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We review the post-glacial climate variability along the East Antarctic coastline using terrestrial and shallow
marine geological records and compare these reconstructions with data from elsewhere. Nearly all East
Antarctic records show a near-synchronous Early Holocene climate optimum (11.5–9 ka BP), coinciding with
the deglaciation of currently ice-free regions and the optimum recorded in Antarctic ice and marine sediment
cores. Shallow marine and coastal terrestrial climate anomalies appear to be out of phase after the Early
Holocene warm period, and show complex regional patterns, but an overall trend of cooling in the terrestrial
records. A Mid to Late Holocene warm period is present in many East Antarctic lake and shallow coastal
marine records. Although there are some differences in the regional timing of this warm period, it typically
occurs somewhere between 4.7 and 1 ka BP, which overlaps with a similar optimum found in Antarctic
Peninsula terrestrial records. The differences in the timing of these sometimes abrupt warm events in
different records and regions points to a number of mechanisms that we have yet to identify. Nearly all
records show a neoglacial cooling from 2 ka BP onwards. There is no evidence along the East Antarctic
coastline for an equivalent to the Northern Hemisphere Medieval Warm Period and there is only weak
circumstantial evidence in a few places for a cool event crudely equivalent in time to the Northern
Hemisphere's Little Ice Age. There is a need for well-dated, high resolution climate records in coastal East
Antarctica and particularly in Terre Adélie, Dronning Maud Land and Enderby Land to fully understand the
regional climate anomalies, the disparity between marine and terrestrial records, and to determine the
significance of the heterogeneous temperature trends being measured in the Antarctic today.
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1. Introduction

Recent assessments of temperature change have revealed that
warming in West Antarctica (WA) has exceeded 0.1 °C per decade
during the past 50 yrs (Steig et al., 2009) and that the Antarctic
Peninsula (AP) is one of the fastest warming regions on Earth
(Vaughan et al., 2003). East Antarctica (EA) shows regional differ-
ences but the continent-wide average near-surface temperature trend
is positive (Steig et al., 2009). To date little is known about how this
pattern of recent warming in Antarctica relates to past natural
variability in these regions, despite this being critical for improved
prediction of the impact of future climate anomalies on the cryo-
sphere and ecosystems of the continent (Hodgson et al., 2009a). Past
climate change reconstructions in Antarctica are largely based on ice
cores (e.g. Masson et al., 2000; Mayewski et al., 2009). These records
have provided information on, for example, past global atmospheric
composition (Petit et al., 1999; Jouzel et al., 2007), and productivity
and iron flux in the Southern Ocean over several glacial–interglacial
cycles (Wolff et al., 2006). In addition, ice cores have revealed the
existence of a bipolar seesaw (Blunier et al., 1998; Broecker, 1998)
with warm events being out of phase between the Northern and
Southern Hemispheres during glacial periods (e.g. Stocker and
Johnsen, 2003; Schneider and Steig, 2008; Barker et al., 2009) and
likely also during interglacials (Masson-Delmotte et al., 2010a,b).
Over the Pleistocene glacial–interglacial cycles, the climate of
Antarctica has traditionally been considered to be largely controlled
by changes in the Northern Hemisphere and particularly in the North
Atlantic region including changes in the strength of deep water
formation; yet recent studies have revealed that the Antarctic
warming events preceded those in the North (Ahn and Brook, 2008;
Mayewski et al., 2009). The mechanisms behind this forcing are still
unclear, but a reduction in the stratification of the Southern Ocean and
a subsequent release of CO2 (Anderson et al., 2009; Hodgson and
Sime, 2010) and a decrease in sea ice (Stevens and Keeling, 2000) are
proposed as playing a critical role.

During the Holocene, the connection between climate changes in
both hemispheres is however less clear both because the amplitude
of the changes has been smaller (but see Masson-Delmotte et al.,
2010a,b), and because the relative impact of regional driving or
amplifying mechanisms has been greater. For example, Holocene
glacier dynamics in New Zealand have been reported as neither in
phase nor strictly anti-phased with glacier changes in both hemi-
spheres (Schaefer et al., 2009). To better understand the past and
present regional differences and the links between the climates of the
Northern and Southern hemispheres during the Holocene, there is a
clear need for well-dated paleoclimate records, particularly from the
high latitudes in the Southern Hemisphere. Ice cores have some
disadvantages in this respect because the more subtle climate
anomalies such as those occurring during the Holocene (e.g.
Mayewski et al., 2004; Wanner et al., 2008) are generally less well
resolved in the records from the high central plateau(Masson et al.,
2000, but see Schneider and Steig, 2008). This pattern is due to the
small variations in isotopic composition in these inland locations
compared with those generally observed at coastal sites (Bromwich
et al., 1998; Masson et al., 2000). Near the coast, the recovery of
reliable ice cores enabling high resolution reconstructions is in turn
difficult, because the ice sheet is often too dynamic. In coastal regions,
valuable and often overlooked alternatives are lake sediment cores
and shallow marine sediment records (see Hodgson et al., 2004;
Hodgson and Smol, 2008 for a review).

Here we aim to synthesise lacustrine and coastal marine records of
regional climate and environmental changes along the margin of the
East Antarctic Ice Sheet (EAIS), including the Ross Sea region (RSR),
and compare these observations with existing reviews of changes in
the AP region (e.g., Ingólfsson et al., 1998; Hjort et al., 2003; Hodgson
et al., 2004; Bentley et al., 2009) and with a variety of Antarctic ice
core records (e.g., Masson et al., 2000; Steig et al., 2000; Wolff et al.,
2006).

2. Study area and materials and methods

2.1. Physical settings of the study area

The most prominent feature of Antarctica is its ice sheet, which
covers over 99% of the continent and is made up of three distinct
morphological zones, consisting of the EAIS, the West Antarctic Ice
Sheet (WAIS) and the glaciers of the AP. The Transantarctic
Mountains, which run between Victoria Land and the Ronne and
Filchner Ice Shelves (Fig. 1), separate the EAIS from the WAIS. The
AP extends north from a line between the southern part of the
Weddell Sea and a point on the mainland south of the George VI Ice
Shelf. The EAIS comprises by far the largest part of the ice sheet and
drains directly into the Southern Ocean between c. 15°W and 150°E.
It also has several outlet glaciers that flow through the Trans-
Antarctic Mountains, with some of them draining directly into the
Ross Sea and Weddell Sea embayments via ice shelves, and a
minority that terminate on land (e.g. Taylor Glacier in the McMurdo
Dry Valleys).

