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Photograph Dana Bergstrom.Note: there are no footprints.



TABLE OF CONTENTS

Preface

List of Contributors xi

1. Trends in Antarctic Terrestrial and Limnetic Ecosystems: Antarctica

as a Global Indicator 1
A.H.L. Huiskes, P. Convey, D.M. Bergstrom

2. The Physical Setting of the Antarctic 15
D.M. Bergstrom, D.A. Hodgson, P. Convey

3. Colonisation Processes 35
K.A. Hughes, S. Ott, M. Bölter, P. Convey

4. Biogeography 55
S.L. Chown, P. Convey

5. Biogeographic Trends in Antarctic Lake Communities 71
J.A.E. Gibson, A. Wilmotte, A. Taton, B. van de Vijver, L. Beyens,

H.J.G. Dartnall

6. Life History Traits 101
P. Convey, S.L. Chown, J. Wasley, D.M. Bergstrom

7. Physiological Traits of Organisms in a Changing Environment 129
F. Hennion, A.H.L. Huiskes, S. Robinson, P. Convey

8. Plant Biodiversity in an Extreme Environment: Genetic Studies

of Origins, Diversity and Evolution in the Antarctic

M.L. Skotnicki, P.M. Selkirk

9. The Molecular Ecology of Antarctic Terrestrial and Limnetic

Invertebrates and Microbes 177
M.I. Stevens, I.D. Hogg

10. Biological Invasions

P. Convey, Y. Frenot, N. Gremmen, D.M. Bergstrom

vii

193

161

ix



vii

11. Landscape Control of High Latitude Lakes in a Changing Climate 221

A. Quesada, W.F. Vincent, E. Kaup, J.E. Hobbie, I. Laurion,

J. López-Martínez, J.J. Durán

12. Antarctic Climate Change and its Influences on Terrestrial

Ecosystems

P. Convey

13. Antarctic Lake Systems and Climate Change

W.B. Lyons, J. Laybourn-Parry, K.A. Welch, J.C. Priscu

14. Subantarctic Terrestrial Conservation and Management

15. Antarctic Terrestrial and Limnetic Ecosystem Conservation

and Management

B.B. Hull, D.M. Bergstrom

16. The Antarctic: Local Signals, Global Messages

D.M. Bergstrom, A.H.L. Huiskes, P. Convey

Index

R. Pienitz,

J. Whinam, G. Copson, J.L. Chapuis

253

273

297

349

341

317

TABLE OF CONTENTS  i



ix 

PREFACE 

Motivated by the Northern Hemisphere International Tundra Experiment (ITEX), 
Dana Bergstrom instigated a workshop in Brisbane, Australia, in 1998 to discuss the 
concept for a Southern Hemisphere ITEX using a series of networked sites in and 
around Antarctica. Instead of following the ITEX model of looking at variations in 
organismal performance with longitude, the new program would be based around 
the premise that latitude and altitude could act as proxies or predictors for future 
climate change. Using the power of the internet, these concepts and intentions were 
disseminated to researchers who formed various discussion groups. There were 
instant replies from Ad Huiskes and Burkhard Schroeter in Europe, who exclaimed 
that they had conceived a similar concept while tent-bound in a blizzard on the 
Antarctic Peninsula. 

Thus began the SCAR program, Regional Sensitivity to Climate Change in 
Antarctic Terrestrial and Limnetic Ecosystems (RiSCC). An initial workshop was 
hosted by Antonio Quesada and Leo Sancho, with support from the Spanish 
Antarctic Program, to further develop the concept. This was followed by a science 
planning workshop, hosted by Steven Chown in South Africa. These workshops 
defined the foundations for the RiSCC Program, which were to study changes and 
patterns in species diversity and organismal performance around Antarctica. The 
data collected were to be linked with latitude along the “Antarctic Environmental 
Gradient”, which extends over 40° of latitude from Marion Island at 47ºS to the 
Transantarctic Mountains at 87ºS, and includes a range of climatic zones present on 
the cool temperate oceanic islands to the frigid and arid Antarctic continent. 

RiSCC ran for just over five years (2000–2005), before being absorbed within 
the new framework of SCAR international scientific programs, and contributing to 
the development of its successor program “Evolution and Biodiversity in 
Antarctica”. Without a doubt, RiSCC has been a very successful enterprise and 
catalyst when seen from a number of perspectives: almost 200 peer-reviewed 
scientific publications have emerged from the scientific activities associated with the 
program, a strong international science network has developed with the active 
involvement of scientists from over 18 nations, and RiSCC proved the nexus for 
several successful international expeditions. 

RiSCC has helped to improve our understanding of the interactions and linkages 
among climate change, indigenous and alien species, and the ways in which 
ecosystems function. This volume is a culmination of the efforts and findings of the 
RiSCC community. We would like to thank all our authors for their efforts, and the 
members of the RiSCC program in general whose scientific findings are reported 



   PREFACE

We dedicate the book to one of the original RiSCC ‘ Three Musketeers’, 
Burkhard Schroeter, who while no longer pursuing his passion for Antarctic field 
research, now perhaps has a far more important role in life, that of teaching and 
inspiring the next generation of scientists. 

Dana Bergstrom, Pete Convey and Ad Huiskes (eds). 

here. We thank all referees for their prompt efforts to provide sage advice on all 
chapters in this volume. We would also like to thank Eric Woehler for his enormous 
efforts in helping us get the book to publication. Eric has filled numerous roles 
including sub–editor, illustrator and tireless supporter of the project, and has 
dedicated five months of his life to this cause.  
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Introduction 

The Antarctic provides a suite of environments and scenarios that give key 
opportunities to improve understanding of the consequences of climate change on 
terrestrial and limnetic biota. These result both from the considerable differences in 
the rates of contemporary change in the region, and the marked natural 
environmental gradients present in terrestrial and limnetic ecosystems. Antarctic 
communities range from polar deserts and permanently frozen lakes to lush, 

Government
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eutrophic grasslands and nutrient-enriched ponds. Such gradients, including 
latitudinal, altitudinal and environmental examples, provide useful analogues for the 
predictions of future change trajectories. Regional differences in the nature of the 
changes currently experienced add a further, useful, layer of complexity. For 
instance, strong seasonal differences in the rate of temperature change are seen in 
the Antarctic Peninsula region, with autumn and winter temperatures having 
increased substantially more than those in the spring and summer. Precipitation rates 
in the Peninsula area are also predicted to increase, whereas they have been 
decreasing dramatically on several subantarctic islands.  

The international research programme RiSCC (Regional Sensitivity to Climate 
Change in Antarctic Terrestrial and Limnetic Ecosystems), sponsored by the 
Scientific Committee on Antarctic Research, has been investigating these scenarios 
with the goals of (1) understanding the likely response of Antarctic biotas to 
changing climates and (2) contributing to the development of broadly applicable 
theory applying to interactions among climate change, indigenous and introduced 
species and ecosystem functioning. The purpose of this volume is to provide a 
picture of the current state of knowledge of the Antarctic terrestrial and limnetic 
ecosystems and a synthesis of the known and likely effects of climate change on 
Antarctic terrestrial and limnetic ecosystems, based on data gathered by the RiSCC 
programme and from the wider literature and, thereby, to contribute to their 
management and conservation. In doing so, we also highlight the global significance 
of developing understanding of climate change consequences in the Antarctic. Rates 
of change currently seen in this region are amongst the greatest documented 
worldwide, while overall knowledge of the relatively simple ecosystems is often 
more developed, allowing the region to act as a “canary in the coalmine” for planet 
Earth (Convey et al. 2003). 

Antarctic opportunities 

Antarctica1 has long been described as the most remote continent on Earth, the last 
true wilderness, unspoilt by humans, and isolated from external environmental 
influences by the Polar Vortex in the upper atmosphere and the Antarctic Polar 
Front in the Southern Ocean. To the uninitiated, Antarctica is a hostile place, cold 
and windy, covered in ice and inhabited only by seabirds and mammals. It is 
familiar to most through media reports and television programmes, made by those 
few who venture there. 

However, in the last few decades scientists have come to appreciate that the 
continent is fundamental to global processes. Furthermore, the continental icecap, 
averaging over 2km and up to 5km deep, contains an unique archive of the 
atmospheric composition at least over the last 800 000 years (EPICA 2004), trapped 
in air bubbles in the ice. This archive is of vital importance in the reconstruction of 

                                           
1 We use the term ‘ Antarctica’ to refer to the continent in a geographical sense, and 
“the Antarctic” in a biogeographical sense, ie including the subantarctic islands.  
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climate evolution and climate fluctuation and allows the reconstruction of past 
climate fluctuations and refining of scenarios for future climate change. On even 
longer timescales, the geology of the continent provides information on past climate 
evolution and on the causes, mechanisms and timescales of the fragmentation of the 
supercontinent Gondwana.  

Figure 1. Map of Antarctica with the surrounding subantarctic islands. Dark shading 

indicates continental Antarctica, medium shading the maritime Antarctic and light shading 

the subantarctic region. 

Looking inwards towards the Antarctic, external influences on the Antarctic 
environment and its biome have long been considered negligible or at most only of 
local importance. As late as 1985 Phillpot advocated “…caution in suggesting the 
possibility of ‘ climatic change’…” in connection with Antarctica (Phillpot 1985). 
Twenty years later, we are fully aware of the fact that Antarctica is not the remote 
continent we once thought. Anthropogenic chlorofluorocarbons (CFCs) and CO2 and 
other greenhouse gases, released into the atmosphere mainly in the Northern 
Hemisphere, exert a profound influence on the global atmospheric environment 
including that of Antarctica, giving rise respectively to stratospheric ozone depletion 
and the Antarctic ozone hole and to global climatic warming, seen at its greatest rate 
in the region of the Antarctic Peninsula. 
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To biologists, the Antarctic has always been an important natural laboratory for 
the study of life under extreme conditions. The terrestrial and limnetic biota may 
experience drastic environmental contrasts on timescales varying from seasonal to 
diurnal and spatial scales varying between millimetres and thousands of kilometres - 
from prolonged darkness in winter to continuous daylight in summer, from a dark 
and isolated hypolimnion in winter to a stratified lake in summer; from nutrient poor 
circumstances in isolated nunataks or proglacial lakes to extremely eutrophic 
situations at the edges of vertebrate colonies and in lakes frequented by seals, from 
moist subzero circumstances on rock outcrops in the early morning hours, to dry 
30°C+ situations later in the day. These environmental circumstances differ 
profoundly across the Antarctic, which results in significant differences in 
biogeography in the Antarctic biome. 

Figure 2. Mean monthly temperatures and annual ranges (°C) at selected Antarctic research 

stations. Iles Kerguelen represent the subantarctic annual temperature range, 

Faraday/Vernadsky the maritime Antarctic annual temperature range and remaining stations 

the continental Antarctic range. There is a clear contrast between the temperature ranges 

seen at coastal stations in the continental Antarctic (Molodezhnaya and McMurdo) and that 

of stations on the high plateau (Amundsen-Scott and Vostok) (data from Stonehouse 1989). 

