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Review
Glossary

Antarctic Circumpolar Current (ACC): the strongest ocean current in the world,

which circles Antarctica in an easterly direction.

Antarctic Polar Front (APF): boundary between Antarctic and sub-Antarctic

waters.

Cladogenesis: branching of an evolutionary lineage resulting in new taxa.

Haplotype: a haploid genotype. A variant of DNA, inherited from one parent,

which differs from other DNA variants on the same site of the genome by one

or more nucleotide characters.

Last Glacial Maximum (LGM): the peak of the last Ice Age, approximately

18 000–20 000 years ago.

Nunatak: an ice-free area (e.g., a rock or knob) protruding above glacial ice; or

an exposed mountain peak.

Periglacial: area adjacent to an ice sheet and/or glacier.

Phylogeography: study of geographic distributions of genetic lineages and

processes that shape them.

Polynya: area of open water surrounded by shelf or sea ice, often in the order

of 100 km2; usually formed by warm upwelling.

Postglacial: subsequent to a glacial period. Most commonly used to refer to the

time between the LGM and now.

Refugium: geographical area in which populations of glacially impacted

organisms persisted during the LGM (e.g., an unglaciated valley).

Southern Ocean: ocean surrounding Antarctica, usually considered bounded

to the north by the APF, but sometimes considered to include sub-Antarctic

waters between the APF and the STC.
Postglacial recolonisation patterns are well documented
for the Northern Hemisphere biota, but comparable
processes in the Southern Hemisphere have only recent-
ly been examined. In the largely terrestrial Northern
Hemisphere, recession of ice after the Last Glacial Maxi-
mum (LGM) allowed various taxa, including slow-mov-
ing terrestrial species, to migrate poleward. By contrast,
the Southern Hemisphere polar region is completely
ringed by ocean, and recolonisation of Antarctica and
the sub-Antarctic islands has thus presented consider-
able challenges. Although a few highly dispersive marine
species have been able to recolonise postglacially, most
surviving high-latitude taxa appear to have persisted
throughout glacial maxima in local refugia. These con-
trasting patterns highlight the importance of habitat
continuity in facilitating biological range shifts in re-
sponse to climate change.

High-latitude biological range shifts with past climate
change
The high latitudes of the Southern Hemisphere: ‘polar

opposite’ of the north

The geographic characteristics of the polar regions of the
Southern and Northern Hemispheres are strikingly differ-
ent from one another. The North Pole falls in an ocean
ringed by continental land, whereas the South Pole sits in
the middle of a continent surrounded by ocean (Box 1).
Such contrasting environments present considerably dif-
ferent challenges to the associated high-latitude biota.

Postglacial range shifts in the Northern Hemisphere:

recognised patterns

As Earth has undergone cycles of global climate change,
organismal distributions have shifted in response, gener-
ally moving away from the poles during glacial periods, and
towards the poles during interglacials [1]. Postglacial (see
Glossary) recolonisation of territory made habitable by
receding glaciers and warming temperatures is typically
marked by a relative lack of genetic diversity in newly re-
established populations. This biogeographic pattern
reflects both the young age of such populations and the
rapid demographic expansion of ‘leading-edge’ colonists,
effectively blocking the establishment of later immigrants
[1–3]. In the Northern Hemisphere, major postglacial
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ranges shifts have been inferred for a wide variety of taxa,
with many species moving from mid-latitude refugia to
northern habitats or to higher altitudes [2]. Species can
have highly individualistic responses to glacial–intergla-
cial climate change, and patterns of postglacial range shifts
thus vary greatly among taxa [4,5]. Nonetheless, although
some high-latitude taxa appear to have survived locally
throughout the last glaciation (sometimes referred to as
persistence in ‘cryptic refugia’) [2,4–6], the overwhelming
pattern in the temperate and polar Northern Hemisphere
has been one of large latitudinal postglacial range shifts.