The ice-free terrain in EA includes coastal ice-free areas, together
with inland nunataks for example in the Transantarctic Mountains,
and the Dronning Maud Land regions. It is mainly in the coastal ice-
free areas that (paleo)lake sediments and biological, geological and
geomorphological evidence is present providing opportunities to
study past climate and environmental changes along the EA
coastline. The near shore environment of most of these coastal
oases is characterised by bays and fjords, many of which have also
been sampled for their marine geological records. The main ice-free
regions studied to date are Schirmacher Oasis, the islands and
peninsulas in the Lützow Holm Bay region, Amery Oasis, Larsemann
Hills, Rauer Islands, Vestfold Hills, Bunger Hills, Windmill Islands
and the RSR (Fig. 1). In brief, the Schirmacher Oasis (70°46′ S–
11°44′ E) is a c. 50 km² wide area, bounded by the EAIS to the South



Fig. 1. Map of Antarctica showing the locations cited in the text.
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and the Lazarev Ice Shelf to the North. Lützow Holm Bay includes
several peninsulas and numerous ice-free islands that cover a total
ice-free area of c. 200 km². Amery Oasis (70°40′ S–68°00′ E) is a
1800 km² area located some 200 km inland from the front of Amery
Ice Shelf in Prydz Bay. The oasis is bordered by the Charybdis
Glacier to the north, the EAIS to the west and southwest, and the
drainage system of the Amery Ice Shelf/Lambert Glacier to the south
and east. The Vestfold Hills (68°30′ S, 78°00′ E) are a 400 km2 ice-
free area on the Prydz Bay coast (Fig. 1), consisting of three main
peninsulas (Mule, Broad and Long Peninsula) and a number of
offshore islands. The Larsemann Hills (69°23′ S, 76°53′ E), is a
50 km2 ice-free area on the Ingrid Christensen Coast located
approximately midway between the eastern extremity of the
Amery Ice Shelf and the southern boundary of the Vestfold Hills.
The Rauer Islands (68°45′ S–68°55′ S and 77°30′ E–78°00′ E) are an
ice-free coastal archipelago between the Larsemann Hills and the
Vestfold Hills (Fig. 1). The Rauer Islands includes 10 major islands
and promontories together with numerous minor islands covering a
total area of some 300 km2. The Bunger Hills (66°17′ S, 100°47′ E) is
a 952 km2 ice-free area of land and marine bays, bordered on the
north by the Shackleton Ice Shelf and by the EAIS (with partly
floating outlet glaciers) to the south, west and east. The Windmill
Islands (66°20′ S–110° 30 E) are a group of ice-free islands and
peninsulas on the EA coast north of Law Dome (Fig. 1) and cover a
total area of 75–80 km². The RSR contains a number of ice-free
coastlines, nunataks, and most notably the McMurdo Dry Valleys
(77°28′ S–162°31′ E), which at 4800 km2 are the largest relatively
ice-free region in Antarctica.

2.2. Present day climate

During the instrumental period (past ~50 yrs) the mean annual
temperature in the EA coastal region has been about –10 °C (Steig
et al., 2009), with positive temperatures generally confined to the
summer months, when lakes might become ice-free. During summer,
the Antarctic receives more solar radiation than the tropics, but the
snow and ice surfaces have a high albedo and reflect much of this
radiation back into space (Turner et al., 2009). Where snow melts,
exposing large patches of bare (dark) ground, or where sea ice melts
exposing ice-free (dark) ocean, solar radiation is absorbed rather than
reflected, and the environment will locally warm. During winter, the
Antarctic stratosphere is extremely cold due to the lack of incoming
radiation (Turner et al., 2009), which results in surface cooling, more
extensive snow cover and complete lake ice cover in coastal regions. A
strong temperature gradient then develops between Antarctica and
the Southern Hemisphere mid-latitudes, thereby isolating a pool of
very cold air above Antarctica. Very strong winds develop along this
thermal gradient. During much of the year a strong temperature
inversion exists above the surface, which is maintained by radiative
cooling from the highly reflective snow and ice surface. However,
when strong katabatic winds, transporting cold, relatively dense air
from the interior of Antarctica, reach the coast, they can destroy the
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inversion through turbulent mixing, leading to enhanced sensible
heat flux towards the surface and an increase in temperature. Thus,
near-surface temperatures often co-vary strongly with wind speed.
For Antarctica as a whole, studies using reanalysis data and climate
models suggest that the season of greatest precipitation is autumn
(Marshall, 2009) although there is significant regional variation across
the continent (e.g. van de Berg et al., 2005). In the coastal regions, the
majority of precipitation falls in relation to the passage of synoptic-
scale weather systems and associated cloud bands within the
circumpolar trough of low pressure that rings the continent (Marshall,
2009).

The primary mode of atmospheric circulation variability of the
Southern high latitudes is the Southern Annular Mode (SAM), which
has a significant influence on EA coastal temperatures (e.g. Thompson
and Solomon, 2002; Marshall, 2007). In recent decades the relation-
ship is predominantly negative (r~–0.6) so that a more positive SAM
leads to colder regional temperatures. Using model data, Van den
Broeke and van Lipzig (2003) demonstrated that the negative
relationship between the SAM and regional temperatures is a
combination of free atmosphere and near-surface effects. A more
positive SAM, which is associated with stronger circumpolar wester-
lies around Antarctica, isolates the continent more effectively from
the advection of warm extra-tropical air masses into the coastal
region. In addition, positive SAM reduces the speed of katabatic flow
over much of EA, hence leading to less disruption of the surface
temperature inversion, a sensible heat flux away from the surface and
colder temperatures (Van den Broeke and van Lipzig, 2003). There
have been statistically significant positive increases in the SAM over
the past few decades in austral summer (DJF) and autumn (MAM)
(e.g. Marshall, 2003), which will have acted to cool EA temperatures.
Nonetheless, over the past 50 yrs EA coastal temperatures have
changed very little so that the changes in the SAM—believed to be
principally due to anthropogenic forcing, through ozone depletion
and increasing greenhouse gases—can be considered to be buffering
the regional impact of global warming.

However, recent work by Marshall et al. (in press) has revealed
that the sign of the relationship between the SAMand temperature in
EA is not necessarily temporally stable and can indeed reverse on
decadal timescales. The changes in sign are related to variability in
the positions of the long-waves over the Southern Ocean, the non-
annular component of the SAM. Changes in the relative strength and
longitude of the two climatological lows located off the EA coast
(at ~20°E and 110°E) will impact significantly on themean advection
of temperature and moisture into the region. Using ice core data
encompassing the 20th century, Marshall et al. (in press) showed
that such changes are part of natural climate variability. Thus, care
needs to be taken in relating proxy indices of the SAM to regional
temperature and vice versa.

2.3. Materials and methods

The majority of the past climate and environmental change
reconstructions in EA reviewed here are based upon lake or shallow
near shore marine sediment cores. We are aware that some proxies
are more reliable than others in specific settings. Similarly some
proxies, such as the occupation of land by biota, might also show a
lagged response to climate changes, whereas others respond more
quickly (e.g. the response of lacustrine diatom assemblages to salinity
changes). Moreover, in contrast to marine sediment and ice cores in
which alkenones and stable isotopes of H and O can be used as
paleothermometers, most proxies used in terrestrial environments
provide indirect measurements of past climate changes, for example
by reconstructing changes in the moisture balance which can be a
function of both temperature and wind speed. In some studies, dating
uncertainty can also be high, particularly where only a small number
of 14C dates have been used to constrain the timing of past climate and
environmental changes. Combined, these shortcomingsmust be taken
into account when formulating a consensus on past regional climate
changes.

For an overview of the different proxies used here, the reader is
referred to Hodgson et al. (2004) and Hodgson and Smol (2008). In
short, lacustrine diatoms are generally used in combination with
transfer functions to enable the quantitative reconstruction of past
changes in the moisture balance (e.g., Roberts and McMinn, 1998;
Verleyen et al., 2003) and/or nutrient levels (Roberts et al., 2004).
Marine diatoms are divided into sea ice related and open water taxa
(e.g., Verleyen et al., 2004a) based upon their presence in modern
analogue assemblages of the Southern Ocean (e.g., Armand et al.,
2005; Crosta et al., 2005). Faunal microfossils are used to study past
changes in lake ecology (Cromer et al., 2005, 2006). Fossil pigments
enable the reconstruction of changes in the marine and lacustrine
autotrophic communities, primary productivity, and changes in ice
cover dynamics (e.g., Hodgson et al., 2003; Verleyen et al., 2004a,
2005). Sedimentological and geochemical proxies are used to
reconstruct transitions between different sedimentary environments
(e.g., glacial vs. lacustrine), primary productivity [e.g., loss-on-
ignition, total organic carbon content (TOC)], whether a reduction
or oxidation occurs in the water column through reduced or increased
ice cover [total sulphur content (TS) e.g., Wagner et al., 2006], or the
presence of vegetation in the catchment area (the total carbon vs.
total nitrogen content (TC/TN), Wagner et al., 2006). Oxygen and
carbon isotopes can be used to infer changes in the moisture balance
in closed lakes (e.g., Hodgson et al., 2005).