Biogeographic zonation 

Commonly, three biogeographical zones are distinguished in the Antarctic (Smith 
1984), referred to as the subantarctic, the maritime Antarctic and the continental 
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Antarctic zones (Fig. 1). These zones differ considerably from each other in climatic 
conditions and, consequently, in species diversity (Smith 1984, Convey 2001b, 
Chown and Convey this volume, Gibson et al. this volume).  

Table 1. Number of native terrestrial invertebrate taxa reported from the three Antarctic 

biogeographical zones (updated from Convey 2001b); note that inadequate data are available 

for many smaller groups, both from a lack of taxonomic knowledge and incomplete survey 

coverage. * Protozoan taxa for the Subantarctic and maritime Antarctic combined.

Group Subantarctic Maritime 
Antarctic 

Continental 
Antarctic 

Protozoa 83 * 33
Rotifera >29 >48 13
Tardigrada >29 24 18
Nematoda 22 29 14
Annelida (Oligochaeta) 23 3 0
Mollusca 5 0 0
Crustacea (terrestrial) 6 0 0
Crustacea (non-marine but 

including meromictic lakes) 
48 11 11 

Insecta (total) 210 35 49 
 Collembola >92 12 12 
 Mallophaga 61 25 34 
 Diptera 44 2 0
 Coleoptera 40 0 0
Arachnida (total) 167 36 29 
 Araneida 20 0 0
 Acarina 140 36 29 
Myriapoda 3 0 0

The subantarctic zone comprises a series of remote islands and small 
archipelagos encircling the continent, and includes South Georgia, Marion and 
Prince Edwards Islands, Iles Crozet, Iles Kerguelen, Heard and McDonald Islands 
and Macquarie Island. Temperatures in the subantarctic are on average above 
freezing point year-round (Fig. 2) and precipitation is between 2000 and 3000mm 
per year (Gremmen 1981). These islands have in common that they are close to or 
just north of the Antarctic Polar Front (Fig. 1). Large and globally significant 
populations of seabirds and mammals breed on almost all these islands, contributing 
significantly to the input of nutrients. With the exception of two duck and one 
passerine species, indigenous terrestrial vertebrates are not present and the terrestrial 
fauna consists of invertebrate species (Convey 2001b, Table 1). The subantarctic 
flora comprises species of nearly all major taxonomic divisions (Stonehouse 1989, 
Table 2), although is distinctive from that of northern polar and tundra regions 
through the lack of woody plants and insect-pollinated flowering species. 



HUISKES ET AL.6

The maritime Antarctic comprises the western coastal region of the Antarctic 
Peninsula to about 72°S (Smith 1996), South Shetland, South Orkney and South 
Sandwich archipelagos and the isolated islands of Bouvetøya and Peter I Øy. The 
seasonal differences in temperatures experienced are greater than in the subantarctic 
(Fig. 2), with summer temperatures on average around or slightly above freezing 
point for two to four months and mean annual precipitation is 400-500mm in the 
northern maritime Antarctic, decreasing to 50-100mm in the southern Antarctic 
Peninsula (Walton 1984, Øvstedal and Smith 2001). In summer, there is 
considerable seasonal snowmelt, which is directly responsible for most liquid water 
availability in terrestrial ecosystems. Nutrients originate from several sources, 
including marine vertebrates breeding, moulting or resting on land, transport in melt 
water, from sea spray aerosols carried inland by wind action and, to a smaller extent, 
from decomposition of organic material and rock weathering. 

Table 2. Number of native plant species in the three biogeographical zones of the Antarctic 

(after Stonehouse 1989 and Convey 2001b).

Locality 

M
ac

ro
fu

ng
i

Li
ch

en
s 

M
os

se
s 

Li
ve

rw
or

ts

F
er

ns
 

A
ng

io
sp

er
m

s

Subantarctic 70 >300 250 150 16 56
Maritime Antarctic 30 150 75 25 0 2 
Continental Antarctic 0 125 30 1 0 0 

Compared to the subantarctic, biodiversity is much reduced. The number of 
species in the various groups of invertebrates is significantly lower, except for the 
Protozoa, Rotifera, Nematoda and Tardigrada (Table 1). However, some of these 
apparent differences are likely merely to reflect the current lack of taxonomic and 
distributional data available across the Antarctic for these groups, rather than 
underlying biogeographical features. With respect to the flora, knowledge of species 
diversity is much more comprehensive (except, perhaps, the macrofungi). Again, 
species diversity is much lower in the maritime Antarctic - there are only two native 
angiosperms species (Deschampsia antarctica (Poaceae) and Colobanthus quitensis

(Caryophyllaceae), no ferns and the numbers of lichen, moss, liverwort and 
macrofungal species are less then 50% of those found in the subantarctic (Table 2). 
Unlike the isolate island nature of the subantarctic, the maritime Antarctic is an 
integral element of the Antarctic continent. Although small in area in comparison 
with the continental Antarctic, it is the region of the continent in which most 
biodiversity is found. 

In terms of area, the continental Antarctic is by far the largest biogeographical 
zone of the Antarctic biome. It comprises the entire landmass of the continent with 
the exception of the west coast of the Antarctic Peninsula north of 72°S and the 
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Balleny Islands. Although the coastal area of the continental Antarctic has a 
relatively milder climate than the interior of the continent, comparable with that of 
much of the maritime Antarctic, even in the coastal areas the temperature rarely rises 
above freezing and then only for short periods with positive mean monthly 
temperatures experienced for 0-1 months of the year (Walton 1984, Convey 1996a). 
Annual precipitation is 30-70 mm (Fogg 1998). At inland locations such as exposed 
nunatak summits and ablation areas such as the Victoria Land Dry Valleys, air 
temperatures remain permanently and often considerably below zero, while 
precipitation may be negligible with much of the continental area technically a frigid 
desert. Nevertheless, microhabitat warming allows liquid water to become available 
intermittently even in the most southern terrestrial habitats of the Transantarctic 
Mountains at 84 - 86ºS. The flora and fauna of the continental Antarctic has to be 
able to function by making use of short and relatively unpredictable windows of 
opportunity when (microhabitat) temperature are above physiological and 
biochemical thresholds and moisture becomes available. Only those organisms 
occur in this zone that are able to withstand prolonged periods of cold and 
desiccation stress. In the most extreme circumstances, no visible vegetation can be 
found, with life being limited to endolithic communities of algae, cyanobacteria, 
fungi, bacteria and lichens that survive in porous rocks such as certain sandstones 
(Friedmann 1982, 1993). 

Key environmental factors 

Solar radiation, temperature and moisture availability are key environmental 
variables governing most processes in terrestrial ecosystems, not least the 
physiological activity and life history of the individual constituent organisms (Block 
1984, Kennedy 1993, Convey 1996b). Together, these physical factors also exert a 
controlling influence on the release and availability of nutrients. Irradiation may be 
further modulated by the dynamics of ice and snow cover – the importance of this is 
clear in limnetic ecosystems (Quesada et al. this volume) but also applies, often on a 
much smaller physical scale, in the terrestrial environment (Cockell et al. 2002, 
Arnold et al. 2003). The patterns of variation experienced in these factors, their 
interactions, optimum levels required in the context of biological activity and the 
thresholds at which organisms are still able to function are all important 
determinants of the structure and functioning of the ecosystem as a whole. 
Temperature (intimately linked with water availability) and solar radiation are the 
driving forces. Any variation in these factors is likely to have clear and identifiable 
consequences for Antarctic terrestrial and limnetic ecosystems, with little chance of 
these being obscured or buffered by the complicated inter-specific relationships 
existing in the more elaborate ecosystems typical of lower latitudes (Convey this 
volume). 
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Isolation

The Antarctic biome has become isolated from biomes at lower latitudes, both 
because of its obvious geographical isolation from the nearest Southern Hemisphere 
continents, the existence of the atmospheric Polar Vortex and oceanic Antarctic 
Polar Front and its history of almost complete glaciation during periods of glacial 
maxima (Convey 2001a, b, Clarke et al. 2005, Bergstrom et al. this volume). 
Furthermore, Antarctic terrestrial ecosystems can only be present in areas that are 
seasonally or permanently snow- and ice-free. These are predominantly present in 
the coastal zone and at inland nunataks and other oases of exposed ground. These 
areas, separated on scales of metres to at least hundreds of kilometres by hostile 
environments of permanent snow, ice or ocean are effectively “islands” of habitat. 
This isolation has immediate consequences for evolutionary and population 
processes and genetics, through inducing the isolation of species and populations 
(Bergstrom et al. this volume, Skotnicki and Selkirk this volume, Stevens and Hogg 
this volume). Colonisation of newly formed snow- and ice-free areas, once of the 
most obvious predicted consequences of climate change processes, is dependent 
largely on the composition of adjacent communities (Hughes et al. this volume, 
Skotnicki and Selkirk this volume). Moreover, direct human impact on the 
ecosystems is currently relatively minor, the subantarctic excepted (Frenot et al. 
2005, Convey et al. this volume).  

Global atmospheric change and the Antarctic climate 

The anthropogenic release of chlorofluorocarbons (CFCs) used in various industrial 
and domestic processes and appliances into the atmosphere, mainly in the Northern 
Hemisphere, resulted in a decrease in the stratospheric ozone concentration, as CFCs 
chemically react with ozone under the influence of sunlight. As CFCs concentrate in 
the atmosphere of the higher latitudes during periods of darkness, a rapid decrease in 
stratospheric ozone concentration occurs in spring, when the sun comes above the 
horizon again. The resulting ‘ ozone hole’ was first described by Farman et al. 
(1985). Since then, in most years the Antarctic ozone hole has become ‘ deeper’ 
(more depleted), wider and more prolonged, and any improvements consequential 
on the adoption of the internationally agreed Montreal Protocol aimed at reducing 
CFC emissions have yet to become apparent. The biological consequences of ozone 
depletion, to which the Antarctic is specifically exposed through the general position 
of the ozone hole being determined by atmospheric circulation processes, are 
described by Hennion et al. (this volume). 

Since the start of modern industrialisation in the Northern Hemisphere in the 19th

Century, large amounts of infrared-absorbing gases have been released into the 
atmosphere. These so-called greenhouse gases have induced a general increase in 
mean annual atmospheric temperatures, and subsequently in the annual mean 
surface temperatures and most recently in sea temperatures. The present view is that 
a global mean temperature increase of approximately 2°C and attendant changes in 
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precipitation regimes, are realistic expectations over the next 50 years (IPCC 2001). 
Moreover, because large-scale extinctions and movements of species ranges are 
known to have resulted from major climate changes in the past (Coope 1995, Roy et 
al. 1996), an ability to predict the consequences to biodiversity of climate change is 
becoming increasingly important (Mc Neeley et al. 1995). 

Over the last 50 years, air temperatures and moisture regimes in parts of the 
Antarctic have changed markedly (Frenot et al. 1997 Weller 1998, Smith et al. 1996, 
King and Harangozo 1998, King et al. 2003, Convey this volume), with most 
recently parallel changes in near-surface sea temperatures being reported (Meredith 
and King 2005), and the indications are that these trends will continue. This increase 
is especially apparent in the Antarctic Peninsula region, where summer temperatures 
have increased since the 1950s by about 2°C and winter temperatures by about 5°C 
(King et al. 2003). However, in other areas of the Antarctic, temperature increases 
have been much lower and some areas have recorded regional cooling (Turner et al. 
2005).  