Postglacial range shifts in the Southern Hemisphere:

new frontiers

In contrast to the wealth of literature addressing Northern
Hemisphere climate change and biodiversity impacts, rel-
atively few studies had, until recently, addressed the
glacial–interglacial history of Southern Hemisphere eco-
systems (but see [7]). Emerging data suggest that patterns
in the comparatively oceanic Southern Hemisphere (Boxes
1 and 2) differ considerably from those of the Northern
Hemisphere, particularly at the polar and subpolar (i.e.,
greater than approximately 508S) latitudes. At a time of
Subtropical Convergence (STC): boundary between sub-Antarctic and tempe-

rate waters.
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Box 1. General patterns of biological response to Quaternary climate change cycles in the Northern and Southern Hemisphere

high latitudes

Although many Southern Hemisphere taxa were presumably forced to

lower latitudes, or driven locally extinct, with the onset of Quaternary

glaciations, few appear to have recolonised the high latitudes

postglacially. The oceanic fronts and strong circumpolar currents

encircling Antarctica can act as effective barriers to latitudinal biological

dispersal [26,27,53,91,92], and have probably prevented many taxa

from dispersing to the Antarctic and sub-Antarctic regions during warm

interglacial periods, with some exceptions [93,94]. Most taxa present in

these southern regions are inferred to have persisted in local refugia

throughout recent glaciations. By contrast, Northern Hemisphere taxa,

both marine and terrestrial, highly mobile and sedentary, have

experienced more dynamic histories, with major northward range

shifts during interglacial periods in the absence of strong oceano-

graphic barriers comparable to the southern ACC, APF and STC

(although, in some cases, mountain ranges have limited their

postglacial dispersal [1]) (Figure I).
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Quaternary glacial periods:
Expanding ice caps and cooling temperatures 

drive taxa towards equator

Quaternary interglacial periods: 
Northern Hemisphere taxa move back towards poles, but 

poleward dispersal in Southern Hemisphere largely 
blocked by Southern Ocean currents and fronts

Figure I. Broadly, whereas large latitudinal range shifts are inferred to have occurred postglacially in a wide range of taxa in the Northern Hemisphere, similar

distributional changes have not occurred to the same extent in the high latitudes of the Southern Hemisphere. The oceanic North Pole is ringed by continental land,

whereas the continent of Antarctica (Antarctic bedrock [95] indicated in grey) is surrounded by ocean with strong, circumpolar currents and fronts (Box 2). Red arrows

show the generalised, inferred directions of biological distribution changes during glacial (a) and interglacial (b) periods. The approximate cover of continental glacial

ice is indicated in white, and perennial sea ice in pale blue.
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rapid, anthropogenically accelerated global warming [8],
understanding the factors that facilitate or inhibit biologi-
cal range shifts in response to climate change is critically
important. Here, we review the predominant patterns of
biological response in the Southern Hemisphere high lati-
tudes (glaciated or sea ice-affected regions) to the intergla-
cial warming that followed the LGM, from approximately
18 000 years ago to the present day [9]. We consider the
factors controlling high-latitude biodiversity shifts based
on physical contrasts between the Northern and Southern
hemispheres. We focus on biological range shifts in re-
sponse to natural global warming, rather than anthropo-
genic invasions or human-mediated recent global
warming, and primarily deal with taxa for which there
is clear evidence of natural population expansion and/or
range shifts since the LGM. Our focus is on the high
463



Box 2. Characteristics of Southern Hemisphere high latitudes

Antarctica is a heavily glaciated continent, and parts of the surround-

ing ocean are covered by sea ice for much of the year, particularly in

winter. Antarctica was thought to have been completely glaciated at

the LGM, although new biological data indicate that some pockets of

terrestrial habitat probably remained ice free [12].

The sub-Antarctic islands (here considered to be those occurring

approximately between the STC and the APF, but also including

South Georgia and Heard Island) have diverse geological and glacial

histories. At the LGM, some islands are thought to have been fully

glaciated, with ice probably extending offshore (e.g., Kerguelen and

Heard Islands), whereas for others there is geological evidence that

some terrestrial areas remained ice free (e.g., on Crozet, Falkland and

Macquarie islands) [96]. However, in many cases, the extent of

glaciation on sub-Antarctic islands remains poorly known (see [38]),

and the possibility of LGM terrestrial glacial refugia cannot be

dismissed for any. Antarctic winter sea ice extended considerably

further north at the LGM than it does today and, although the precise

extent of the ice is not known [50], there is some biological indication

that it at least occasionally extended north to sub-Antarctic islands,

such as Macquarie, Marion and Crozet Islands [46].