Other evidence for past climate and environmental changes in EA
include the presence of relict deltas on land formed at times of higher
lake levels indicating increased meltwater supply (Hall and Denton,
2000a,b) and the presence/absence of seal hairs on land and penguin
remains (e.g., Hall et al., 2006; Emslie et al., 2007). For example, the
presence of hairs from Southern Elephant Seals has been used to infer
changes in sea ice extent in the RSR (Hall et al., 2006), and the remains
of past Adélie Penguin colonies and fossilized otoliths of their prey,
Antarctic silverfish (Lorenzini et al., 2009), indicate that pack ice was
present providing foraging opportunities for penguins during spring;
conversely, their absence indicates that cold episodes caused
unfavourable marine conditions with permanent sea ice blocking
access to nesting sites (Emslie et al., 2007).

Where radiocarbon dating is used to provide a chronology,
calibrated 14C dates are cited as reported in the original publications.
Similarly, corrections for the radiocarbon reservoir effect are applied
as in the original publications. To allow comparison between the
studies where 14C dates were used but not calibrated, we list the
original 14C dates (14C ka BP), and then carried out our own
calibration using CALIB 5.0.2 (http://calib.qub.ac.uk/calib/) citing the
upper and lower limits (at 2-std deviations) of the calendar ages (ka
BP). In cases where dates were derived from marine organisms, the
radiocarbon dates were corrected for the marine reservoir effect by
subtracting 1300 yrs following the Antarctic standard (Berkman et al.,
1998) prior to calibration (i.e., the offset from the global marine
reservoir (ΔR) was set at 900 yrs when using the marine calibration
curve; Hughen et al., 2004). For lacustrine 14C ages younger than 11 ka
BP the Southern Hemisphere atmospheric calibration curve was used
(McCormac et al., 2004); in all other cases the Northern Hemisphere
atmospheric calibration curve (Reimer et al., 2004) was applied.

The time of deglaciation of the current ice-free regions was derived
from published cosmogenic isotope dating of exposed rocks (Gosse
and Phillips, 2001) and 14C dating of fossils incorporated into raised
beaches, organic material and fossils in lake sediments, and
(abandoned) bird colonies (e.g. through the radiocarbon dating of
stomach oil deposits from snow petrels (Pagodroma nivea)). The 14C
dates are interpreted as minimum ages since there is an unknown lag
time between deglaciation and colonization of the land by biota (e.g.,
Gore, 1997; Ingólfsson et al., 2003).

http://calib.qub.ac.uk/calib/
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3. Overview of past climate changes

3.1. The Pleistocene–Holocene transition

The widespread Antarctic Early Holocene climate optimum
between 11.5 and 9 ka BP observed in all ice cores from coastal
and continental sites (Masson et al., 2000; Steig et al., 2000;
Masson-Delmotte et al., 2004, 2010a; Mayewski et al., 2009),
coincided with the onset of biogenic sedimentation in lakes and
the occupation of ice-free land by biota between c. 13.5 and 10 ka BP
in Princess Elizabeth Land and Mac Robertson Land (Figs. 1 and 2).
In the Larsemann Hills, Vestfold Hills and Amery Oasis some areas
escaped full glaciation during the Last Glacial Maximum (LGM)
(Hodgson et al., 2001; Fink et al., 2006; Gibson et al., 2009; Kiernan
et al., 2009; Colhoun et al., 2010; Newman et al. unpubl. res.),
whereas other areas were likely completely ice-covered and
gradually deglaciated between c. 13.5 and 4 ka BP (Hodgson et al.,
2001; White et al., 2009). Diatoms and pigment data point to the
establishment of seasonally melting lake ice and snow cover, and
the development of microbial mats at c. 10.8 ka BP (Hodgson et al.,
2005), with evidence for relatively wet conditions between c. 11.5
and 9.5 ka BP in a lake on one of the northern islands in the
Larsemann Hills (Verleyen et al., 2004b). This is consistent with
paleolimnological evidence from the nearby Vestfold Hills, where
some lakes became ice-free and diatoms and rotifers inhabited
water bodies from c. 11.4 14C ka BP onwards (c. 13.2–13.4 ka BP;
Roberts and McMinn, 1999; Cromer et al., 2005). In the Rauer
Islands ice-free conditions were inferred prior to c. 11.6–11.2 ka BP
and a marine climate optimum is present between 9.2 and 8.2 ka BP
Fig. 2. Deglaciation and early Holocene warmth in ice-free regions along the East Antarctic
asterisk, detailed records are lacking. Regions indicated with a cross were partly ice-free duri
VH: Vestfold Hills, RI: Rauer Islands, AO: Amery Oasis, BH: Bunger Hills, WI: Windmill Island
aGingele et al. (1997), bMiura et al. (1998), cHodgson et al. (2005), dVerleyen et al. (2004b)
(2006), iEmslie et al. (2007), jHall (2009), kGibson (unpublished results), lBerg et al. (2010), m
qVerkulich et al., 2002, rHendy (2000).
(Berg et al., 2009, 2010). At least parts of Amery Oasis were covered
by locally expanded glaciers during the Late Pleistocene (Hambrey
et al., 2007), but deglaciation of some areas had started prior to c.
11 ka BP (Wagner et al., 2004; Fink et al., 2006) and biogenic
sediments started to accumulate in some lakes from c. 13.4–12.5 ka
BP (Wagner et al., 2004; Wagner et al., 2007; Newman et al. unpubl.
res.), coincident with deglaciation of coastal regions in Mac
Roberston Land from 13 ka BP onwards (Mackintosh et al., 2007).
Microfossils indicate a well developed faunal community in one of
the lakes from c. 13 ka BP (Newman et al. unpubl. res.), which was
followed by the establishment of a diatom community at c. 10.2 ka
BP, likely related to increased nutrient inputs and a reduction in ice
and snow cover, marking the start of relatively warm conditions
(Wagner et al., 2004).

