguin
populations: reduced competition with whales or a loss of sea ice due to environmental
warming? Polar Biol 11:525-531

Frenot Y, Gloaguen J-C (1994) Reproductive performance of native and alien colonising
phanerogams on a glacier foreland, Iles Kerguelen. Polar Biol 14:473-481

Froget G, Gauthier-Clerc M, LeMaho Y, Handrich Y (1998) Is penguin banding harmless? Polar
Biol 20:409-413

Gauthier-Clerc M, Gendner J-P, Ribic CA, Fraser WR, Woehler EJ, Descamps S, Gilly C, Le
Bohec C, Le Maho Y (2004) Long-term effects of flipper bands on penguins. Proc R Soc Lond
B (Suppl) 271:5423-S426

Greenslade P, Vernon P, Smith D (2011) Ecology of Heard Island Diptera. Polar Biol 35
(6):841-850. do1:10.1007/s00300-011-1128-5

Griffiths HJ (2010) Antarctic marine biodiversity — what do we know about the distribution of life
1n the Southern Ocean. PLoS One 5(8):e11683




134 L.E. Chambers et al.

Hennion F, Walton DWH (1997) Seed germination of endemic species from Kerguelen
phytogeographic zone. Polar Biol 17:180-187

Hindell M, Burton HR (1988) Seasonal haul-out patterns of the southern elephant seal (Mirounga
leonina L.) at Macquarie Island. J] Mammal 69:81-88

Hofmeyr GJG, Bester MN, Pistorius PA, Mulaudzi TW, de Bruyn PJN, Ramunasi JA, Tshithabane
HN, McIntyre T, Radzilani PM (2007) Median pupping date, pup mortality and sex ratio of fur
seals at Marion Island. S Afr J Wildl Res 37:1-8

Holtom A, Greene SW (1967) The growth and reproduction of Antarctic flowering plants. Philos
Trans R Soc B 252:323-3377

Huntley BJ (1970) Altitudinal distribution and phenology of Marion Island vascular plants.
Tydskrif vir Natuurwetenskap 10:255-262

Jouventin P, Lagarde F (1995) Evolutionary ecology of the King Penguin Aptenodytes
patagonicus: the self-regulation of the breeding cycle. In: Dann P, Norman I, Reilly P (eds)
The penguins. Surrey Beatty, Sydney, pp. 80-95

Kharitonov SP, Siegel-Causey D (1988) Colony formations in seabirds. Curr Ornithol 5:223-269

Knox GA (1994) The biology of the Southern Ocean. Cambridge University Press, Cambridge

Korczak-Abshire M (2010) Climate change influences on Antarctic bird populations. Pap Glob
Chang 17:53-66

Laws RM (1984) Antarctic ecology (2 vols). Academic, London

Le Bohec C, Durant JM, Gauthier-Clerc M, Stenseth NC, Park Y-H, Pradel R, Grémillet D,
Gendner J-P, Le Maho Y (2008) King penguin population threatened by Southern Ocean
warming. PNAS 105:2493-2497

Lynch HJ, Fagan WF, Naveen R, Trivelpiece SG, Trivelpiece WZ (2009) Timing of clutch
initiation 1n Pygoscelis penguins on the Antarctic Peninsula: towards an improved understand-
ing of off-peak census correction factors. CCAMLR Sci 16:149-165

Lynch HJ, Fagan WF, Naveen R, Trivelpiece SG, Trivelpiece WZ (2012a) Differential advance-
ment of breeding phenology in response to climate may alter staggered breeding among
sympatric pygoscelid penguins. MEPS 454:135—-145. do1:10.3354/meps09252

Lynch HJ, Naveen R, Trathan PN, Fagan WF (2012b) Spatially integrated assessment reveals
widespread changes in penguin populations on the Antarctic Peninsula. Ecology 93:1367-1377

Massom RA, Stammerjohn SE (2010) Antarctic sea ice change and variability — physical and
ecological implications. Polar Sci1 4:149-186

McMahon CR, Hindell MA (2009) Royal penguin phenology: changes in the timing of egglaying
of a sub-Antarctic predator in response to a changing marine environment. In: Stienen E,
Ratcliffe N, Seys J, Tack J, Mees J, Dobbelaere 1 (eds) Seabird Group 10th international
conference VLIZ Special Publication 42. Communications of the research institute for nature
and forest — INBO.M.2009.1. Provincial Court, Brugge, 27-30 March, 45p

Mukhadi FL (2010) Phenology of indigenous and alien vascular flowering plants on sub-Antarctic
Marion Island. MSc thesis, University of Stellenbosch, Stellenbosch

Ochyra R, Bednarek-Ochyra H, Smith RIL (2008) Illustrated moss flora of Antarctica. Cambridge
University Press, Cambridge