The ocean surrounding Antarctica (the Southern Ocean) connects

the Atlantic, Pacific and Indian Oceans and is home to the strongest

current in the world, the ACC, driven largely by intense westerly

winds. Cold Antarctic waters meet warmer sub-Antarctic waters at the

APF (also known as the Antarctic Convergence), and sub-Antarctic

waters extend north to the STC (Figure I).
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Figure I. Features of the Southern Hemisphere high latitudes, showing present-day oceanic fronts, sea-ice extent [97] and Antarctic bedrock [95] as well as key

features at the Last Glacial Maximum (LGM). Some sub-Antarctic and Antarctic island locations are indicated by white circles; not labelled but indicated in white

on the map are the New Zealand and Tasmanian ice sheets at the LGM. Hypothesised LGM winter sea-ice extent is approximately indicated, based on

contemporary biological data [46] combined with microfossil data [50]. Abbreviations: ACC, Antarctic Circumpolar Current; ACoC, Antarctic coastal (counter-

clockwise) current; AU, Auckland Islands; AN, Antipodes Islands; BA, Balleny Island; BO, Bouvet Island; CA, Campbell Island; CZ, Crozet Islands; FA, Falkland

Islands (also known as Malvinas); GO, Gough Island; HE, Heard Island; LGM PIS, Patagonian ice sheet at the LGM; KG, Kerguelen Islands; MA, Marion and Prince

Edward Islands; MQ, Macquarie Island; SG, South Georgia; SN, Snares Islands; SO, South Orkney Islands; SS, South Sandwich Islands; WAIS and EAIS, West

and East Antarctic ice sheets, respectively.
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latitudes, but we also include brief overviews of postglacial
range shifts in other glaciated parts of Southern Hemi-
sphere [i.e. New Zealand, Tasmania (Australia) and south-
ern South America].

Emerging patterns of postglacial range shifts in the
Southern Hemisphere high latitudes
Evidence for long-term in situ persistence of Antarctic

terrestrial taxa

Only approximately 0.3% of Antarctica is currently ice free
[10], and it has long been thought that little or no ice-free
habitat could have existed at the LGM [11]. However,
numerous recent studies provide evidence of deeply diver-
gent lineages unique to Antarctica, indicating glacial sur-
vival in fragmented habitats followed by postglacial
expansion, and pointing to long-term persistence of terres-
trial taxa, such as arthropods, on the Antarctic continent
[11–16]. The only evidence of postglacial recolonisation of
the Antarctic from lower latitudes comes from highly
dispersive marine mammals and seabirds (Box 3). Some
endemic freshwater copepods and cladocerans appear to
have survived the last Ice Age in Antarctica [12], and
ancient lineages of Antarctic mites, estimated to have
diverged from their non-Antarctic sister groups 6–10 mil-
lion years ago (Mya), have presumably also persisted on
the continent throughout numerous glacial periods [17].
The biogeographic history of the two vascular plant taxa
native to Antarctica is not well understood, and whether
they are ancient Gondwanan relicts or postglacial colonists
has yet to be resolved [18]. For the non-vascular flora,
many lichens (33–50%) appear to be endemic, and so are
Box 3. Postglacial recolonisation of Antarctica by marine

mammals and seabirds

Only for marine mammals and seabirds, capable of travelling long

distances in short periods of time, have any large latitudinal range

shifts been inferred in the Antarctic since the LGM. Species that

require icy environments (ice obligates) should theoretically not have

been particularly adversely impacted by Pleistocene glaciations,

whereas those that form colonies on ice-free land (e.g., gentoo

penguins, Adé lie penguins, fur seals, elephant seals and sea lions)