In Wilkes Land, parts of the Bunger Hills remained ice-free during
the LGM (Gore et al., 2001), whereas the Windmill Islands (66°20'S–
110°30'E) were glaciated (Goodwin, 1993). The minimum ages for
deglaciation of the Windmill Islands are also slightly younger than
those from the oases near the Lambert Glacier; post-glacial lake
sediments accumulated at c. 10.2 ka BP (Roberts et al., 2004), biogenic
sedimentation in the marine bays started around c. 10.5 ka BP
(Cremer et al., 2003; Hodgson et al., 2003), and penguins occupied
the region from at least c. 9 ka BP (Emslie andWoehler, 2005). Despite
the temperature optimum recorded in the ice cores, relatively cool
summer conditions persisted near the Windmill Islands during the
Early Holocene, probably due to the influence of local glaciers as
reflected by the well developed sea ice diatom assemblages seen in
coastal marine sediment cores (Cremer et al., 2003). The Bunger Hills
were occupied by nesting snow petrels from at least 10 ka (Verkulich
coastline. Dashed lines represent poorly dated records. For regions indicated with an
ng the LGM. SO: Schirmacher Oasis, LHB: Lützow Holm Bay region, LH: Larsemann Hills,
s, and DV: McMurdo Dry Valleys. Superscript numbers refer to the original publications:
, eRoberts and McMinn (1999), fCromer et al. (2005), gWagner et al. (2004), hFink et al.
Cremer et al. (2007), nCremer et al. (2003), oHodgson et al. (2003), pKulbe et al. (2001),

image of Fig.�2
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and Hiller, 1994), and organic sediments started to accumulate in the
lakes at the Pleistocene–Holocene boundary in association with
extensive and relatively rapid ice melting, which also supports the
occurrence of an Early Holocene warm period at c. 9±0.5 ka BP
(Verkulich et al., 2002). Further radiocarbon evidence suggests that
large parts of the southern Bunger Hills were rapidly deglaciated prior
to 8 ka BP (Melles et al., 1997).

Although terrestrial climate archives are present in the ice-free
regions in Dronning Maud, Enderby, and Mac Robertson Land
(Sinha et al., 2000; Bera, 2004; Singh and Tiwari, 2004; Matsumoto
et al., 2006), surprisingly little information is available about the
deglaciation and post-glacial climate evolution there. At least some
areas such as the Untersee Oasis (71°S–13°E) were probably ice-
free during the LGM as shown by 14C dating of stomach oil deposits
from snow petrels, which indicates occupation during at least the
past 34 ka (Hiller et al., 1988). Similarly, coastlines of some islands
and peninsulas in Lützow-Holm Bay near Syowa Station (69°00'S–
39°35′E) may have been ice-free for at least 40 ka and probably
longer, as evidenced by AMS 14C dates of individual in situ marine
fossils incorporated into raised beaches (Miura et al., 1998). Other
areas such as the Schirmacher Oasis likely deglaciated at the
Pleistocene–Holocene boundary as indicated by a grounding line
retreat in the Lazarev Sea (Gingele et al., 1997). Similarly, parts of
Mt. Riiser-Larsen in Enderby Land likely deglaciated at the
beginning of the Holocene as evidenced by the onset of organic
sedimentation in Lake Richardson (Zwartz et al., 1998).

In the RSR, a grounded ice sheet fed from the glaciers of the Ross
Embayment began filling the McMurdo Sound at ~27 14C ka BP
(Emslie et al., 2007) until reaching its northern extent at the LGM, and
remained at its LGM position until c. 12.7 14C ka BP (c. 14.7–15.2 ka
BP). Following the LGM, the ice receded at a very slow rate, or stood
still, until c. 10.8 14C ka BP (c. 12.7–12.9 ka BP) (Denton andMarchant,
2000; Hall and Denton, 2000a; see Hall, 2009 for a review). For
example, the Wilson Piedmont Glacier probably maintained its LGM
position until c. 10.7 14C ka BP (c. 12.6–12.8 ka BP) (Hall and Denton,
2000b; Hall et al., 2001) and persisted there into the Early Holocene
(Hall et al., 2000; Hendy, 2000; Hall et al., 2001, 2002). This grounded
ice sheet blocked several valleys in the McMurdo Dry Valleys and fed
large proglacial lakes such as glacial Lakes Washburn and Wright,
which had water over 500 m deep in some valleys (Hall and Denton,
1995) and existed until the Early Holocene (Hall et al., 2000; Hendy,
2000; Hall et al., 2002). Between c. 14 ka and 8 ka BP these large
proglacial lakes started to evaporate (Hendy, 2000); the evaporation
of Lake Washburn starting during the LGM. In the Taylor Valley,
evaporation of Lake Fryxell was discontinuous, with a series of high
and low stands (Wagner et al., 2006). Significant changes in the rate of
carbonate precipitation (measured as Total Inorganic Carbon) in a
sediment core from Lake Fryxell between c. 13 and 11 ka BP suggest a
significant desiccation event at the Pleistocene–Holocene transition
(Wagner et al., 2006, but seeWhittaker et al., 2008). Offshore, an Early
Holocene climate optimum with open marine conditions is inferred
from the presence of varved diatomaceous ooze in a marine sediment
core from Cape Hallett at N9.5–9.4 ka BP (Finocchiaro et al., 2005).

3.2. After the Early Holocene Warm period

The period following deglaciation shows complex and less
consistent patterns than those observed at the Pleistocene–Holocene
boundary (Fig. 3). In the Larsemann Hills, relatively dry conditions
occurred on land between c. 9.5 and 7.4 ka BP, when lake levels
dropped below their present position (Verleyen et al., 2004b). The
composition of marine sediments deposited in isolation basins
between c. 7.4 and 5.2 ka BP is consistent with a marine climate
optimum, which is not clearly evident in the terrestrial sediments
(Verleyen et al., 2004b; Hodgson et al., 2005). In the Amery Oasis, the
slight warming inferred from a minor increase in lake organic matter
content during the Early Holocene at 10.2 ka persisted until c. 6.7 ka
BP, when a clear temperature optimum is inferred from geochemical
proxies between c. 8.6 and 8.4 ka BP (Cremer et al., 2007). This
warming was proposed as being in opposite phase (within dating
uncertainty) to the 8.2 ka cold event reported from the North Atlantic
region, yet recently obtained 14C dates place this optimum earlier,
between 8.9 and 8.7 ka BP (Newman et al. unpubl. res.), implying that
the anomalies in both hemispheres are possibly not related. The
optimum was followed by cold conditions from c. 6.7 to 3.7 ka BP
(Wagner et al., 2004). In the Vestfold Hills, isostatic rebound and the
emergence of isolation lakes from the sea resulted in major ecosystem
changes, which hamper detailed paleoclimatological inferences being
made for the period after the Early Holocene optimum, particularly in
lower altitude lakes (Fulford-Smith and Sikes, 1996; Roberts and
McMinn, 1999). However, in one of the lakes there is evidence for a
warm period between c. 8.5 and 5.5 ka BP and a major cooling event
between 5.5 and 5 ka BP (Gibson unpubl. res.). In the Rauer Islands,
the cold conditions that started around 8.2 ka BP persisted until 5.7 ka
BP were followed by a marine climate optimum which lasted until
3.5 ka BP (Berg et al., 2010). In the Windmill Islands, relatively cool
summer conditions were observed in a marine bay with a combina-
tion of winter sea ice and seasonal open water conditions inferred
from diatom assemblages between c. 10.5 and 4 ka BP (Cremer et al.,
2003; Hodgson et al., 2003). These open water conditions are partly
corroborated in the marine sediments of a nearby isolation basin but
have less robust chronological constraints (Roberts et al., 2004). The
peak of this (marine) cooling period was pinpointed at about c. 7 ka
BP, when penguin colonies were abandoned on one of the peninsulas
(Emslie and Woehler, 2005). In the Bunger Hills cold and dry
conditions with limited meltwater and extended periods of lake ice
cover prevailed on land between c. 9 and 5.5 ka BP (Verkulich et al.,
2002), coincident with an expansion in snow petrel colonisation
between c. 8 and 6 ka BP (Verkulich and Hiller, 1994). Ainley et al.
(2006) link slightly elevated δ13C values in stomach oil deposits from
snow petrels to a shift in feeding to 13C enriched preywhichwasmade
available by a reduction in sea ice during a marine climate optimum
sometime between 7.5 and 5.5 ka BP, yet the temporal resolution of
this record is particularly low during this period. Perhaps a better
constraint on the timing of this marine optimum can be identified in
coastal sediments where high Total Organic Carbon, high C/N and low
concentrations of ice related diatomswere present from at least. 9.4 to
7.6 ka BP (Kulbe et al., 2001), followed by cold marine conditions
between c. 7.6 and 4.5 ka BP.