Invasive species 

Human trade and movement across the planet have led to accidental or deliberate 
transport and introductions of virtually all groups of biota. Until the last two 
centuries or so, Antarctica’s isolation has protected it from such invasions, but this 
protection has been rapidly overcome, particularly in the Subantarctic (Frenot et al. 
2005, Convey et al. this volume). Here, deliberate introductions of vertebrates 
include reindeer, cattle, sheep, cats and rabbits, while rats and mice were introduced 
inadvertently. Such introductions have a profound influence on the native biota (eg 
Vogel et al. 1984, Chapuis et al. 1994, Smith 1996, Chown and Block 1997, Chown 
et al. 1998). A range of plant species have been introduced both deliberately and 
inadvertently to almost every subantarctic island, while many reports also exist on 
the introduction of invertebrate species (Frenot et al. 2005, Convey et al. this 
volume). About half of the recorded vascular flora of South Georgia comprises plant 
species introduced from South America and Europe (Convey 2001a), with some of 
these displacing the native flora (Smith 1996). On Marion Island, the native flora is 
out-competed by invasive species such as Agrostis stolonifera (Gremmen 1997, 
Gremmen and Smith 1999, Convey et al. this volume). However, establishment of 
alien species to the maritime Antarctic are few to date, including a dipteran and an 
enchytraeid worm known to have been introduced to Signy Island (Convey and 
Block 1996) and the grass Poa pratensis to the northern Antarctic Peninsula (Smith 
1996, Convey et al. this volume). 

While introductions are not of necessity directly connected with climate change, 
any increase in temperature, especially in connection with an increase in water 
availability, may both lower the barriers to the long distance transport stage of the 
colonisation process and provide opportunities for invading species to establish after 
arrival and survive better the adverse season, allowing them subsequently to expand 
at the expense of the native fauna and flora (Bergstrom and Chown 1999, Frenot et 
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al. 2005). Increased human activity and freedom to travel separately further lowers 
these barriers, through bypassing the need for survival of long distance atmospheric 
or oceanic transport. 

Responses of the biota 

In many areas of the Antarctic, the biota has already shown pronounced direct and 
indirect responses to both climate change and the invasions of alien species (Chown 
and Smith 1993, Fowbert and Smith 1994, Kennedy 1995, Ellis-Evans et al. 1997, 
Frenot et al. 2005). Currently processes in both terrestrial (Convey this volume) and 
in limnetic ecosystems (Lyons et al. this volume) and the links between the two 
(Quesada et al. this volume) are being studied by many groups of Antarctic 
ecologists.

Custodians 

Humanity’s role in the Antarctic has changed since the early explorers’ visits to the 
region, progressing from that of an explorer and hunter to that of an investigator 
and, increasingly, as a custodian. Uniquely on the planet, people’s activities in 
Antarctica are governed by international agreements under the Antarctic Treaty 
System. Within this System, many regulations have been agreed by the various 
member states over the last decades, amongst which are clear recognition of the 
fragility of the Antarctic and stipulation on the need and means for protection. 
Understanding the effects of climate change on the Antarctic environment has 
fundamental implications for the way in which we protect this environment 
(Whinam et al. this volume, Hull and Bergstrom this volume). Our increasing 
knowledge of the region and its biome only serves to emphasise that this exceptional 
environment must be treated with care, not only as part of our legacy for future 
generations but also because the Antarctic is intricately linked with, and plays a 
fundamental role in, global processes and, hence, the environment we ourselves 
inhabit.  
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Introduction 

DEFINITION OF AREA COVERED BY THIS BOOK 

The Antarctic terrestrial and freshwater biome examined here includes the main 
continental landmass, the maritime Antarctic including the Antarctic Peninsula and 
associated islands and archipelagos (South Shetland, South Orkney, South Sandwich 
Islands, Bouvetøya) and the subantarctic islands which lie on or about the Antarctic 
Polar Frontal Zone (PFZ), an oceanic and climate boundary where the Antarctic 
Circumpolar Current (ACC) meets warmer waters. These geographic regions are 
also meaningful biogeographical regions (see discussions in Skottsberg 1904, 
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Pickard and Seppelt 1984, Smith 1984, Longton 1988, Chown and Convey this 
volume, and see Fig. 1 in Huiskes et al. this volume), if still under refinement (Peat 
et al. in press) and provide useful platforms for the discussions below. The purpose 
of this chapter is to briefly review the environmental factors, both past and present, 
that are or have been evolutionary forcing variables influencing the development of 
the present-day biological diversity of Antarctica. 

THE FORMATION OF THE ANTARCTIC CONTINENT 

A sensible place to begin an examination of the influence of the physical 
environment on past biodiversity is some 100 million years ago (MA) when 
Antarctica was part of the supercontinent Gondwana and the subantarctic islands 
were non existent. During the early Cenozoic (>100-60MA), Gondwana began to 
fragment and the first major oceanic barriers to the movement of terrestrial species 
were formed (McLoughlin 2001). Antarctica, one of the elements of the former 
Gondwana supercontinent, drifted over the southern polar region. The continent’s 
high latitude location, inevitably linked with seasonal periods of complete darkness, 
did not immediately lead to massive extinction of terrestrial fauna and flora, which 
remained typical of south–temperate rainforest regions for a long period 
subsequently (Feldmann and Woodburne 1988, Clarke and Crame 1989, Poole and 
Cantrill 2001, Francis and Poole 2002). Even after the commencement of ice sheet 
formation, the Antarctic experienced periods when this biota could show local 
expansion, until as recently as 8-10MA. 

In the early Miocene, Antarctica finally became fully isolated from the 
Gondwana supercontinent with the full opening and deepening of the Drake Passage 
(28-23MA) and the separation of the Tasman Rise from Antarctica (33.5MA) 
(Livermore et al. 2005, Scher and Martin 2006). These tectonic processes resulted 
not only in the elimination of the last land-bridge connections with lower and more 
temperate latitudes but also in the onset of the deep-water circulation around the
Antarctic continent of the Antarctic Circumpolar Current (ACC). The ACC 
eventually resulted in the isolation of a cool body of water (the Southern Ocean) and 
the establishment of the Polar Frontal Zone (PFZ). This PFZ further isolated 
Antarctica, its outlying archipelagos and the Southern Ocean from other continents 
and oceans, climatically, thermally and oceanographically and set the stage for the 
development of distinct Antarctic biological communities adapted for survival in the 
southern polar region (Barnes et al. 2006). 

These movements of the Antarctic continental plate were associated with many 
periods of volcanism. The plate is encircled by divergent plate boundaries along 
roughly 95% of its perimeter and is broken internally by numerous rift-structures 
suggesting a plate-wide extensional tectonic regime. Within this environment, the 
Antarctic Plate evolved into one of the great alkaline volcanic provinces of the 
world (LeMasurier and Thompson 1990). Volcanism has been and continues to be 
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involved in the formation of the many of the subantarctic and Antarctic islands. 
Some of these consist of volcanic rocks overlying continental basement rocks, such 
as the convergent plate margin volcanoes of the South Sandwich Islands. Iles 
Kerguelen and the Heard and McDonald Islands which, although they specifically 
have lacustrine bases, are part of the mostly underwater Kerguelen Plateau, which 
contains Gondwana fragments overlain by more recent volcanic rocks (Gladczenko
and Coffin 2001). Marion and Prince Edward Islands and Iles Crozet are shield 
volcanoes, erupting 0.11-0.21MA and 0.2-9MA (LeMasurier and Thomson 1990). 

South Georgia however, contains continental elements whilst Macquarie Island 
is the aerial portion of a ophiolite complex, a piece of largely intact seafloor at the 
junction of the Australasian and Pacific tectonic plates, emerging from the sea 
approximately 0.6MA (Adamson et al. 1995). The Antipodes, Auckland and 
Campbell Islands lie on the Campbell Plateau, underlain by continental crust that 
was part of Antarctica in pre-Cenozoic time (McLoughlin 2001). 

The majority of subantarctic and Antarctic islands are substantially younger than 
the Antarctic continent with the oldest, Iles Kerguelen, only 39MA. There are at 
least 16 Antarctic and subantarctic volcanoes that are known to be active (including 
subantarctic Heard Island, most of the maritime Antarctic South Sandwich Islands, 
Deception Island and Bouvetøya, and Mounts Erebus, Melbourne and Rittman in 
continental Antarctic Victoria Land) and a further 32 suspected of Holocene activity 
(LeMasurier and Thompson 1990, Convey et al. 2000a, Fitch et al. 2001, Anon 
2005).  

The continental ice sheet  

The Earth was in a state of extreme global warmth from the Cretaceous (144-65MA) 
to the early Eocene (c. 55MA). However, by the middle to late Eocene (42MA), 
there were a series of several small glaciations and one major transient glaciation of 
the Antarctic continent. These abrupt climate reversals were possibly associated 
with the first opening of the Drake Passage at 41MA (Scher and Martin 2006). 
Studies of the oxygen isotope composition of marine calcite suggest that the 
greenhouse to icehouse transition was closely coupled to the evolution of 
atmospheric carbon dioxide, and that negative carbon cycle feedbacks may have 
initially prevented the permanent establishment of large ice sheets (Tripati et al. 
2005). However, by 34MA, at the Eocene-Oligocene transition, large ice sheets 
appeared on the Antarctic continent, evidenced by decreasing atmospheric carbon 
dioxide concentrations and a deepening of the calcite compensation depth in the 
world's oceans, coinciding with changes in seawater oxygen isotope ratios 
(glaciation in the Northern Hemisphere began much later, between 10 and 6MA).
There are two theories why the ice sheet formed at this time. The first, involves the 
separation of Antarctica from the Australian and South American continents and the 
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opening of the ocean gateways that allowed the establishment of the east to west 
flow of the circumpolar currents in the Southern Ocean (Kennett 1977). This led to 
the thermal isolation of the continent, cooling and the formation of sea ice and the 
continental ice sheet. The second theory puts more emphasis on the role of global 
atmospheric CO2, orbital forcing and ice-climate feedbacks, with the opening of the 

Southern Ocean gateways playing a secondary role (DeConto and Pollard 2003). 
The rapid decrease in CO2 at about 34MA brought with it a decrease in temperature 

sufficient for viable snow and ice to remain present throughout the year. After 
15MA, a further cooling is believed to have caused the transition from an ephemeral 
to a permanent Antarctic ice sheet (Barret 2003). However, since its formation, this 
ice sheet has been far from stable and over time has exerted strong physical controls 
on where biological communities have survived and hence underpins many of the 
biogeographical patterns seen today.  

During the most recent geological period, the Quaternary, that spans 
approximately the last 2MA, the polar ice sheets developed their characteristic cycle 
of slow build up to full glacial conditions, followed by rapid ice melting and 
deglaciation to interglacial conditions (Williams et al. 1998). These frequent 
changes in the configuration of the ice sheets have been driven by the cyclical 
changes in the Earth’s orbital path around the sun (Milankovitch cycles). The most 
influential of these are the 41kyr (thousand years) obliquity cycle and the 100kyr 
eccentricity cycle (Williams et al. 1998). The continuous cycles of expansion and 
contraction of the east and west Antarctic ice sheets has resulted in the regular 
displacement of the terrestrial and freshwater environments suitable for survival or 
successful colonisation and establishment of biota.  