would have had to retreat to lower latitudes during glacial maxima, at

least for breeding purposes. In the Northern Hemisphere, several

Arctic marine mammals, although cold-adapted and highly disper-

sive, show signatures of classic south-to-north postglacial range

shifts, with population segregation and bottlenecks inferred at the

LGM [98]. A molecular study of extant and extinct sub-Antarctic and

Antarctic elephant seal (Mirounga leonina) populations, a species that

requires ice-free land to breed, indicates that an Antarctic continent

(Victoria Land) population colonised the area when it was freed from

ice 7500–8000 years ago, but was driven out by ice growth

approximately 1000 years ago to again take refuge at lower-latitude

Macquarie Island, where the species is still found [84] (Figure 1, main

text). Similarly, with glacial shortage of coastal polynyas for feeding

and ice-free land for nesting, it has been proposed that all Antarctic

penguin species except the emperor (Aptenodytes forsteri) might

have retreated to lower latitude (sub-Antarctic) refugia to breed

during glacial maxima [25]. Genetic evidence indicates that modern

Adé lie penguins derive from two lineages, presumably from two

refugial populations of uncertain location (but potentially within the

Antarctic region) that expanded after the last ice age [99]. In contrast

to penguins, some flighted seabirds, such as petrels, are able to nest

on nunataks and fly to open-ocean polynyas to feed, and thus might

well have persisted in situ throughout recent glacial periods [25].
likely to have survived recent glacial periods locally in
Antarctica. By contrast, many mosses (6–7% endemic) are
proposed to be recent, potentially postglacial, colonists,
possibly arriving via wind-driven propagule dispersal from
neighbouring landmasses [19]. However, molecular work
indicates that Antarctic moss endemism might currently
be underestimated, and also provides evidence for Pleisto-
cene persistence for some lineages in Victoria Land refugia
(Figure 1) [20].

Antarctic glacial refugia created by elevation and

volcanism?

The existence of ice-free pockets of terrestrial habitat
throughout recent ice ages is supported by numerous
molecular studies of Antarctic taxa, and possible locations
of Antarctic ice-free terrestrial glacial refugia have been
inferred from genetic evidence of ancient lineages [12]
(Figure 1), yet geological evidence for such refugia remains
scant [11]. Collapse of the West Antarctic Ice Sheet during
some Pleistocene interglacials [21] might have created a
more maritime environment close to the Transantarctic
Mountains, promoting dispersal of terrestrial taxa during
interglacials and thereby increasing their chances of gla-
cial survival. Small ice-free areas, such as nunataks (e.g.,
in alpine regions such as the Transantarctic Mountains),
probably existed during recent glacial periods, potentially
providing refugia throughout the LGM for alpine taxa
(e.g., the endemic montane mite family Maudheimiidae)
[11]. However, nunatak fauna are primarily continental
and alpine specialised; therefore, the persistence of lower
altitude fauna throughout the LGM cannot easily be
explained by nunataks [11]. Pockets of relatively warm,
ice-free land within mouths of geothermal glacial caves, or
areas around volcanoes made ice free by volcanic steam,
could explain the glacial persistence of some Antarctic
terrestrial taxa. There is presently an extensive geother-
mal cave system on the volcanic Mount Erebus in
Antarctica and, on the sub-Antarctic South Sandwich
Islands, geothermally warmed soils allow colonisation
by a wider range of flora than in comparable unwarmed
soils [22]. In the Northern Hemisphere, a subterranean
amphipod species appears to have survived recent glacials
in geothermally created refugia under the Icelandic ice cap
[23]. If our hypothesis that some Antarctic glacial refugia
were geothermal is correct, we predict that Antarctic
geothermal caves should continue to house native terres-
trial taxa today.

Evidence for the long-term local persistence of Antarctic

marine shelf taxa

Populations of Antarctic marine taxa occupying continen-
tal shelf habitats are particularly vulnerable to glacial
extirpation and therefore could be expected to have under-
gone wide-scale postglacial recolonisation. Three main
scenarios have emerged regarding how such species sur-
vived glaciations: (i) persistence in periglacial ‘moving’
refugial regions; (ii) survival in the considerably more
northern sub-Antarctic islands or southern South America;
and (iii) retreat to shelf slope and deep-sea habitats.

The first scenario, in which severely contracted popula-
tions experienced repeated founding events as they moved
465
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Figure 1. Proposed refugial regions and recolonisation routes. On the whole, few taxa appear to have dispersed to the Antarctic or sub-Antarctic regions from lower

latitudes postglacially, probably because of the oceanic barriers isolating the Southern Hemisphere high latitudes. With some exceptions from highly dispersive taxa (see

insets on the right), most taxa present in the high-latitude regions today are thought to have persisted in situ or in local refugia throughout Pleistocene glaciations, although

many show genetic signatures of postglacial population expansions. A few of the Antarctic refugial regions suggested by 1Convey et al. [12] for a range of taxa, and 2Hills

et al. [20] for a moss species, are shown. Abbreviations: AI, Alexander Island (nematodes and microbes); BH, Bunger Hills (freshwater copepods); MB, Marguerite Bay

(arthropods); VL, Victoria Land (moss). 3Modern terrestrial invertebrate records, adapted from Figure 3 of McGaughran et al. 2011 [13]. 4Approximate locations of modern

terrestrial floral records, adapted from Figure 2 of Peat et al. 2007 [19]. 5Low-latitude glacial refugia for sub-Antarctic marine organisms [i.e. regions where many ‘sub-