In the RSR, the last remnants of grounded ice in Taylor Valley post-
date c. 8.4 14C ka BP (c. 9–9.4 ka BP), and penguins did not recolonize
the area until c. 8 ka BP, after an absence of c. 19,000 yrs (Baroni and
Orombelli, 1994; Hall et al., 2006; Emslie et al., 2007). Relict lake
deltas show an increase in the meltwater supply and increases in lake
levels at c. 6 14C ka BP (c. 6.8 ka BP; Hall and Denton, 2000a,b)
coinciding with a major retreat of the Ross Ice Sheet and a regional
deglaciation inferred from radiocarbon dating of remains in raised
beaches, till deltas, and marine sediments (c. 6.6 14C ka BP: c. 7.5 ka
BP; Hall et al., 2004; Hall and Denton, 1999, 2000a). The recession of
parts of the Wilson Piedmont Glacier was delayed until an ice shelf
retreat in the area at c. 5.7 14C ka BP (c. 6.6–6.3 ka BP; Hall and Denton,
1999) and this retreat lasted until at least c. 4.4–3.1 14C ka BP (c. 5.2–
4.8–3.5–3.3 ka BP; Hall and Denton, 2000b). This post-dates a
secondary climate optimum detected in the ice cores of the RSR,
between 8 and 6 ka BP (Masson et al., 2000, p 355). There is also
sedimentological and geochemical evidence for increases in inferred
salinity between c. 9 and 4 ka BP in a sediment core from Lake Fryxell
(Wagner et al., 2006); although subsequent analyses based on
stratigraphy, mineralogy and diatom assemblages found generally
stable Holocene lake levels after the initial drop in the Early Holocene,
with only a minor low-stand at ~6.4 ka BP (Whittaker et al., 2008). In
a marine sediment core from northern Victoria Land, there is evidence



Fig. 3. Mid Holocene climate variability along the East Antarctic coastline. Dashed lines represent poorly dated records. For regions indicated with an asterisk, detailed records
are lacking. Abbreviations as in Fig. 2. Superscript numbers refer to the original publications: for a–r see caption of Fig. 2; sOkuno et al. (2007), tFulford-Smith and Sikes (1996),
uMelles et al. (1997), vKirkup et al. (2002).
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for cooling from 9.4 ka and an abrupt decrease in palaeoproduction
markers from 8.0 to 7.8 ka BP when sandy mud sediment suggests a
rapid landward recession of the local/regional glaciers, together with
the onset of seasonal sea ice formation (Finocchiaro et al., 2005).

3.3. The Mid to Late Holocene warm period

A Mid to Late Holocene warm period is inferred from various ice,
lake and marine core records from Antarctica (see Hodgson et al.
(2004) for a review). In the Larsemann Hills this warm period is dated
between c. 4 and 2 ka BP (Fig. 3). There, relatively wet conditions
resulted in increased lake water levels, which predate then overlap
with the coastal marine optimum inferred from the presence of open
water marine diatoms in isolation basins at 2.7 to 2.2 ka BP (Verleyen
et al., 2004a,b). A short return to dry conditions and low water levels
is present in one of the lake records at c. 3.2 ka BP (Verleyen et al.,
2004b). The relatively wet period is coincident with ice thinning over
Progress Lake and the resumption of biogenic sedimentation at 3.5 ka
BP, after at least 40 ka of permanent ice cover (Hodgson et al., 2006a),
and the formation of proglacial lakes on Stornes, the eastern of the
two main peninsulas in the Larsemann Hills between c. 3.8 and 1.4
14C ka BP (c. 4.4–4.1 and 1.3 ka BP; Hodgson et al., 2001). In the Amery
Oasis, relatively warm conditions between c. 3.2 and 2.3 ka BP are
inferred from abundant organic matter deposition in Lake Terrasovoje
(Wagner et al., 2004), yet newly obtained 14C dates place this
optimum slightly earlier at c. 3.5 and 3.1 ka BP (Newman et al. unpubl.
res.). In the Vestfold Hills, a decline in lake salinity could be inferred
between c. 4.2 and 2.2 ka BP, but the dates are at low resolution
(Roberts and McMinn, 1996, 1999). This period of low salinity is
however broadly supported by the warm and humid conditions
between c. 4.7 and 3 ka BP proposed by Björck et al. (1996) after
reinterpretation of previously published results (Pickard et al., 1986)
and with reduced sea ice cover in one of the fjords between N3.5 and
2.5 ka BP (McMinn et al., 2001). Following this, a large increase in sea
ice in the fjords suggests cooling occurred between 2.5 and 2 ka BP
(McMinn et al., 2001).

In the Windmill Islands, enhanced biological production, probably
reflecting more open water conditions and a climate optimum,
occurred in the near shore environment between c. 4 and 1 ka BP
(Kirkup et al., 2002), with stratified conditions caused by enhanced
meltwater input (Cremer et al., 2003). In this area the Mid to Late
Holocenewarm period coincidedwith the readvance of the LawDome
ice margin after c. 4 ka BP, in response to an increase in precipitation
(Goodwin, 1996). In the Bunger Hills, a stepwise increase in primary
production was reported in the lakes between c. 4.7 and 2 ka BP
(Melles et al., 1997) and was accompanied by the draining of some
ice-dammed lakes between c. 5.5 and 2 ka BP (Verkulich et al., 2002).
Similarly a gradual near shore marine warming was inferred for this
area from c. 4.5 ka BP, followed by an optimum between c. 3.5 and
2.5 ka BP (Kulbe et al., 2001).

In the Lützow-Holm Bay region, a rapid isostatic rebound (6 m in c.
1000 yrs) occurred between c. 4.7 and 3 ka BP, which was linked to
the rapid removal of part of the regional ice mass, most likely as a
result of ice melting caused by warming (Okuno et al., 2007). No
detailed information is available for other areas in the DronningMaud
Land region.

In the RSR, the presence of hairs from Southern Elephant Seals
along with the remains of Adélie Penguins between c. 6 and 4 14C ka
BP (c. 5.6–2.8 ka BP), indicates less sea ice than today, but sufficient
pack ice for penguins to forage during spring according to Hall et al.
(2006), but it is not until 4–2 ka BP that there was extensive
occupation by Adélie Penguins along the central to southern coast-
lines (Baroni and Orombelli, 1994; Emslie et al., 2007) after a period of
abandonment between 5 and 4 ka BP (Emslie et al., 2007). Moreover,
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the temporal distribution of otoliths from Antarctic silverfish, which is
the preferred prey of Adélie penguins, shows a peak between 4 and
2 ka BP (Lorenzini et al., 2009). In Lake Fryxell, well developed
microbial mats occurred from c. 4 ka BP onwards, which indicates
similar environmental conditions and water depths to those found
today (Wagner et al., 2006) although minor low stands have been
inferred at 4.7, 3.8, and 1.6 ka BP (Whittaker et al., 2008).