What is most remarkable about the Quaternary history of Antarctica is that the 
periods of greatest habitat availability, the interglacials, have been relatively short-
lived and unusual. The ice core record from Dome C shows that, in the period from 
for 430-740kyr BP when climate variability was dominated by the 41kyr obliquity 
cycle, the Antarctic has been c. 50% in the interglacial phase, although these were 
weaker interglacials than experienced at present. However, in the last 430kyr BP, 
when climate variability has been dominated by the 100kyr Milankovitch 
eccentricity cycle, the Antarctic has been c. 90% in the glacial phase (EPICA 2004) 
and some cold periods have been sustained for more than 60kyr (eg 140-200kyr: 
Jouzel et al. 1993). Thus, with only c. 10% of the late Quaternary being in full 
interglacial conditions, for most of this time displacement and retreat of the 
Antarctic biota, either to refugia or possibly to lower latitudes, appears to be the 
norm. However, there are some examples of parts of some Antarctic oases 
remaining ice free through the Last Glacial Maximum (LGM) (18-22kyr) based on 
evidence contained in lake sediments and other terrestrial deposits (Hodgson et al. 
2001, Hodgson et al. 2005, Cromer et al. in press) and some areas such as the Prince 
Charles mountains have been ice-free for possibly millions of years (Fink et al. 
2000). Similarly, some nunataks, which remained above the altitudinal limit of the 



PHYSICAL SETTING 19

LGM ice sheet, contain evidence of a refuge fauna (Marshall and Pugh 1996, 
Marshall and Coetzee 2000, Convey and McInnes 2005) that may have subsequently 
been available to recolonise surrounding areas after the ice retreated and suitable 
habitats became available. 

Despite these refugia, a result of the glaciological history of Antarctica is that the 
majority of the continental high-latitude habitats are likely to have formed in the 
present, Holocene, interglacial whilst the maritime Antarctic and some warmer 
subantarctic islands are likely to have had longer periods of exposure, at least in 
some areas. For example, the consistently low elevation of Macquarie Island, since 
its emergence 600 000 years ago has meant that glaciation has played a minor role in 
shaping the island’s landscape (Selkirk et al. 1990, Adamson et al. 1995). However, 
along the Antarctic Peninsula and associated archipelagos, and the linked Scotia arc 
subantarctic island of South Georgia, there remains an apparent contradiction 
between ice sheet and glaciological reconstructions at LGM, which require 
considerable expansion in ice depth and extent (the latter to the continental shelf 
edge) with implicit obliteration of all low altitude terrestrial habitats, and increasing 
biological evidence in support of an ancient and vicariant indigenous terrestrial biota 
(Clapperton and Sugden 1982, 1988, Larter and Vanneste 1995, O Cofaigh et al.

2002, Convey this volume, Chown and Convey this volume). 

A schematic model of Antarctic biodiversity 

Present-day biodiversity in the Antarctic is the result of a number of factors that can 
be summarised in a simple schematic model (Fig. 1). The main elements of 
biodiversity are the continued existence of past biota, the presence or creation of 
habitat suitable for colonisation, the arrival and establishment of new colonisers, and 
the adaptation and selection of new taxa in response to environmental forcing 
variables associated with environmental change.  

The expansion and contraction of the Antarctic ice sheet has undoubtedly led to 
the local extinction of biological communities on the Antarctic continent during 
glacial periods (Hodgson et al. 2006). Subsequent re-colonisation and the resulting 
present-day biodiversity is then a result of whether the species were vicariant 
(surviving the glacial maxima in refugia, then recolonising deglaciated areas), 
arrived through post-glacial dispersal from lower latitude islands and continents that 
remained ice free (Pugh et al. 2002), or are present through a combination of both 
mechanisms. Evidence can be found to support both vicariance (Marshall and Pugh 
1996, Marshall and Coetzee 2000, Stevens and Hogg 2003 this volume, Allegrucci 
et al. 2005, Cromer et al. in press) and dispersal (Hodgson et al. 2006) for a variety 
of different species, and is based on the level of cosmopolitanism (dispersal model) 
or endemism (vicariance model) (Gibson et al. this volume), on direct 
palaeolimnological evidence or, most recently, on molecular phylogenetic and 
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evolutionary studies (Skotniki and Selkirk this volume, Stevens and Hogg this 
volume). 

On the oceanic islands, the biotas will have originally arrived via long-distance 
over ocean dispersal, with vicariance and dispersal playing subsequent roles in 
shaping the biodiversity across glacial cycles (Marshall and Convey 2004). Species 
on Southern Ocean islands show conventional island biogeographic relationships, 
with variance in indigenous species richness explained by factors including area, 
mean surface air temperature, and age and distance from continental land masses 
(Chown et al. 1998). For aquatic species, at least some groups such as the diatoms, 
diversity is controlled by the ‘ connectivity’ among habitats with the more isolated 
regions developing greater degrees of endemism (W. Vyverman pers. comm.).  

Figure 1. Schematic model illustrating factors influencing the formation of the biodiversity in 

a location at one time (A.), and how this changes with the passing of time and associated 

climate change (B). 

PAST BIODIVERSITY 

As described above, there is some evidence for the survival of biodiversity on the 
Antarctic continent and subantarctic islands through the LGM. Some taxa are 
recognised as Antarctic endemics. In the near future, the use of modern genomic 
tools will provide greater insight into the proportion of the current biota that are 
glacial survivors, either original species or vicariant derivatives and for what length 
of time these organisms have been present in these landscapes (Peck et al. 2005). 
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HABITAT AVAILABILITY  

The first requirement of establishment is that there needs to be a substrate and 
habitat on and within which it is possible for colonisers to become successfully 
established. The main habitats for terrestrial life in Antarctica include ice-free areas 
of the islands and continent and inland nunataks that are surrounded by ice. 
Combined, these ice-free areas account for only 0.35% of the Antarctic continental 
area (Fox and Cooper 1994). On subantarctic islands, ice-free areas range from 
small coastal pockets interspersed with glaciers (South Georgia and Heard Island) to 
completely ice-free islands such as Macquarie and the Iles Crozet. Water bodies 
range from small holes in the ice (cryconites) to ponds and very large freshwater or 
saline lakes (Gibson et al. this volume and Quesada et al. this volume). Wet seepage 
areas are also present in many ice free regions. Adjacent to coasts lakes can be 
formed either by isolation of basins from the sea during postglacial isostatic 
rebound, or proglacially as glaciers and ice sheets retreat on the land (Hodgson et al. 
2004, Lyons et al. this volume, Quesada et al. this volume). The majority of these 
habitats are Holocene in age (last 11 ka). However, some areas have survived 
glaciation due to their altitude or glaciological settings. Examples of at least parts of 
some Antarctic oases remaining ice free through the Last Glacial Maximum include 
the Larsemann Hills (Hodgson et al. 2001), the Schirmacher Oasis (Schwab, 1998) 
and possibly the Bunger Hills (Gore et al. 2001) based on evidence contained in lake 
sediments and other terrestrial deposits. Similarly, some nunataks have remained ice 
free through a number of glacial cycles. Subglacial lakes have also likely been 
present in some form for many millennia (Doran et al. 2004), but are outside the 
scope of this volume.  

COLONISATION

Colonisers are carried in the air, on visiting birds and mammals (including humans) 
or sometimes borne on rafts (logs, kelp rafts) on the surface of the ocean (Hughes et 
al. this volume). The terrestrial environments of the Antarctic have been in a fairly 
constant if low level state of invasion and reinvasion from temperate and closer 
regions (Barnes et al. 2006) and are currently facing a considerable increase in 
invasion pressure through the direct (deliberate and accidental transport) and 
indirect (climate change acting to reduce the hurdles required for either successful 
natural long distance transport or establishment) (Frenot et al. 2005a, Convey et al. 
this volume b). For example, two vascular plant species on Macquarie and a further 
two on Heard Island have been identified as having colonised and established only 
in the last 200 years, with one of Heard Island species (Leptinella plumosa) being 
represented by only one plant found in 2003 (Bergstrom et al. in press, Turner et al. 
2006). In recent decades, new populations of the hair grass Deschampsia antarctica 

and small cushion plant Colobanthus quitensis have been appearing in various 



22 BERGSTROM ET AL.

locations on the Antarctic Peninsula (Fowbert and Smith 1994, Grobe et al. 1997, 
and review by Convey 2003).  

Table 1. Present-day distribution and colonisation attributes of Antarctic biota in the 

subantarctic, maritime and continental Antarctic biogeographic zones (S, M, C, respectively). 

Group/taxon Distribution 
S, M, C 

Colonization diaspora Major dispersal 
methods 

Mites S,M,C none self-propulsion, 
zoochory 

Insects S,M adults aerial, zoochory 
Nematodes S,M,C eggs, anhydrobiotic 

stages
aerial, zoochory 

Collembola S,M,C active juveniles and 
adults 

aerial or water 
surface

Crustaceans S,M,C adult resting stages 
(some groups), 
resistant eggs 

aerial or water 

Tardigrades S,M,C eggs, resistant adult state 
(tun) 

aerial, zoochory 

Molluscs S eggs water 
Testate
amoeba  

S,M,C resistant stages aerial or water 

Spiders S adults and young aerial 
Annelids S,M juveniles and adults  water 
Angiosperms  S,M seeds, fruits aerial or water, 

birds 
Ferns S spores aerial
Mosses S,M,C spores, plant fragments aerial, birds 
Algae S,M,C spores  aerial or water, 

birds 
Lichens S,M,C spores and other 

propagules, fragments 
aerial, birds

Freshwater 
phytoplankton 

S,M,C spores and fragments aerial, birds 

Bacteria S,M,C spores aerial, birds 
Cyanobacteria S,M,C cysts, fragments aerial, birds 
Yeasts S,M,C spores aerial 
Macrofungi S,M spores aerial, birds  
Microfungi, 
mycorrhizae

S,M,C spores aerial
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Some groups of organisms are better adapted to dispersal (Table 1) and this 
determines the frequency with which they arrive at new habitats, but not their ability 
to establish there. Other organisms have limited motility but have established and 
survived in various refugia on account of their ability to withstand a series of 
selective pressures. In an examination of patterns in biogeography of Southern 
Ocean Islands, Greve et al. (2005) identified the level of vagility within biotic 
groups as an important characteristic, with more vagile taxa supporting the 
hypothesis of single origins of Southern Ocean biota, while those less vagile 
supporting a multi-regional scenarios. In a separate analysis, Muñoz et al. (2004) 
identified an over-riding influence of wind dispersal as an explanatory factor 
underlying biogeographical patterns seen across the subantarctic islands. 