Antarctic’ marine biota are found, but which were not affected by sea ice at the Last Glacial Maximum (LGM)], and probable recolonisation route/s via the Antarctic

Circumpolar Current [46–48]. 6Mid-Holocene recolonisation of Antarctic mainland by elephant seals from sub-Antarctic refugia to which they again retreated approximately

1000 years ago [84]. Inset photo: Antarctic nunataks near SANAE base, reproduced with permission from Santjie du Toit. For definitions of island names, see Figure I, Box 2.
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among unstable patches of ice-free benthic habitat [24],
especially open-ocean polynyas [25], should be reflected in
reduced genetic diversity within modern populations. Sim-
ilar lack of diversity within populations would be expected
under a hypothesis of north-to-south recolonisation, with
the exception that source populations could have persisted
until the present, and should thus show genetic affinities
with re-established populations. By contrast, the deep-sea
migration scenario should lead to distinct regional genetic
structure, as the retreat into and out of refugia could have
occurred on larger geographic scales with only limited
bottlenecks.

In support of the ‘moving’ refugia hypothesis, recent
studies on numerous species inhabiting the Antarctic shelf
waters have revealed genetic patterns indicative of recent
population size and/or range expansion from few (or a
single) refugia of small effective population size [26–34].
However, some taxa exhibit pronounced geographic
466
structuring, more suggestive of the deep-sea migration
mode [26,35,36]. For both scenarios, a range of taxa with
both low and high autonomous dispersal potential are
represented, supporting the notion that the responses of
species to climate change are highly individualistic [4], and
do not necessarily depend on life-history characteristics
such as pelagic larval duration. Whereas both the ‘moving’
refugia scenario and the ‘depth shift’ scenario are sup-
ported by molecular data, there is as yet no evidence for
postglacial colonisation from significantly lower latitudes
by Antarctic marine taxa. Lack of postglacial recolonisa-
tion of Antarctic waters from lower latitudes could largely
result from an inability of taxa to traverse, or survive
traversal of, the Antarctic Polar Front (APF) (Box 4).

Recolonisation routes for Antarctic marine shelf taxa

The major vectors for rapid postglacial recolonisation of
Antarctic shelf areas freed by receding ice are the ocean



Box 4. Marine biogeographical isolation by the Antarctic

Polar Front

The permeability of the APF to north-south dispersal of marine taxa

is not yet well understood. The position of the front is changeable,

and has at times been significantly further north [100], perhaps

facilitating occasional biotic dispersal events between Antarctica

and South America. Indications from a range of studies also suggest

that taxa have occasionally been able to disperse across the front via

the deep sea [12], where the front is less of a barrier; however,

evidence from shallower, shelf organisms is, as yet, scant [94].

Some taxa (e.g., some fish, crustaceans and bivalves) show

evidence of having dispersed across the APF since its formation,

but genetic divergences between lineages to the north and south of

the front nonetheless appear to date back several million years [12],

suggesting that traverses of this oceanic barrier occur only rarely,

and/or that physiological limits currently prevent many cool-

temperate taxa from surviving in the Southern Ocean [93,94]. Some

recent observations of organisms traversing the front but failing to

establish (reviewed by [94]) indicate that physiological constraints

do probably have an important role in preventing colonisation of the

region for some taxa. However, whereas there are several studies

showing postglacial recolonisation of marine taxa in the Arctic or

sub-Arctic [5], no studies have yet shown postglacial recolonisation

of Antarctic waters from refugia north of the Southern Ocean,

suggesting that a wide range of marine taxa struggle to cross this

barrier. Marine benthic taxa in Antarctica are diverse and show

evidence of long in situ evolution; therefore, on the whole, most can

be inferred to have persisted in the polar region throughout recent

glacial periods, either in transient refugia, such as polynyas, or in

the deep sea [12].
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current systems surrounding the continent; the counter-
clockwise Antarctic Coastal Current (ACoC), and the clock-
wise Antarctic Circumpolar Current (ACC) (Box 2). Inter-
glacial collapses of the West Antarctic Ice Sheet [21] might
also have provided a shortcut for circum-Antarctic dispers-
al of, and thus regional recolonisation by, marine species or
lineages [34]. For example, dispersal via a trans-Antarctic
seaway created by an interglacial ice-sheet collapse could
explain genetic similarities between Weddell and Ross Sea
populations of an octopod (Pareledone turqueti) [34] and a
sea slug of the Doris kerguelensis complex [26]. The relative
significance of circum-Antarctic population connectivity
via either the ACC or the intermittent trans-Antarctic
seaway remains to be tested with wide-scale and multi-
species data sets.