3.4. Past 2000 yrs—neoglacial cooling, the Medieval Warm Period, the
Little Ice Age and recent climate change

Much attention has been paid to the fluctuations in climatewhich in
the Northern Hemisphere gave rise to the well-documented Medieval
Warm Period (900–1300 AD or 1100–700 BP), and the Little Ice Age
(LIA) (1450–1850 AD or 500 and 100 BP). The search in Antarctica for
these climate signals is an important element in understanding how the
Earth's climate system works, and in particular to determine if Late
Holocene climate events are in phase or exhibit an anti-phase or seesaw
pattern between the hemispheres.

In the Larsemann Hills, there is some evidence of neoglacial
cooling (Fig. 4) leading to dry conditions around 2 ka BP (Hodgson
et al., 2005), 700 yr BP and between c. 300 and 150 yr BP in some of
the lakes (Verleyen et al., 2004b). These dry conditions parallel
declines in sea bird populations during the past 2000 yrs which have
been related to a ‘climate deterioration’ (Liu et al., 2007). In the Amery
Oasis, neoglacial cooling occurred from c. 2.3 ka BP onwards, with a
short return to a relatively warmer climate between c. 1.5 and 1 ka BP
(Wagner et al., 2004). In the Vestfold Hills, meltwater input into the
lakes gradually decreased from 3 ka BP onwards (Fulford-Smith and
Sikes, 1996) and an increase in fast ice extent is observed from c.
1.7 ka BP (McMinn, 2000), broadly coincident with the Chelnock
Glaciation on land (Adamson and Pickard, 1986). Cold conditions are
Fig. 4. Climate variability along the East Antarctic coastline during the past 2000 yrs. For regi
indicated with a triangle. Abbreviations as in Fig. 2. Superscript numbers refer to the origina
yWhittaker et al. (2008).
similarly inferred between c. 1.3 ka BP and 250 yr BP (Bronge, 1992)
and low precipitation from c. 1.5 ka 14C BP (c. 1.3–1.5 ka BP, but
dating is at low resolution; Roberts and McMinn, 1999). A
palaeohydrological model reconstructing changes in lake salinity
and water level from a lake sediment core shows no significant
change in evaporation for the last c. 700 yrs, other than a slightly
lower evaporation period at c. 150–200 yr BP, which is the only hint
of a mild LIA-like event in the Vestfold Hills (Roberts et al., 2001).

In the Windmill Islands neoglacial cooling and persistent sea ice
cover were inferred from a decrease in the biogeochemical proxies of
production in the marine bays near the Windmill Islands (Kirkup
et al., 2002; Cremer et al., 2003). A slow decrease in lake water salinity
was observed on nearby islands during the Late Holocene, and there is
no evidence for a LIA-like event there (Hodgson et al., 2006b). Instead,
a very rapid salinity rise during the past few decades was present that
has likely been brought about by increased wind speed and
evaporation (Hodgson et al., 2006b). In the Bunger Hills, extended
settlement by snow petrels after c. 2 ka BP was reported by Verkulich
and Hiller (1994) from the presence of stomach oil deposits, and
coincides with a lake sediment inferred climate cooling (Melles et al.,
1997; Verkulich et al., 2002) and geomorphological evidence of a
glacier readvance during recent centuries (Adamson and Colhoun,
1992). Cool conditions persisted from c. 2 ka BP with some minor
fluctuations (Verkulich et al., 2002).

In the Lützow-Holm Bay region, lake sediment cores have yet
to provide insights in past climate variability during the Late
Holocene but preliminary investigations show excellent preserva-
tion of biogeochemical markers (Matsumoto et al., 2006). Detailed
paleoclimatic records are still lacking for the region and for areas
in Dronning Maud Land and other regions in Enderby Land.

In the RSR, the warmest period of the past 6000 yrs was inferred
between c. 2.3 and 1.1 ka 14C BP (c. 2.6–2.3 and 1.2–0.9 ka BP), based
ons indicated with an asterisk, detailed records are lacking. Short dry or cold periods are
l publication: for a–w see captions of Figs. 2 and 3; wMcMinn (2000), xHall et al. (2006),
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upon an expansion in elephant seal colonies which was linked to a
decline in sea ice extent (Hall et al., 2006). However Emslie et al.
(2007) conclude that Adélie penguins were absent from the Scott
Coast and Ross Island between 2 and 1.1 ka BP, likely correlated with
cooling episodes and extensive sea ice that caused unfavorablemarine
conditions for breeding in the southern Ross Sea, whilst Hall et al.
(2006) do not infer there widespread development of land fast ice
until after 1.2–0.9 ka BP which led to the abandonment of the
elephant seal colonies. These differences in the climate inferences
derived from elephant seal versus penguin data have yet to be
resolved. Inland enhanced evaporation resulted in Lakes Fryxell,
Vanda and Bonney becoming ice-free hypersaline ponds by c. 1.2–1 ka
BP (Lyons et al., 1998;Wagner et al., 2006), and at the same time Lake
Wilson, a perennially ice-capped, deep (N100 m) lake further South
(80°S) in Southern Victoria Land, evaporated to a brine lake (Webster
et al., 1996). After 1 ka BP increasing water levels and primary
production in the lakes (Lyons et al., 1998; Wagner et al., 2006;
Whittaker et al., 2008) are attributed to higher summer temperatures
or to an increase in the number of clear, calm and snowless
midsummer days (Hendy, 2000). During the last few centuries (b c.
0.2 14C ka BP, c. 0.4–0.1 ka BP), the Wilson Piedmont Glacier has been
more extensive than today as documented by aerial photographs
taken in 1956 (Hall and Denton, 2002) but, like other areas of EA there
is no clear sign in theMcMurdo Dry Valleys of themagnitude and style
of glacier advances typical of the Northern Hemisphere Little Ice Age
(Hall and Denton, 2002).

Studies in the framework of the US Long Term Ecological Research
program have revealed a rapid ecosystem response to local climate
cooling in the McMurdo Dry Valleys during recent decades, as
evidenced by a decline in lake primary production and declining
numbers of soil invertebrates (Doran et al., 2002). However, inter-
annual fluctuations are large, as evidenced by the occurrence of an
unusually warm summer in 2001–2002, which created sufficient
meltwater to replace the prior 14 yrs of lake level lowering in a period
of just three months (Doran et al., 2008).

4. Synthesis and discussion

Many of the larger currently ice-free regions studied, escaped full
glaciation during the LGM, such as the Larsemann Hills (Hodgson et
al., 2001, 2009b), the Vestfold Hills (Gibson et al., 2009; Colhoun et al.,
2010), Amery Oasis (Fink et al., 2006) and the Bunger Hills (Gore et al.,
2001) and possibly also some island and peninsula coastlines in
Lützow Holm Bay (Miura et al., 1998), whereas other regions were
probably completely glaciated and became gradually ice-free after the
Pleistocene–Holocene boundary, with differences in local ice mass
and extent causing regional differences in the timing of deglaciation
and subsequent colonisation by biota. The onset of deglaciation of the
EA oases generally preceded the deglaciation of the AP (Bentley, 1999;
Anderson et al., 2002; see Hall, 2009 for a review). However, some
areas such as Stornes in the Larsemann Hills and parts of the Lützow
Holm Bay region became ice-free as recently as the Mid to Late
Holocene, probably as a result of local ice configurations, further
climate warming and ongoing relative sea level changes. In the RSR,
deglaciation started during the transition from the Pleistocene and
continued into the Early Holocene forming a series of large proglacial
lakes. These evaporated to approximately their present size as late as
the Mid Holocene (Hall and Denton, 2000a,b; Wagner et al., 2006).
This multi stage deglaciation pattern across EA is similar to that
observed in the Northern Hemisphere, where the ice sheets started to
melt immediately after the LGM and continued to disintegrate in
various stages until the Late Holocene (Siegert, 2001). For example,
the western part of the North American continent became ice-free
during the Pleistocene to Holocene transition (Carlson et al., 2008),
whereas the Laurentide Ice Sheet persisted over the land masses
bordering the North Atlantic region during the Early Holocene. The
mechanisms behind these differences in deglaciation patterns along
the EA coastline are still unclear. Dating uncertainties are sometimes
high which may (partly) underlie the differences in deglaciation
history between the different regions. However, it is reasonable to
conclude that the main phases of deglaciation were closely linked to
the major climate shifts during Termination 1, and the widespread
thermal maxima of the Early Holocene and Mid to Late Holocene with
regional variations brought about by differences in the response of the
ice sheets to internal glaciological dynamics, the volume of overriding
ice at the LGM, global sea level change, and local climate forcing (cf.
Hall, 2009).