ESTABLISHMENT (PRE-ADAPTATION) 

Once colonising organisms are present they are subjected to a variety of selection 
pressures or biodiversity filters either before they become established or after. 
Organisms that establish after colonisation in the Antarctic are, by evidence of their 
successful establishment event, pre-adapted to the local conditions, either through a 
particular character state or being phenotypically plastic. This is not to say that such 
organisms are operating optimally – indeed optimality is an erroneous assumption 
often applied even to indigenous Antarctic biota with no real evidence - and 
ecophysiological studies of Antarctic organisms have demonstrated for example, 
that optimal temperatures for particular processes or activities are often well above 
ambient Antarctic or subantarctic air or water temperatures (Convey 1996, Hennion 
et al. this volume). The continued persistence of biota operating under sub-optimal 
conditions is further encouraged by the generally low importance of negative biotic 
factors (ie competition, predation) relative to abiotic environmental variables in such 
habitats (Convey 1996). The survival threshold can be understood as the 
achievement, over time, of a net gain in carbon and biomass, allowing viability to be 
maintained and some form of reproduction (requisite for the long-term development 
of a viable population) to occur. Failure to reach an effective population size will 
ultimately lead to extinction and, indeed, it is likely that many initially successful 
establishment events do not go on to establish populations of the species concerned. 
Convey et al. (2000b) suggested that evidence for such a pattern of frequent 
dispersal and extinction could be seen in interpreting differences in biodiversity 
associated with geothermally-influenced ground found in two surveys of the 
maritime Antarctic South Sandwich Islands separated by ~ 30y. 

ENVIRONMENTAL ENVELOPE (GENETIC DRIFT, GENE FLOW) 

Descriptions of environmental conditions and features found in Antarctic and 
subantarctic environments are available from a number of sources (Walton 1984, 



24 BERGSTROM ET AL.

Selkirk et al. 1990, Kennedy 1993, Convey 1996, Bargagli 2005). The most 
prominent environmental drivers in terrestrial environments are photoperiod 
(varying with the degree of latitude south), the period temperatures are above zero, 
the upper and lower limits of the thermal range and the, related, availability of free 
water. In order to sustain ecosystems based on carbon fixation by terrestrial 
autotrophs, conditions must allow for summer carbon storage to be greater than 
year–round respiratory loss and for selection of adaptations for a resting stage or 
dormancy. In limnetic environments, key features again include the availability of 
free water in addition to the degree of salinity, depth, nutrient availability and the 
longevity and depth of surface ice, although the selection of mixotrophy (Gibson et 
al. this volume) reduces the reliance on carbon fixation by autotrophic processes. 
The degree of temperature fluctuation is dependant on the depth of the water body. 
As in other environments, stochastic events also play a major role (see below), 
particularly with regard to local extinction. For example, satellite imagery of 
volcanic McDonald Island suggests that most vegetation has been destroyed with 
recent substantial volcanic activity, while the geothermal plant and animal 
communities associated with active fumaroles described from the South Sandwich 
Islands and Deception Island (Convey et al. 2000a, Smith 2005) are temporally 
defined by the geologically ephemeral persistence of specific individual habitats. 

After establishment, changes to the genetic population structure can occur 
through population processes such as genetic drift and gene flow. Some moss 
populations in continental Antarctica, have been found to have had as much genetic 
variation as temperate populations, while others are extremely limited (Skotknicki 
and Selkirk this volume). As mosses in the continental Antarctica are not known to 
undergo sexual reproduction to any significant extent (Smith and Convey 2002), 
genetic variation can be attributed to mutation, genetic drift or multiple colonisation 
events. Over the longer term (million year timescale) molecular phylogenetic studies 
of differentiation within Victoria Land springtails have been used to propose the 
existence of, and expansion from, refugia (Stevens and Hogg 2003, this volume), 
and the allopatric differentiation of populations isolated by glacial advances 
followed by contact being re-established (Nolan et al. in press). Over an even longer 
timescale of tens of millions of years, a molecular clock approach applied to species 
of Diptera endemic to the Antarctic Peninsula and subantarctic South Georgia has 
proposed separation events carrying a signal of the geological separation of the 
different tectonic elements linking this region with southern South America 
(Allegrucci et al. 2006). 

ENVIRONMENTAL CHANGE (ADAPTATION/SELECTION EXTINCTION) 

The key processes of adaptation, selection and extinction are inevitably linked with 
environmental change. The gross extinctions of Tertiary ecosystems across the 
Antarctic and Iles Kerguelen and Heard Island (McLoughlin 2001 and Truswell et 
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al. 2005) are major examples of the impact of climate change on ecosystems. 
Extinctions associated with cooling (eg leading up to the LGM and previous events) 
would have been reflected both in species loss due to environmental conditions 
shifting below their climatic envelope in addition to the loss of habitat from ice 
advance.

Species that had colonised the region pre-Tertiary and survived glaciations in 
refugia, may have been pre-adapted with sufficiently plasticity to cope with the 
environmental changes to be experienced, or have evolved in situ in response to the 
selection pressures of changed environmental conditions. The break-up of 
Gondwana, the creation of islands and loss of habitat through ice advance isolated 
many environments, thus the role of genetic drift and mutations most likely played a 
greater role in populations, both in terrestrial and freshwater environments, than 
gene flow. 

Although, as already mentioned, Antarctic biota are not necessarily functioning 
under optimal conditions, many species display both southerly and northerly limits 
to their distribution within the region. Fig. 2 illustrates the distribution of Acaena 

magellanica. This species, producing fruits with four barbed spines that are 
dispersed as an aggregate containing hundreds of fruits, is highly vagile. Thus, its 
distribution pattern is not limited by dispersal capacity and illustrates a degree of 
physiological tolerance. Balls of fruits are often seen caught on the bodies of 
migratory birds such as the Brown Skua and are readily transported accidentally by 
humans caught on clothing (Whinam et al. 2004). The southern distributional limit 
of A. magellanica is on South Georgia and the warmer (eastern) side of Heard 
Island, while the species has not been found in Tasmania, New Zealand or on New 
Zealand’s southern islands. It seems highly unlikely that propagules of such a highly 
vagile species have not dispersed to these warmer localities where other members of 
the genus occur. This is an example of a species whose life history strategies have 
been selected for survival under cooler subantarctic environmental conditions 
(Convey et al. this volume a). 

While climate change research is heavily focussed on the identification of large 
scale trends, the role of extreme and/or local events under environmental change 
must not be overlooked. Fig. 3 illustrates that in biological systems it is extreme 
events that can have the most impact in a local population, be it under a more 
general cooling or warming environment. Such extreme events, that exceed the 
physiological thresholds of a species, can lead to local extinction despite the general 
trend in environmental change occurring within the operating climatic envelope of 
the species. 

The 2001/02 austral summer may provide a recent example of such an extreme 
event: in this season air temperatures exceeding 10°C were recorded in the Ross Sea 
region, flooding occurred in the Dry Valleys from melting glaciers and rain occurred 
at the coastal continental Dumont D’Urville station (Lyons et al. this volume, Wall 
in press, D. Bergstrom, E. Woehler and M. Pook unpubl. data). This was despite 
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analyses identifying a general decadal–long cooling trend in this region (Doran et al. 
2002). Increased free water associated with rain can increase opportunities for 
population growth and expansion, however increased temperatures without 
accompanied free-water can lead to increased stress from drought in terrestrial 
environments (Convey 2003, this volume) or increased salinity in freshwater 
environments.  

Figure 2. A map of the current distribution of the subantarctic herb Acaena magellanica. The 

three figures illustrate an Acaena fruit head showing abundant spines (top), two fruits - the 

scale bar is 3mm (middle) and an Acaena fruit head on a subantarctic skua. Photographs by 

K. Kiefer. 

Biotic interactions (enhancement/inhibition/extinction)

Species richness can be exceedingly low in some Antarctic environments, but 
species generally do not exist alone. The simplest soil faunal communities on the 
planet are found in Antarctica, with those of the Victoria Land Dry Valleys being 
restricted to nematodes, tardigrades, rotifers and protozoan groups (Freckman and 
Virginia 1997), and those of inland Ellsworth Land nunataks losing even the 
nematodes (Convey and McInnes 2005). Even these extremely simple communities 
contain autotrophic, consumer and predatory trophic levels. Therefore, the species 
involved are subjected to a range of interactions with other species, ranging through 
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mutually beneficial, neutral and negative impacts from competition, predation and 
parasitism. Bergstrom and Chown (1999), however, have also noted that on 
Southern Ocean islands many functional groups were missing from communities, a 
trend that is thought to be even more exaggerated in more southerly and less 
complex ecosystems. Thus the range of interactions is thought to be reduced 
compared with warmer ecosystems and, as already stated, biotic factors are thought 
to become relatively unimportant as evolutionary selective pressures. 

Figure 3. Schematic illustrating the potential importance of extreme climatic events even 

during a period of apparently ameliorating climatic regimes. 

In the subantarctic, there are some indications of the impact of competition. The 
cushion plant species Azorella selago and A. macquariensis are limited primarily to 
higher altitude locations on their respective subantarctic islands, ascribed to the low 
capacity of these species to cope with competition from taller plants (Bergstrom and 
Selkirk 2000). It is often the case that introductions of non-indigenous species bring 
stronger competitors into communities – for instance, the introduction of a predatory 
carabid beetle to lowland terrestrial habitats of South Georgia and Kerguelen has 
had clear and considerable impacts on other indigenous invertebrate species 
(Ernsting et al. 1995, Chevrier et al. 1997, see reviews by Frenot et al. 2005a, 
Convey et al. this volume b). 

Examples of positive biotic interactions include the presence of mycorrhizae in 
the tissues of plants, including liverworts in Antarctica and the roots of many 
subantarctic vascular plants (Williams et al. 1994, Laursen et al. 1997, Frenot et al. 
2005b, K. Newsham and R. Upson, unpubl. data). Mycorrhizae have been identified 
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as playing an important role in nutrient uptake by plants, and widespread 
observations across many environments support the idea that they can influence the 
colonisation capacity of plants in cold and low-nutrient environments such as 
subantarctic glacier forelands (Frenot et al. 2005b). 

An interesting and unforseen negative biotic interaction is currently occurring on 
some sub- and maritime Antarctic islands. Over the last two decades, populations of 
fur seals have been expanding at a substantial rate, following their virtual 
extermination, and that of the great whales, by humans during the 19th and early 20th

Centuries (Hodgson and Johnston 1997). As a result, terrestrial habitats occupied by 
seals during their breeding and moulting seasons are increasing. This is leading to 
extensive vegetation destruction and excessive manuring, of local vegetation 
communities, particularly in the South Shetland and South Orkney Islands and on 
South Georgia and Heard Islands, and to rapid eutrophication of previously 
oligotrophic limnetic ecosystems (Smith 1988, Butler 1999). 

Present-day Antarctic biodiversity is an inventory of the species present at one time, 
while the factors that control biodiversity are operating more or less continuously 
and at a variety of different scales. Thus, determining which species survive and 
evolve in the Antarctic region, and for that matter in any environment, is dependent 
on many factors.  