Evidence for long-term in situ persistence of terrestrial

sub-Antarctic taxa

Genetic evidence indicates persistence of several terrestri-
al taxa on sub-Antarctic islands throughout recent glacial
periods, supporting a hypothesis of local terrestrial refugia
(Box 2). For instance, numerous highly divergent mito-
chondrial DNA lineages within the endemic weevil group
Ectemnorhinus have been found within and among sub-
Antarctic islands, most of them estimated to have existed
since long before the LGM [37]. Similarly, evidence of biotic
persistence on sub-Antarctic islands has arisen from mo-
lecular studies of ameronothroid mites [17], and from
palaeoecological and palaeoenvironmental data from a
range of flowering plants, some endemic to the sub-Ant-
arctic and hypothesised to be relicts of ancient Antarctic
flora that took refuge on sub-Antarctic islands at the onset
of Quaternary glaciations [38,39].
Although occasional dispersal among distant islands
has been inferred from molecular data [17,40], most usu-
ally via the predominantly eastward ocean and wind cur-
rents (West Wind Drift dispersal [41]) but also sometimes
against the prevailing winds [37], there is as yet no evi-
dence of terrestrial taxa dispersing to the sub-Antarctic
postglacially from significantly lower latitudes. Indeed, the
molecular evidence from mites not only indicates glacial
persistence at high latitudes, but also that one Halozetes
lineage has postglacially dispersed from the sub-Antarctic
to lower-latitude continental Africa [17].

Glacial cycles (as well as volcanism and geological
regionalisation) have nonetheless impacted the distribu-
tions of poorly dispersive sub-Antarctic terrestrial taxa.
For example, studies on Marion Island show intra-island
phylogenetic differences among populations of springtails
[42], mites [43,44] and the cushion plant Azorella selago
[45], with spatial patterns and estimated timing broadly
consistent with a hypothesis of population segregation by
advancing glaciers, followed by population expansion with
glacial retreat. However, such impacts have been fairly
localised, with some terrestrial refugial habitats inferred
to have been available on Marion Island even during the
LGM.

Highly dispersive marine taxa recolonised the sub-

Antarctic postglacially

The sub-Antarctic islands harbour diverse shallow-marine
and intertidal taxa, the more ice sensitive of which appear
to be relatively new arrivals, most probably having reco-
lonised the islands postglacially. Two ecologically impor-
tant kelp taxa, southern bull-kelp, Durvillaea [46], and
giant bladder kelp, Macrocystis [47], as well as kelp-asso-
ciated brooding crustaceans Limnoria and Parawaldeckia
[48,49] show circumpolar haplotypes and near-negligible
genetic diversity at high-latitude sub-Antarctic island loca-
tions versus relatively high diversity at lower latitudes.
These findings are consistent with the expectations of
classic models of postglacial recolonisation, ‘southern rich-
ness to northern purity’ [1], here reversed as ‘northern
richness to southern purity’ for the Southern Hemisphere.
Although current estimates of the extent of Antarctic
winter sea ice at the LGM, based on diatom fossils in
sea-floor sediment cores, are limited by a lack of data from
some sub-Antarctic regions [50], genetic data from Durvil-
laea suggest LGM sea ice extended far enough north to
have affected Macquarie, Kerguelen, Crozet and Marion
Island shores (Box 2), and removed sub-Antarctic popula-
tions of ice-sensitive shallow-marine taxa [46]. Some kelp-
associated taxa, such as isopods, amphipods [48] and lim-
pets [51], are inferred to have subsequently rafted with
buoyant kelps to achieve wide-scale postglacial dispersal
and population expansion among sub-Antarctic islands.

Possible glacial refugia for highly dispersive sub-

Antarctic marine taxa

Marine species that show evidence of having recolonised
the sub-Antarctic islands postglacially probably retreated
to relatively low-latitude glacial refugia, such as Gough
Island, the Falkland Islands [48], or the New Zealand sub-
Antarctic [46], regions that show relatively high levels of
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genetic diversity and distinct haplotypes for some taxa.
Recolonisation probably followed the eastward path of the
ACC (Figure 1). There is as yet no strong evidence that
recolonisation of the sub-Antarctic occurred from popula-
tions along the cold-temperate western coast of South
America; for bull-kelp, genetic evidence indicates that
populations north of the ice-affected Patagonian region
are isolated downstream of the sub-Antarctic by the
north-flowing Humboldt Current [52].