The Early Holocene in EA is characterised by the first thermal
optimum, which is well resolved in the majority of terrestrial and
coastal marine records between c. 11.5 and 9.5 ka BP, centred on c.
10 ka BP. This climate optimum is seen in Antarctic ice cores between
11.5 and 9 ka BP (Masson et al., 2000; Stenni et al., 2010), and
detected across the continent, for example in a marked phase of
deglaciation of the AP Ice Sheet (e.g. Bentley, 1999; Hall, 2009), and
thinning of the WA Ice Sheet in Marie Byrd Land (Johnson et al.,
2008). Moreover, this Early Holocene optimum on land is also
evident in most marine sediment cores (e.g., Finocchiaro et al., 2005;
Crosta et al., 2007 and references therein) and coincides with the
transition from grounded ice to open marine conditions in some
regions of the EA continental shelf, such as in Prydz Bay (Domack
et al., 1991; Taylor and McMinn, 2002) and Terre Adélie (Denis et al.,
2009). The Early Holocene thermal optimum appears to be a nearly
bipolar phenomenon as it is also detected in records from Beringia,
Alaska and Northwest America (e.g. Kaufman et al., 2004). However,
the North Atlantic region remained cold and didn't experience
warmer conditions until c. 2.5 ka later at 7–6 ka BP, as inferred from
pollen-based temperature reconstructions for northern Europe (e.g.,
Davis et al., 2003). The climate at high latitudes in parts of the
Southern and Northern Hemisphere (except the North Atlantic
region) thus likely responded in phase with the summer insolation
maximum at the high latitudes in the Northern Hemisphere during
the Early Holocene (Berger and Loutre, 1991). Interestingly, summer
insolation values at the high latitudes in the Southern Hemisphere
did not peak during this Early Holocene period (Berger and Loutre,
1991), but later during the Mid to Late Holocene; hence the Early
Holocene climate optimum in Antarctica is likely related to other
forcings such as the culmination of the deglacial rise in CO2 changes
in the position and strength of the Southern Westerlies leading to
more negative SAM (e.g. Bentley et al., 2009) and/or changes in the
thermohaline circulation (THC; Blunier et al., 1998). For the latter
scenario geological evidence is still lacking, but it has been suggested
that Antarctic interglacial climate optima are caused by transient
heat transport redistribution comparable with glacial north–south
seesaw abrupt climatic changes (Masson-Delmotte et al., 2010a,b). A
possible scenario would then be that decreased North Atlantic Deep
Water formation as a result of the final deglaciation in the Northern
Hemisphere during the Early Holocene weakened the Atlantic
Meridional Overturning Circulation (AMOC) and led to warmer
conditions over Antarctica. This scenariowould then be in agreement
with the relatively cold conditions observed in the North Atlantic
region (Kaufman et al., 2004).

The period following the Early Holocene optimum shows
complex regional patterns with cold and dry conditions in some
regions, coinciding with relatively warmer conditions elsewhere
(Figs. 2 and 3), suggesting that regional rather than global forcing
mechanisms dominated the climate. This is similar to the marine
sediment cores from the continental shelf in which there is also no
consensus yet regarding the early Holocene climate evolution, but
most records there point to the presence of a climate optimum (see
Crosta et al., 2008 and reference therein). This thermal optimum
either started during the Early Holocene and lasted until the Mid or
Late Holocene, or was only shortly interrupted by a cooling trend
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between 9 and 8 ka BP, after which warmer conditions were re-
established until c. 5 ka BP in EA or c. 3 ka BP in West Antarctica
(Leventer et al., 1996). For example, less sea ice cover was inferred in
the Prydz Bay region between 11,650 and 2600 14C yr BP (Taylor and
McMinn, 2002), which was possibly interrupted by a readvance of
floating glacial ice between 7400 and 3300 14C yr BP as observed in
the ODP 740A site (Domack et al., 1991). In Adélie Land, a cooler
Early Holocene was followed by a Mid Holocene warm period (from
7.7 ka BP onwards) with a transition to colder, Neoglacial conditions
at c. 4 ka BP (Crosta et al., 2007, 2008). In Victoria Land, the climate
cooled from 9.4 ka BP onwards until 8 ka BP, after which seasonal
open water conditions and circulation patterns as those of today
were established (Finocchiaro et al., 2005). In summary, a marine
inferred climate optimum in some areas is apparently out of phase
with terrestrially inferred temperatures, or even coincident with
cool and dry conditions on land. These anti-phased pattern in
climate variability and the disparity between records might reflect
(i) differences in heat capacity and hence thermal inertia between
the different systems, which is typically higher for the ocean
compared with the terrestrial realm (Renssen et al., 2005) and the
fact that (ii) the organic fraction in marine sediments reflects spring,
summer and autumn conditions (including sea ice blooms), whereas
lacustrine biotic assemblages largely reflect summer conditions
when the lakes are ice-free and primary production peaks (Hodgson
and Smol, 2008), and (iii) solar insolation maxima during spring,
summer and autumn are out of phase at the high latitudes in the
Southern Hemisphere during the Holocene (Berger and Loutre,
1991; Bentley et al., 2009). For example, solar insolation was at a
maximum during spring at the beginning of the Holocene, whereas
the summer insolation was relatively high during the Mid to Late
Holocene (Renssen et al., 2005). In addition dating uncertainties
associated with variable marine reservoir effects in near shore
coastal records may also hamper comparison between the different
records and anomalies, together with lags in response time of the
different archives and proxies used.

In the Amery Oasis there is evidence of a climate optimum
between c. 8.6 and 8.4 ka BP (Cremer et al., 2007) or between 8.9 and
8.7 ka BP (Newman et al. unpubl. res.), which slightly predates the
colonisation of the RSR by penguins at c. 8 ka BP after an absence of c.
19,000 yrs (Hall et al., 2006; Emslie et al., 2007). Interestingly, this
climate optimum coincides with a cooling trend observed in ice cores
(Stenni et al., 2010) and an open marine record from the South
Atlantic Polar Frontal Zone between 9 and 8 ka BP (Nielsen et al.,
2004), and, although dating uncertainties are large, it also predates or
overlaps (within the dating error) with the well-known temperature
decline around 8.2 ka BP in the ice core record from central Greenland
(Alley et al., 1997) and between 8.5 and 8 ka BP in records outside the
North Atlantic region (Rohling and Pälike, 2005). However, it remains
to be seen whether there is a causal link (e.g., seesaw) between the
expression of these climate anomalies at the high latitudes in the
Northern and Southern hemispheres or if, as some models suggest,
these anomalies (after 9 ka) can be explained by the combined effects
of local orbital forcing and the long memory of the system (Renssen
et al., 2005). Moreover, local processes in the terrestrial realm, such as
isostatic uplift and deglaciation, might have had an overriding effect
on the regional and global changes such as solar insolation and
differences in the thermohaline circulation. Isostatic uplift is known to
be high after deglaciation, which, together with glacier and ice sheet
retreat, leads to an increase in the amount of ice-free land which was
previously below sea level. This relative increase in ice-free ground
likely had a negative effect on the local albedo and hence could have
led to warmer conditions on land.