Antarctica and its surrounding islands have undergone significant evolution of 
their landscapes and climate over the last 60 MA. The same biological processes 
(habitat availability  colonisation  biodiversity filters  resultant biodiversity) 
that occur elsewhere on the planet operate in both limnetic and terrestrial 
ecosystems in ice–free refugia in Antarctic and peri-antarctic islands, but the impact 
of some processes or environmental stressors is greater than in other localities. 
Currently, what separates the Antarctic from other ecosystems in the world is the 
combination of extremes that it experiences: extreme isolation, extreme past loss of 
habitat from ice formation and extreme selection pressure particularly from 
temperature and water stress in the terrestrial environment.  

What we see as a result of these factors at a continental scale is drastically 
reduced biodiversity at the species level. We now have a situation where many 
species are at their distributional limits, both northern and southern, and the 
environment in many places is changing rapidly and thus selection leading towards 
future biodiversity is most acute. Convey (this volume) and Lyons et al. (this 
volume) expand on evidence for recent change and discuss the future under current 
climate change scenarios.  

With a long, complex and extreme history, Antarctica and its surrounding islands 
currently provide relatively simple natural laboratories where small changes impact 

Summary 
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greatly and this impact is perceivable by the human observer. Apart from its obvious 
but value-based attributes such as wilderness, aesthetic and existence values, this 
one attribute makes the region a precious asset to the human race. 
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Introduction 

About 200 million years ago (MYA), the Antarctic continent formed, together with 
Australia, Africa, South America, India and New Zealand, the supercontinent 
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Gondwana. As the supercontinent broke up, giving the continents with which we are 
familiar today, Antarctica finally lost contact with Australia (c.45-50MYA) and 
South America (c. 30MYA). Throughout this process, the Antarctic landmass 
always lay at high southern latitudes, drifting southwards to reach its current 
position c.45 MYA. Separation from South America, which allowed the formation 
of oceanic and atmospheric circulation patterns isolating the continent from lower 
latitudes, was followed by an enormous cooling process. Nowadays, the continent of 
Antarctica, which is larger than Australia and comparable in area to Western 
Europe, is 99.6% covered by permanent ice with an average thickness of 2km and 
maximum of over 4km. The rocky summits of buried mountain ranges (nunataks), 
standing above the surrounding ice-sheet form, together with coastal landscapes, the 
contemporary ice-free terrestrial habitats of the Antarctic.  

Today, Antarctica is the remotest continent on Earth. It is surrounded by the 
Southern Ocean, which at its narrowest is 1000 km wide between South America 
and the northern tip of the Antarctic Peninsula. Oceanic and atmospheric 
circulations around Antarctica form major barriers to potential colonisers (Smith 
1991, Wynn-Williams 1991, Clarke et al. 2005, Barnes et al. 2006). Broadly, 
biodiversity decreases with increasing latitude as conditions get colder and drier and 
the length of the growing season decreases (Smith 1994, Convey 2001a, Kappen 
2004). The greatest terrestrial biodiversity is present on the subantarctic islands, a 
ring of remote islands and island groups surrounding the Antarctic continent in the 
Southern Ocean (see Fig. 1 in Huiskes et al. this volume). In the maritime Antarctic 
(western Antarctic Peninsula and Scotia Arc archipelagos) although numerous moss 
and lichen species are found, higher plants are limited to Antarctica’s only two 
flowering plant species (Deschampsia antarctica and Colobanthus quitensis). 
Higher invertebrates are limited to two native Diptera (Belgica antarctica and 
Parochlus steinenii) and true terrestrial vertebrates are absent. Finally, other than at 
a few very restricted ‘ oases’, continental Antarctica is occupied by only the most 
durable species, such as lichens and microorganisms. However, some caution should 
be applied if this general pattern, derived from observation of visually obvious 
macrobiota, is to be applied to microbes. Recently, prokaryote diversity in the 
Antarctic has been described as surprisingly high (Tindall 2004) while, at least 
within specific soil habitat types, patterns of eukaryotic microbial diversity can also 
be opposite to or inconsistent with those of higher groups (Lawley et al. 2004). 

It is axiomatic that successful colonisation by terrestrial biota can only take place 
in areas which become ice and snow free at some point during the year. There is a 
steep decrease in the size and frequency of exposed terrestrial ground suitable for 
colonisation with progression from the subantarctic southwards into the maritime 
Antarctic, along the Antarctic Peninsula and into the continent. Some parts of the 
maritime Antarctic, including the South Orkney and South Shetland archipelagos, 
and islands and coastline around the Argentine Islands and Marguerite Bay, are 
characterised by a relatively high diversity of species and communities, while a few 
coastal continental areas also include species-rich oases (eg the Windmill Islands, 
Vestfold Hills, Schirmacher Oasis, locations along the Victoria Land coastline). 
However, while diversity and extent of habitat decrease drastically within the 
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continental interior, colonisation processes clearly continue, with the simple 
communities found including both relictual species and more recent colonists (Smith 
2000, Stevens and Hogg 2003, Convey and McInnes 2005, Bergstrom et al. 2006).  

Colonisation processes in the Antarctic can be considered in at least two 
different spatial and temporal contexts (Bergstrom et al. 2006). At one extreme, the 
origin of the contemporary Antarctic fauna and flora must be placed in an 
appropriate geohistorical context – following separation from the other Gondwanan 
fragments, isolation, cooling and extensive continental ice formation, does the 
contemporary biota include true relictual species, and how did other ‘ ancient’ biota 
arrive on the continent? At the other extreme, what are the processes of recent and 
contemporary colonisation? Here, in addition to the long-distance processes bringing 
new biota to the continent, are also included the dispersal of organisms among 
suitable habitats isolated by short distances and, often, only recently exposed by ice 
retreat after the Last Glacial Maximum (LGM).  

Colonisation success depends upon the following factors: (1) survival of 
propagules during transfer, (2) the physiological and biochemical capacities of 
propagules on deposition and (3) establishment of a reproducing population 
sustainable over subsequent years (Ellis-Evans and Walton 1990, Wynn-Williams 
1991, Clarke 2003). The use of the term ‘ adaptation’ as applied to success in 
colonisation can be understood either in a precise evolutionary sense as a pre-
existing specialisation on the genetic level (‘ pre-adaptation’) as a prerequisite for 
primary colonisation of terrestrial Antarctic habitats, or in an ecological context of 
ensuring survival and development in an established habitat. 

Climate change 

It is generally accepted that contemporary global climate change is primarily linked 
with anthropogenic activities, particularly the release of greenhouse gases 
(Houghton et al. 2001). In a regional context, the Antarctic Peninsula has 
experienced one of the most dramatic changes seen worldwide, with increases in 
annual average temperatures of 2°C over the last 50 years (Hansen et al. 1999, King 
et al. 2003, Vaughan et al. 2003). In this region, some observed changes have been 
linked through teleconnection with El Niño Southern Oscillation (ENSO) events, 
although generally links among Antarctic regional and global processes are yet to be 
fully understood, or replicated in Global Circulation Models of climate processes 
(Turner et al. 1997, King et al. 2003). Focussing on the Antarctic Peninsula and 
Scotia Arc island groups, current trends appear to be linked with a shift in the 
pattern of atmospheric depressions, resulting in a greater frequency of events 
moving (warmer and wetter) air from the north into the region. In addition to 
increasing temperatures, this link in theory could also have a direct impact on 
colonisation processes, through increasing the frequency of transfer of South 
American air masses and aerobiota southwards. 

Climate change consequences are proposed to include dramatic ice shelf retreat 
(Vaughan and Doake 1996), deglaciation (Smith et al. 1999), reduction in snow 
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cover (Fox and Cooper 1998) and increased precipitation over some coastal areas of 
the Peninsula (Turner et al. 1997). Terrestrial habitats of the subantarctic islands are 
also faced with trends of temperature increase combined with both increases and 
decreases in precipitation and water availability, depending on location (Bergstrom 
and Chown 1999, Convey this volume). Increased temperature and water availability 
can significantly increase the duration of the growing season for terrestrial 
Antarctica biota and, by implication, the period over which physiologically active 
colonising propagules may become established, but this effect will be counteracted 
by any increase in desiccation stress. Long-term studies have linked an increase in 
the abundance and local distribution of both D. antarctica and C. quitensis in the 
Antarctic Peninsula region over the last 25 years with climate change (Corner and 
Smith 1973, Fowbert and Smith 1994, Smith 1994). Rapid expansion of bryophyte 
ground coverage has also been observed in the maritime Antarctic (Smith 1990) and 
field manipulations confirm that warming may have widespread effects on terrestrial 
ecosystems (eg Day et al. 1999 and Convey 2001b, 2003 for summaries). 

Climate amelioration does not only affect native Antarctic species (Kennedy 
1995). Convey (1997) predicted that climate change may lead to: 

“an increase in rate of colonisation by species new to the Antarctic, thereby increasing 

diversity, biomass, trophic complexity and habitat structure, with possible loss of 

existing Antarctic species and communities through increased competition”. 

Although there are few records to date of unassisted de novo species 
colonisation, new non-native bryophyte species have become established on Signy 
Island (South Orkney Islands) as a result of long distance colonisation (Convey and 
Smith 1993). The potential synergy between anthropogenic climate change 
processes, which lower the environmental barriers to colonisation processes in 
Antarctica, and increased human activity in the region (research, tourism and 
industry), which increases the probability of incidental transfer of colonists, has 
been emphasised by Frenot et al. (2005). Indeed, these authors concluded that 
transfer of non-indigenous species with human assistance is likely to (already) far 
outweigh transfer through ‘ natural’ processes and that while the subantarctic islands 
are by far the most likely to experience successful assisted colonisation events, such 
transfers also occur regularly into both the maritime and continental Antarctic zones.  

Dispersal processes 

Successful transport to and establishment in the terrestrial Antarctic environment is 
likely to be an infrequent event, as sites with appropriate physical and microclimatic 
characteristics suitable for colonisation are rare, isolated and are often surrounded by 
large areas of snow, ice or ocean (Block 1984, Bölter et al. 2002). Several modes of 
dispersion exist: organisms or their propagules can be transported long distances in 
air or water currents (Benninghoff and Benninghoff 1985, Marshall 1996, Coulson 
et al. 2002), associated with migratory birds and mammals (Schlichting et al. 1978,
Bailey and James 1979, Pugh 1997, Barnes et al. 2004), or in water attached to 
natural or anthropogenic flotsam (Barnes 2002, Barnes and Fraser 2003). The 
activities and rapid movement of humans into and within the continent by ship and 
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aircraft is a biologically recent and also extremely efficient means of dispersal 
(Bölter and Stonehouse 2002, Frenot et al. 2005) 

PROPAGULES 

The success of colonisation processes relies on the existence and transfer of viable 
propagules from a source location, arrival at a suitable substrate possessing 
appropriate exogenous factors and the maintenance of suitable microclimatic 
conditions during the period of arrival and initial establishment. A wide range of 
biotic groups appear well-adapted with respect to the first of these requirements, 
having developed a range of stress-resistant propagules which allow the possibility 
of survival during extended dispersal events (eg Jahns 1982, Longton 1988, Convey 
1996a). Included amongst these groups are bacteria, cyanobacteria, fungi, mosses 
and the invertebrate groups of rotifers, tardigrades, nematodes and some micro-
arthropods. Other groups are presented with particular problems to overcome. For 
instance, lichens face the challenge of maintaining their symbiotic state – an 
association of a fungal (mycobiont) and an algal (photobiont) component – in their 
new location. They have developed dispersal mechanisms depending either on 
vegetative diaspores (containing both bionts) or on ascospores (containing only the 
mycobiont). Therefore, while both are eminently suitable for long-distance aerial 
dispersal, the subsequent development of a new lichen thallus from an ascospore 
requires the re-establishment of symbiotic contact with a suitable photobiont after 
germination, meaning that the separate bionts must be present simultaneously at a 
suitable site for successful lichenisation. Furthermore, selectivity and compatibility 
of the symbionts are a prerequisite for the relichenisation process (Romeike et al. 
2002, Schaper and Ott 2003), and there is evidence that greater diversity is possible 
in the algal biont of particular lichen species from Antarctica than is typical at lower 
latitudes (S. Ott unpubl. data). Other examples of symbioses, for instance that 
between specific plants and mycorrhizal fungi (Williams et al. 1994) are faced with 
the same challenge. 