Evidence of glacial persistence in situ in poorly

dispersive sub-Antarctic marine taxa

In contrast to the evidence for recent recolonisation of the
sub-Antarctic islands by some highly dispersive marine
taxa, relatively poorly dispersive taxa that are not usually
associated with buoyant material generally show deeper
divergences, and even distinct species, among sub-Antarc-
tic islands. For instance, the ice scour-resistant limpet
genus Nacella, whose larvae are believed to settle within
one month (too short a time to allow dispersal among most
sub-Antarctic islands [49]), has several distinct species
with distributions generally restricted to different sub-
Antarctic islands and/or biogeographic regions [53]. There
are considerably high levels of endemism in some marine
invertebrate groups at sub-Antarctic islands (e.g., molluscs
[54]), suggesting that numerous ice scour-resistant taxa,
such as those able to shelter from ice in rock cracks, below
boulders, or deep enough to avoid the ice foot, have per-
sisted in the region throughout the LGM.

Range shifts with recession of Pleistocene glaciers in

New Zealand, Australia and South America

Pleistocene ice ages led to the formation of glaciers on parts
of New Zealand, Tasmania (southern Australia) and south-
ern South America (Patagonia). At the LGM, a wedge-like
glacier divided the southern and northern parts of the
South Island of New Zealand. Tasmania became connected
to the Australian mainland, its central parts arid and
covered by an 1100-km2 glacial ice cap, and the south
Australian coastal currents were drastically altered. In
southern South America, a large ice field covered the Andes
from 358S to the southern tip of South America, reaching
the Pacific Ocean south of 398S, and extending east over
much of the southern Patagonian steppe and Tierra del
Fuego [55]. As in the Northern Hemisphere high latitudes
[4], species in New Zealand, Australia and southern South
America have responded to recent glacial cycles in a varie-
ty of ways. Although some cold-tolerant species survived in
local refugia in glaciated regions, many taxa retreated to
non-glaciated areas.

New Zealand Whereas some taxa apparently persisted in
situ in the central South Island of New Zealand throughout
the Pleistocene [56,57], genetic data and ecological niche
modelling suggest many forest plants and terrestrial inver-
tebrates were eliminated from much of the island during
the LGM, with subsequent rapid expansion from various
northern refugia [58–61]. Demographic reconstructions
have revealed post-LGM population growth, sometimes
involving east–west dispersal across the main divide of
the South Island, the Southern Alps [59,62], as well as
468
linear southward expansion [63,64]. A striking evolution-
ary effect of glaciations has been cladogenesis between
northern and southern taxa in regions historically bisected
by LGM glacial ice (e.g., some alpine insects [64,65] and
trees [66]).

Tasmania (Australia) In southernmost Australia, on what
is now the island of Tasmania, diversity gradients in
chloroplast DNA of Eucalyptus trees indicate postglacial
recolonisation of the glaciated region from south-eastern
and northern refugia [67], and in an endemic rainforest
tree, the Huon pine (Lagarostrobos franklinii), postglacial
expansion is inferred to have occurred from a western
refugium [68]. In the marine coastal realm, southern
bull-kelp (Durvillaea potatorum) appears to have recolo-
nised the western coast of Tasmania from a northern,
mainland refugium with postglacial initiation of the Zee-
han Current [69].

Patagonia (southern South America) Numerous cold-
tolerant taxa survived glacial periods in central and south-
ern Patagonia in multiple local refugia west and east of the
Andes (plants [70], rodents [71,72], lizards [70], frogs [73],
fish [74,75], otters [76] and crabs [77]). In some cases,
refugia were located west of the Andes within the areas
presumed to have been covered by icefields (see [75–77]),
suggesting the existence of gaps in ice cover [76], but other
taxa exhibit phylogeographic patterns consistent with sur-
vival in large populations in periglacial refugia east of the
Andes in southern Patagonia [78,79] and on the island of
Tierra del Fuego [71,72,80]. Some of these taxa show
evidence of population expansion at high latitudes follow-
ing glacial periods [79,80]. Marine coastal refugia have also
been invoked for marine-tolerant aquatic species [76,81].
Drainage reversals during glacial termination periods
across the Andes affected phylogeographic patterns in
galaxiid fishes [75,81], and increases in river connectivity
with low sea levels facilitated latitudinal dispersal among
percichthyid fish [82,83]. Moderate latitudinal range shifts
occurred in the distributions of plant and vertebrate spe-
cies, with three main refugial areas identified: valleys
north of 368S; peripheral refugia east of the Andes between
398S and 438S; and higher latitude lowland refugia up to
518S [70] (Figure 2).