Olech M (2004) Lichens of King George Island, Antarctica. The Institute of Botany of the
Jagiellonian University, Krakow

Olivier F, van Franeker JA, Creuwels JCS, Woehler EJ (2005) Variations of snow petrel breeding
success 1n relation to sea-ice extent: detecting local responses to large-scale processes? Polar
Biol 28:687-699

Rounsevell D (1988) Periodic irruptions of itinerant leopard seals within the Australasian sector of
the Southern Ocean, 1976—86. Pap Proc R Soc Tasman 122:189-191

Rounsevell D, Eberhard I (1980) Leopard seals, Hydrurga leptonyx (Pinnipedia), at Macquarie
Island from 1949 to 1979. Aust Wildl Res 7:403—415

Saraux C, Le Bohec C, Durant JM, Viblanc VA, Gauthier-Clerc M, Beaune D, Park Y-H, Yoccoz
NG, Stenseth NC, La Maho Y (2001) Reliability of flipper-banded penguins as indicators of
climate change. Nature 469:203-208



7 Antarctica 135

Seppelt R (2004) The moss flora of Macquarie Island. Australian Antarctic Division, Kingston

Shaw JD (2005) Reproductive ecology of vascular flora of sub-Antarctic Macquarie Island.
Dissertation, Unmiversity of Tasmania, Hobart

Siegel V, Loeb V (1995) Recruitment of Antarctic Krill Euphausia superba and possible causes for
its variability. MEPS 123:45-56

Siegel-Causey D, Kharitonov SP (1990) The evolution of coloniality. Curr Ornithol 7:285-330

Slip DJ, Burton HR (1999) Population status and seasonal haulout patterns of the southern
elephant seals (Mirounga leonina) at Heard Island. Antarct Sci1 11:38—47

Smith RIL, Convey P (2002) Enhanced sexual reproduction in bryophytes at high latitudes in the
maritime Antarctic. J Bryol 24:107-117

Tallowin JRB (1977) Studies 1n the reproductive biology of Festuca contracta T. Kirk on South
Georgia: II. The reproductive performance. Br Antarct Surv B 45:117-129

Taylor BW (1955) Botany — the flora, vegetation and soils of Macquarie Island, vol 1I, ANARE
reports, series B. Australian Antarctic Division, Melbourne

Trathan PN, Agnew D (2010) Climate change and the Antarctic marine ecosystem: an essay on
management implications. Antarct Sci1 22:387-398

Trathan PN, Forcada J, Murphy EJ (2007) Environmental forcing and Southern Ocean marine
predator populations: effects of climate change and variability. Philos Trans R Soc B
362:2351-2365

Turner J, Colwell SR, Marshall GJ, Lachlan-Cope TA, Carleton AM, Jones PD, Lagun V, Reid
PA, Iagovkina S (2005) Antarctic climate change during the last 50 years. Int J Climatol
25:279-294

Turner J, Overland JE, Walsh JE (2007) An Arctic and Antarctic perspective on recent climate
change. Int J Climatol 27:277-293. do1:10.1002/j0c.1406

Tweedie CE (2000) Climate change and the autecology of six plant species along an altitudinal
gradient on subantarctic Macquarie Island. Dissertation, University of Queensland, Brisbane

Walton DWH (1977) Studies on Acaena (Roseaceae): 1. Seed germination, growth and establish-
ment in A. magellanica (Lam.) Vahl and A. tenera Alboff. Br Antarct Surv B 45:29-40

Walton DWH (1979) Studies on Acaena (Roseaceae) III. Flowering and hybridization on South
Georgia. Br Antarct Surv B 55:11-25

Walton DWH (1982) Floral phenology 1n the South Georgian vascular flora. Br Antarct Surv B
55:11-25

Waugh SM, Weimerskirch H, Moore PJ, Sagar PM (1999) Population dynamics of Black-browed
and Greyheaded Albatrosses Diomedea melanophrys and D. chrysostoma at Campbell Island,
New Zealand, 1942-96. Ibis 141:216-225

Weidinger K (1997) Breeding cycle of the Cape petrel Daption capense at Nelson Island,
Antarctica. Polar Biol 17:469-472

Weimerskirch H, Stahl JC, Jouventin P (1992) The breeding biology and population dynamics of
King Penguins Aptenodytes patagonicus on the Crozet Islands. Ibis 134:107-117

Wiencke C, Gomez I, Dunton K (2011) Phenology and seasonal physiological performance of
polar seaweed. In: Wiencke C (ed) Biology of polar benthic algae. De Gruyter, Berlin,
pp. 181-194

Young EC (1991) Critical ecosystems and nature conservation in Antarctica. In: Harris C,

Stonehouse B (eds) Antarctica and global climate change. Belhaven Press, London,
pp. 117-146