Propagule characteristics, in particular size/mass, will have a considerable 
influence on the likely success of transfer by aerial routes, including the relative 
probability of long vs short-range dispersal. This has been considered specifically in 
mosses, where spores >20μm in diameter are predominantly deposited within tens of 
metres of their source, while smaller spores have a greater (though still small) 
chance of being carried to higher altitudes and dispersed far greater distances 
(During 1979, Miles and Longton 1992). In addition to spores, mosses also produce 
a range of asexual propagules (Longton 1988), predominantly associated with local 
dispersal. Similarly in lichens, ascospores and vegetative soredia are usually 
associated with long-distance dispersal while isidia function more on shorter 
distances (Jahns 1982). In groups such as mosses and lichens, the flexibility to 
disperse using propagules with different characteristics can be seen as a particular 
advantage for successful colonisation of harsh environments. 
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AIRBORNE TRANSPORT 

Winds are thought to be the dominant agents of biological transport among and 
between terrestrial sites (both into and within Antarctica) for many biological 
groups, as they can transport many biological particles over long distances. The 
typical flow of cyclones around Antarctica is generally effective in limiting direct 
north-south transfer of biological material into (or out of) the continent, although 
this ‘ West Wind Drift’ (Mason 1971) has itself been proposed as a mechanism for 
dispersal of lichen propagules from Southern Hemisphere continents (Galloway 
1987). In parallel, the eastward-flowing Antarctic Circumpolar Current generally 
limits opportunity for north-south dispersal in seawater (Clarke et al. 2005, Barnes et 
al. 2006), although biological debris (eg tree trunks and branches) may still reach the 
continent and offshore archipelagos having circumnavigated the Southern Ocean 
(Convey et al. 2002a).

In the most comprehensive Antarctic aerobiological study to date, Marshall 
(1996) showed that cyclones moving around the continent could also be associated 
with dramatic influxes of airborne biological material into the South Orkney Islands 
from South America. He estimated that suitable weather patterns for rapid transfer 
of large quantities of biological material (and material of geological origin, such as 
volcanic ash) from South America to the South Orkney Islands occurred on average 
every 18 months, although less dramatic influxes are likely to be more common. It is 
not clear to what extent his estimates can be generalised and applied to other 
Antarctic locations, as no comparable studies have been completed. At continental 
sites, katabatic winds flowing off the high continental plateau toward the coast may 
inhibit local aerobiological transfer of propagules towards inland sites, rather 
encouraging outbound transfer, although as yet little evidence exists to support this 
(but see Convey and McInnes 2005). However, an analogous process operating at 
larger scale must underlie the presence of lichen species (c. 50% of the recorded 
lichen flora) otherwise endemic to the Antarctic continent and Peninsula on the 
remote maritime Antarctic South Sandwich Islands (Convey et al. 2000), as these 
islands are volcanic and recent (0.5 – 3 million years) in origin. Nevertheless, other 
markers of long distance propagule transfer into Antarctica are present, including the 
occurrence of exotic pollen trapped in moss cushions (Linskens et al. 1993) and 
exotic plants on volcanically warmed soils in both continental and maritime 
Antarctica (Bargagli et al. 1996, Convey et al. 2000). Taking a different approach, in 
a recent analysis of patterns of regional plant biodiversity amongst groups of 
Southern Ocean islands, Muñoz et al. (2004) highlighted the importance of ‘ wind 
connectivity’ over geographical proximity as explanatory factors for present-day 
distributions. 

Biological material present in Antarctic air may include moss spores, pollen (eg 
from D. antarctica, Nothofagus spp.), fungal spores, bacteria, viruses, lichen 
propagules, tardigrade cysts, nematodes, arthropod fragments and particles of 
marine origin (Wynn Williams 1991, Marshall 1996). The majority of material is 
likely to be of local rather than intercontinental origin (eg moss spores, Marshall and 
Convey 1997). Currently, Antarctic summer temperatures are likely to be near or 
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below minimum threshold temperatures for many physiological processes of 
potential colonists. However, even a minor change in physical conditions associated 
with climate change may allow a colonising propagule to survive transfer and/or 
establish successfully which, in turn, may impact on existing ecosystems. For 
example, members of the fungal genus Glomus form the normal mycorrhizal partner 
of Deschampsia grasses in temperate areas. Currently, in Antarctica the roots of D.

antarctica (a grass distributed from southern Marguerite Bay (c.69ºS) to the high 
Andes of Peru) are not colonised by these fungi (Demars and Boerner 1995), but 
regional warming may facilitate this happening, with inevitable but unknown effects 
on individuals and populations of these plants. Simple experiments using screens 
placed over Antarctic soil in order to reduce the severity of environmental 
conditions stimulate rapid growth from the normally dormant soil propagule bank 
present in the soils (Smith 1993, McGraw and Day 1997, Clarke 2003).  

A recent study (Hughes et al. 2004) examined the diversity of prokaryotes in air 
collected over Rothera Point (Adelaide Island, western Antarctic Peninsula) using 
molecular biological techniques. The closest matches for many of the 16s rDNA 
sequences obtained were from Antarctic clones already present in databases 
(including Antarctic soil, marine and lichen genera) or from other cold 
environments, which strongly suggests that much of the aerobiota was of regional 
origin. This finding is in agreement with Marshall and Convey (1997), who found 
that spores of local mosses dominated in air samples collected on Signy Island 
(South Orkney Islands).  

In the study by Hughes et al. (2004), air mass back trajectory data (Kottmeier 
and Fay 1998) showed that the sampled air may have travelled over the Antarctic 
Peninsula and Weddell Sea immediately before reaching Rothera Point, and 
therefore that a proportion of the detected biota may have had a more distant, though 
still Antarctic, origin. Winds may also aid the transfer of larger organisms. For 
example, Greenslade et al. (1999) and Convey (2005) document the transfer of 
moths from Australia to Macquarie Island, and South America to South Georgia, 
respectively, and there are many records of vagrant birds reaching particularly 
subantarctic islands, but also maritime Antarctic locations (Burger et al. 1980, 
Copson and Whinam 2001, Gauthier-Clerc et al. 2002, Frenot et al. 2005), in some 
cases already becoming established. In contrast, Pugh (2003) concluded that 
airborne transfer is very unlikely to provide a viable route of intercontinental 
transport for one of the main arthropod groups of Antarctica (Acari). Studies of 
airborne transfer into Antarctica, though few, strongly suggest that winds are a 
major means of transport for a wide variety of native and non-native species. 

WATER-BORNE TRANSPORT 

Dispersal on or near the surface of the ocean has been suggested as a possible route 
of entry into the Antarctic for certain terrestrial biota, although this proposal suffers 
from the same limitation as applied to airborne dispersal, in that the Antarctic 
Circumpolar Current will carry surface water and any associated biota eastwards 
around the continent rather than allowing for more rapid north-south transport. 
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Nevertheless, groups well-represented in Antarctica such as Collembola have well 
documented abilities to raft and survive on the water surface (Gressitt 1964), and 
even periods of immersion, as do some prostigmatid mites (eg Nanorchestidae), 
while other mites (particularly oribatids) have been shown to be capable of surviving 
the extended periods of immersion in sea (and also fresh) water that would be 
required during intercontinental dispersal (Coulson et al. 2002, Moore 2002). 
However, no direct evidence of trans-oceanic dispersal into the Antarctic by this 
route exists and it seems unlikely given the large distances required and generally 
poor sea conditions seen at high southern latitudes. Rather, dispersal on the water 
surface is likely to be an important route of transfer of these biota between terrestrial 
locations within Antarctica on a local scale, either via freshwater bodies (streams) or 
along the coast on the surface of the sea.  

INCIDENTAL TRANSPORT ON OTHER ORGANISMS OR DEBRIS 

Many vascular plant propagules (seeds) are able to travel trans-oceanic distances 
while remaining viable, although this mechanism is not yet implicated in explaining 
the presence of any contemporary Antarctic flora. At non-polar latitudes incidental 
transport on various natural and anthropogenic objects (hydrochory) is well known, 
involving both marine and terrestrial taxa and a range of life stages (Barnes 2002). 
While the Antarctic Circumpolar Current generally prevents such material crossing 
the Polar Frontal Zone into the Southern Ocean, this does occasionally occur 
(Barber et al. 1959, Convey et al. 2002a). Barnes and Fraser (2003) give the first 
clear report of marine taxa being dispersed within the Southern Ocean by rafting on 
an anthropogenic object. However, while there are several plausible examples 
(Barnes et al. 2006), assuming that the extended transfer distances and times will 
drastically reduce survival chances of non-marine species, this dispersal mechanism 
has been considered unlikely to be a common or important explanatory factor for 
terrestrial or freshwater biota (Gressitt et al. 1960).  

A considerably faster long-distance transport mechanism, zoochory, is provided 
by association with migratory vertebrates (birds and seals). These can travel long 
distances between locations within the Antarctic, or from lower latitude locations, 
on timescales between daily and seasonal. Bird transport has been implicated in the 
transport of some microbiota into the Antarctic (Schlichting et al. 1978). However, 
other than for certain parasitic or commensal microarthropods actively associated 
with bird or mammal species (eg ticks, lice, feather mites), there remains little 
evidence for zoochory playing a significant role in explaining the long distance 
colonisation and contemporary distribution of free living Antarctic invertebrates 
(Pugh 1997). On a shorter scale of distance, this mechanism is likely to play an 
important role in the local dispersal among adjacent sites. For instance, the habit of 
Subantarctic Catharacta lonnbergi and South Polar C. maccormicki skuas of lining 
their nests with local vegetation (eg grass, moss and lichen) is almost inevitably 
associated with the direct transfer of invertebrate biota, in addition to viable plant 
fragments and propagules. 
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HUMAN-MEDIATED TRANSPORT 

The general subject of import of non-indigenous species into the Antarctic region, 
and the over-riding importance of human activity in influencing this process, are 
dealt with elsewhere (Convey et al. 2006), and of a recent benchmark review (Frenot 
et al. 2005), and only a brief overview will be presented here. It is now clear that, in 
the subantarctic, human activity over only the last two centuries has underlain major 
changes in the structure and functioning of terrestrial ecosystems. These changes 
have been driven by the import of a very wide range of non-indigenous plants and 
animals, some introduced deliberately and others - the majority - inadvertently. 
While some of the most visible consequences have been associated with the 
introduction of vertebrates (including farm animals – sheep, mouflon, reindeer, 
cattle, horses – rabbits, rats, cats, freshwater fish), it is also now clear that a 
proportion of introduced plants and animals have become aggressive invaders, 
displacing (and even driving locally extinct) indigenous species and communities. 
The presence or impacts of introduced invertebrates are less well documented or 
understood but, as the known examples include species representing higher trophic 
levels not previously present in these communities (eg Chevrier et al. 1997, Ernsting
et al. 1999), significant consequences can only be expected. To date, the presence or 
impacts of non-indigenous microbiota (including disease-causing organisms) are 
barely known and have received little study. While fewer cases of establishment are 
known from the maritime Antarctic, and none to date from the continental Antarctic, 
it is clear that many similar transfers of biota do occur (Whinam et al. 2005, Frenot 
et al. 2005). 