The Mid to Late Holocene in EA is characterised by the second
thermal optimum, which is well resolved along most parts of the
coastline but not well resolved in regional ice cores (although
secondary warm periods are observed ca. 3 ka BP at Dome C,
Dominion Range, and Byrd (Masson et al., 2000, p. 355)), and in
marine sediment cores from the continental shelf (e.g. Crosta et al.,
2007) and near the Antarctic Polar Front (between 50 and 53.2°S;
Divine et al., 2010) in which a Neoglacial cooling is observed from 4 ka
BP onwards. This Mid to Late Holocene warm period in EA can be
roughly placed between 4.7 and 1 ka BP and is evidenced by open
water coastal marine conditions, increased rates of deglaciation, and
wet/warm conditions on land. It is not known if it occurs in coastal
Dronning Maud Land, Enderby Land and Terre Adélie due to a lack of
long-term high resolution records in these regions. Similarly, it is not
well resolved in the RSR where ice cores point to an earlier secondary
warm period at ca. 8–6 ka BP (Masson et al., 2000, p. 355) coincident
with an optimum based on the occupation of the region by seals and
penguins (Hall et al., 2006). The seal and penguin occupation data
then either suggest a later optimum at c. 2.3 and 1.1 ka 14C BP (c. 2.6–
2.3 and 1.2–0.9 ka BP) (Hall et al., 2006), or cooling and persistent sea
ice (Emslie et al., 2007); a difference in interpretation that requires
further research. This is followed by an intensification of Southern
circumpolar westerlies at c. 1.2–1 ka BP, accompanied by relatively
cooler conditions in other regions along the EA coastline and in the
interior of EA (Masson et al., 2000) and WA (Siple Dome; Mayewski
et al., 2009), which is consistent with conditions experienced when
the SAM is in its positivemode. In the AP (excluding the northernmost
islands), this warm period occurs somewhere between c. 4 and 2 ka
BP, whereas in northern sites of the AP it spanned 3.8–1.4 ka BP (see
Hodgson et al., 2004 for a review). This Late Holocene climate
optimum in terrestrial environments in Antarctica may be a result of
low altitude coastal sites being closer to the 0 °C threshold which
would have the effect of amplifying various climate proxies (e.g.
Quayle et al., 2002), together with the occurrence of maxima in spring
and summer solar radiation during this period (Bentley et al., 2009).
Late spring and summer are of high importance in driving primary
productivity and inter-annual environmental variability in polar
terrestrial and lake ecosystems (Hodgson and Smol, 2008), hence
solar insolation maxima during this part of the year are expected to
have a profound effect on the records preserved on land. In the AP, an
alternative explanation for this warm period is that a poleward
displacement of the Southern Westerlies brought warm, moist air to
the west side of the AP leading to higher temperatures and
precipitation (Bentley et al., 2009). Finally, local processes might
also underlie this terrestrial optimum. For example, in the Larsemann
Hills, some lakes and likely also their catchments deglaciated during
this period which likely led to changes in albedo and a regional
warming. It is however unclear whether this deglaciation is the result
of the climate optimum, or rather the trigger. This Antarctic Late
Holocene climate optimum is apparently out of phase with anomalies
observed in the Northern hemisphere (Mayewski et al., 2004) and in
records from the continental shelf (e.g. Crosta et al., 2008). It is clear
that there is an urgent need for well-dated records around the EA
coastline in order to better compare themwith the AP region andwith
records from the continental shelf and sub-Antarctic regions (e.g.
Divine et al., 2010). In addition, these records are needed to study the
influence of past climate variability on ecosystem functioning
(Hodgson et al., 2004), because the Late Holocene warming event
acts as one of the natural analogues for the climate change that parts
of Antarctica are experiencing today.

After 2 ka BP, most areas of EA experienced neoglacial cooling,
with markedly cooler or drier events in some regions. With the
exception of some ice cores where the most recent cold anomaly is
called the ‘Antarctic Little Ice Age’ (Masson et al., 2000, p354), there
is little convincing evidence for a coeval Little Ice Age event
(Roberts et al., 2001), nor for anything corresponding convincingly
and region-wide to the Medieval Warm Period of the Northern
Hemisphere (e.g., Mann et al., 2008).

In the last few decades, a rapid salinity increase has been recorded
in lakes in the Windmill Islands region, and a number of ancient moss
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banks have become desiccated (Wasley et al., 2006) possibly in
response to the increased wind speed observed in some EA coastal
regions (Hodgson et al., 2006b). High resolution records from other
areas in EA are however lacking. In the RSR, a re-assessment of
temperature measurements has revealed that the continent-wide
average near-surface temperature trend is positive (Steig et al., 2009).
Also inWA, recentmeasurements and ice core data have revealed that
surface temperatures are significantly rising (Schneider and Steig,
2008; Steig et al., 2009). Themost vulnerable region in terms of global
climate change is without doubt the AP, where temperatures are
rising by ~0.55 °C per decade, which is six times the global mean
(Vaughan et al., 2003). At present, the ‘ozone hole’ is actually
buffering global warming in EA and when it closes, warming is
predicted to accelerate there as well (Turner et al., 2009).

5. Conclusions

Well-dated terrestrial and shallow marine records provide
valuable contributions to resolving the magnitude and geographical
extent climate changes in EA. Several past climate anomalies appear
to be in phase with changes at the higher latitudes in the Northern
Hemisphere, whilst others are out of phase (or in anti-phase). There is
clear evidence for a nearly Antarctic wide Early Holocene (11.5–9 ka
BP) optimum in phase with changes at Northern Hemisphere high
latitudes, but out of phase with changes in the North Atlantic region;
and a Mid to Late Holocene (4–1 ka BP) optimum near the coast,
subject to regional variations in its precise timing, but occurring well
after the orbitally forced (Hewitt and Mitchell, 1998) summer Mid
Holocene warm period experienced between 7 and 5 ka BP in the
Northern Hemisphere high latitudes. There is little or no evidence for
a coeval Little Ice Age and Medieval Warm Period in Antarctica. In the
most recent period, there is evidence that global warming is starting
to significantly impact some ecosystems in various regions in EA, for
example through increased primary productivity in lakes, lake level
lowering, increases in lake salinity and desiccation of moss banks. At
the moment, there is a pressing need for well-dated records to study
this present climate anomaly in relation to past natural variability, to
reveal the likely ecological consequences and identify both similar-
ities and differences in the respective forcing mechanisms involved.
The paucity of data is particularly acute for coastal regions in the
Dronning Maud and Enderby Land regions and from Terre Adélie. In
the latter region, shallow marine sediments may be the only
alternative due to the general lack of ice-free land containing lakes
and geological evidence of past environmental changes.
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