Concluding remarks and predictions
Lack of postglacial recolonisation from lower latitudes

In contrast to the Northern Hemisphere, where postglacial
recolonisation of high-latitude regions has occurred from
low-latitude refugia in a wide range of taxa, the oceanically
isolated southern polar and subpolar regions have had
little biological input since the LGM from lower latitudes.
We note three exceptions to this generalisation: (i) ice-
affected shallow-marine organisms capable of rafting (e.g.,
kelp and associated invertebrates) have dispersed postgla-
cially to the sub-Antarctic islands from more northern
refugia [46,48]; (ii) at least one marine mammal that
requires ice-free land to breed (the elephant seal) recolo-
nised the Antarctic postglacially from a sub-Antarctic
refugium [84]; and (iii) a low degree of endemism suggests
that many Antarctic moss species are relatively recent
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southern South America. Although some taxa appear to have persisted throughout

the Last Glacial Maximum (LGM) in local refugia, even in areas within or close to

the boundaries of the ice sheet, many taxa (including trees and mammals) were

driven to the north or the east of the ice sheet and only recolonised the region

postglacially; this pattern is similar to that seen in the Northern Hemisphere for
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shrubs; and terrestrial vertebrates such as small rodents [70]. 2Refugium inferred
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colonists of the continent [19] (but see [20]). Low levels of
glaciation on sub-Antarctic islands compared with land at
equivalent latitudes in the Northern Hemisphere might be
a result of oceanic climate buffering, and could help to
account for the relatively high levels of LGM persistence
observed in numerous terrestrial sub-Antarctic taxa.

Most present-day native terrestrial Antarctic taxa
are inferred to have persisted throughout recent glacial
periods in localised high-latitude refugia. Many other ter-
restrial taxa were apparently driven off the Antarctic
continent more than 1.8 Mya [10], perhaps partly by
expanding ice at the onset of Quaternary glaciations 2.6
Mya, and since then, the depauperate Antarctic terrestrial
assemblages have not been replenished from lower lati-
tude sources. By contrast, northern (Arctic) polar regions
have comparatively taxon-rich terrestrial assemblages
[85], even including high-order vertebrates, such as rein-
deer and the arctic fox. However, ‘traditional’ (Northern
Hemisphere-type) low- to high-latitudinal range shifts
have occurred in the more trans-latitudinal landmasses
of New Zealand and South America. Therefore, the rarity of
taxa showing evidence of postglacial range expansion to
Antarctica and the sub-Antarctic islands appears to be
largely a consequence of the isolation of the region from
other landmasses by the Southern Ocean, thermal fronts
and strong circumpolar currents.

Future southward range shifts predicted to be blocked

by the Southern Ocean

Most climate scientists agree that the Earth is currently
undergoing rapid, anthropogenically accelerated climate
change [8], with an expected global warming over coming
decades of several degrees, potentially leading to significant
loss of the polar ice sheets [86]. With global warming,
organismal distributions are expected to slide increasingly
poleward [87]. During the warm ‘greenhouse’ climate of the
Eocene (when global temperatures averaged 10–15 8C
higher than today), Antarctica was home to diverse flora
and fauna, including subtropical forests, but the continent
was not isolated, as it is today, by strong encircling ocean
currents; the Drake Passage began to open during the
Eocene or Oligocene, and intensification of the ACC only
occurred during the Miocene [88]. The failure of many taxa
to disperse to the Antarctic continent and sub-Antarctic
islands from lower latitudes since the LGM should act as
a warning that, in the Southern Hemisphere, there is a limit
to how far south the ranges of temperate species will be able
to shift before they are blocked by the Southern Ocean.
Indeed, recent studies of southward range shifts induced
by global warming in Australian marine algae and fish
indicate that many species are likely to go locally or
completely extinct as they are driven off the southern edge
of the continent in coming years [89,90]. Based on differ-
ences in postglacial range shifts in the Northern versus
Southern Hemisphere high latitudes, we predict relatively
high levels of extinction in the Southern Hemisphere, as the
climate warms and temperate and subpolar organisms are
unable to achieve adequately large latitudinal range shifts.
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