This form of human-assisted colonisation already far outweighs in importance, in 
terms of both frequency of transfer events and numbers transferred, other natural 
dispersal and colonisation processes (Pugh 1997, Frenot et al. 2005). In effect, 
human assistance negates the effectiveness of the dispersal filter imposed by the 
physical isolation of Antarctic terrestrial habitats, removing the need for either 
physiological strategies or life history stages appropriate to survive the stresses of 
unassisted transfer by whatever route. It has long been known that a wide range of 
both plant and invertebrate species of lower latitudes possess ecophysiological and 
life history features that allow them to survive the more extreme conditions of 
Antarctic locations. Now, in the context of regional climate change trends that 
generally result in amelioration of existing climate regimes, it is likely that the 
ecophysiological barriers to the transfer and establishment of these ‘ assisted 
invaders’ will be lowered, resulting in a greater frequency of successful 
establishment events and in a greater proportion of these becoming aggressive 
invaders (Frenot et al. 2005). 

Survival on arrival 

Dispersal is only the initial stage of the colonisation process. Assuming propagule 
survival during transfer, ecological, physiological and biochemical capacities are 
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required to permit continued survival on deposition and subsequent establishment 
(Wynn-Williams 1991, see also Hennion et al. this volume, for a more detailed 
consideration of ecophysiological adaptation to environmental stress in Antarctica). 
This may include the ability to survive a continued period of anabiosis after arrival 
in Antarctica, a period which has the potential to become much extended if 
propagules are able to maintain viability when becoming trapped within a snow/ice 
column or permafrost (Nienow and Friedmann 1993, Gilichinsky 2001). Antarctica 
is an extreme environment. Variation in vegetation, soil or rock surface temperature 
during a single day can be >50°C, (eg +20 to -30°C) and annual temperature ranges 
may be >90°C (Smith 1988, Bölter 1992, Convey 1996b). To deal with these 
dramatic temperature fluctuations, many Antarctic organisms possess differences in 
detail of biochemistry and physiology in comparison with related temperate species 
(eg in membrane structure or enzyme activities) so that they can function at lower 
temperatures (Block 1990, Russell 2000). Consequently, many Antarctic 
microorganisms are psychrophilic (optimum growth rates obtained at below 15°C) 
or psychrotolerant (optimum growth rates at higher temperatures, eg 20-25°C, but 
will grow at temperatures below 0°C), both of which increase the amount of time 
that they can be metabolically active under polar conditions and hence their growth 
season and reproductive potential. Psychrophilic microbiota are particularly well 
represented in more environmentally stable Antarctic habitats, such as in sublithic 
and lake sediment communities (Bowman et al. 1999). As a broad generalisation, 
flexibility, or the ability to tolerate a wide range of environmental conditions in 
comparison with temperate biota, appears to be a key feature of the biology of many 
Antarctic terrestrial biota (Bölter 1990, 2004a,b, Convey 1996a). 

Despite the potentially extreme temperature stress, liquid water availability is 
probably the major limitation to life across much of continental and maritime 
Antarctica (Kennedy 1993, Block 1996) as, once frozen, water is unavailable and 
metabolic processes cease. To cope with this, many Antarctic microorganisms, 
plants and animals have biochemical and physiological adaptations that allow them 
to withstand prolonged periods of both freezing and desiccation (Block 1990, Potts 
1994, Wharton and Ferns 1995, Wharton 2002). These include the production of (1) 
sugars or sugar alcohols (such as trehalose and glycerol) to protect cell membranes, 
(2) compatible solutes to maintain internal osmotic pressures, (3) extracellular 
polysaccharides to trap water and keep it near the cell (and reduce the rate of drying 
experienced by cells, which presumably allows better intracellular preparation) and 
(4) the rapid triggering of metabolic pathways in the presence of water to allow 
maximum use of hydrated periods for growth and reproduction.  

Solar ultraviolet radiation is another major stress faced by Antarctic terrestrial 
biota, especially during periods of ozone depletion when more biologically 
damaging short-wavelength UV-B radiation is transmitted to ground level (Cockell 
and Knowland 1999). Four main techniques are available for organisms to protect 
themselves from high UV doses (Quesada and Vincent 1997): (1) synthesis of UV-
screening pigments such as mycosporine-like amino acids, MAAs (see also 
Newsham et al. 2002), (2) production of molecules (eg carotenoids) to quench the 
damaging free radicals generated when UV interacts with the cell, (3) rapid repair of 
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UV damage to cell components, or (4) have multiple copies of important 
biomolecules (such as DNA) giving a degree of redundancy.  

When specific biochemical responses are not possible, many organisms develop 
behavioural responses or select niches that limit exposure to UV radiation. Antarctic 
fungi will generally show negative phototaxis when UV levels are high, or may 
produce protective pigments such as melanin (eg Phoma herbarum Hughes et al. 
2003). The problem becomes more difficult for phototrophs that rely on light for 
photosynthesis, but may still suffer UV damage. Lichen photobionts are often 
protected by dark pigments synthesised by the mycobiont (Lud et al. 2001) and 
cyanobacteria such as Nostoc commune may generate their own UV protective 
pigments such as scytonemin or MAAs (Edwards et al. 2000). Small unicellular 
algae may be not be physically large enough to contain enough protective pigment 
to prevent damage to their cell components by ambient fluxes of UV, yet must still 
rely on visible light for their photosynthetic machinery. They may overcome this 
problem by selecting sites in fissures or beneath soil particles, where UV doses are 
too low to cause significant damage and try to absorb all available 
photosynthetically active radiation (PAR) using exceptionally sensitive light 
capturing systems (Cockell and Stokes 2004).  

A particular challenge for the establishment process in maritime and continental 
Antarctic terrestrial habitats is the fact that initial growth and developmental 
processes must progress sufficiently during the very short summer season to allow 
preparation for and survival of the subsequent winter. Possession of flexibility in 
this element of the life history may provide a considerable advantage to colonising 
biota. In this context, prolonging of the early developmental processes after initial 
colonisation can be seen as a specialisation. For instance, in the northern maritime 
Antarctic, juvenile development may be prolonged substantially as has been seen in 
the fruticose lichen Usnea antarctica on Livingston Island, South Shetland Islands 
(Ott 2004). During the very early stages of development, the young thallus consists 
mainly of the mycobiont, with only a very limited element of the algal photobiont, 
which defines the overall energy budget through carbon fixation. In contrast, early 
development of crustose lichens may face different restrictions, as energy is only 
necessary for the development of a horizontal thallus. Sancho and Pintado (2004) 
describe the colonisation and development of the crustose lichen Rhizocarpon 

geographicum in new habitats close to a glacier in the South Shetland Islands, 
finding a relatively high growth rate.  

The role played by these various ecophysiological, behavioural and life history 
mechanisms in any response to changing environmental conditions is likely to be 
complex and difficult to predict, either for indigenous or colonising species and 
much will depend on the precise detail of the environmental changes experienced. 
Clearly, a simple consequence of either increased temperature or water availability 
will be an increase in the opportunity for biological processes to occur, either in 
terms of rate or duration of activity. However, the integrated consequences of 
different climate change processes may be to increase environmental stress on biota. 
For instance, increased temperature may lead to earlier spring snowmelt and later 
autumn freeze and a longer apparent season, but may also result in exhaustion of 
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water supplies in midsummer or increased evaporative stress (Convey et al. 2002b, 
2003). Reduced precipitation, as seen in diverse locations across the subantarctic, 
may impose considerable stress on sensitive life stages of some organisms such as 
plant seedlings or developing roots (Hennion et al. this volume). Finally, while 
many Antarctic terrestrial biota appear well capable of avoiding or recovering from 
the adverse effects of UV exposure, their responses presuppose conditions suitable 
for biological activity. While this is generally true in hydrated habitats during the 
polar summer, it is not the case while organisms are either frozen or in a dehydrated 
(eg anhydrobiotic) state. In these latter cases, in the event of damage biota will be 
unable to respond until activity is resumed at a later point, a factor that may be 
particularly pertinent in considering the consequences of the continent-wide 
Antarctic ozone hole, which forms and is at its peak early in the austral spring, 
before many biota resume physiological activity. Many, but not all, such biota will 
receive sufficient protection from even a thin covering of winter snow (Cockell et al. 
2002) but here, again, it becomes important to integrate the consequences of changes 
in unconnected climatic variables, as warming will lead to early loss of this 
protection. 

ANTARCTIC ENDOLITHIC MICROBIAL COMMUNITIES - SURVIVAL 
UNDER THE MOST EXTREME CONDITIONS 

As altitude or latitude increases, conditions become increasingly severe. Eventually 
external environmental conditions may be too severe for life and organisms are 
forced to adopt an endolithic existence (meaning literally ‘ within rock’: Friedmann 
1982, Fike et al. 2002). Endolithic habitats are not unique to the Antarctic, being 
well known from hot deserts and also from less severe environments such as the 
Niagara escarpment (Canada). The microbial colonisation of rock surfaces at Mars 
Oasis, Alexander Island (southern Antarctic Peninsula) provides an excellent model 
demonstrating a variety of techniques for coping with extreme environmental 
stresses (Hughes and Lawley 2003). At this location, large boulders are found that 
have developed thin (2-15 mm), partially transparent, gypsum crusts on their 
surfaces. Small microbial communities (2-3 mm in diameter) have colonised and 
developed within these crusts and are able to survive and reproduce in this unusual 
habitat due to two factors:  

a) Selection of a favourable micro-niche. The ability of endolithic microorganisms 
to survive in extreme regions may be due to physiological adaptations, but selection 
of habitat is probably of greater importance. In this example, the microscopic sites 
within microfractures in the Mars Oasis gypsum crust reduce the physical stress to 
levels favourable for life. The crust is generally several degrees warmer (during 
summer) than the surrounding air temperature, due to solar radiative heating. This 
allows any water to remain in the liquid state for longer and for metabolic processes 
to occur more rapidly. The crust also rapidly absorbs any water or melted snow 
landing on its surface, which then travels through pores to the microorganisms. An 
important property of gypsum is that it completely filters out biologically harmful 
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UV radiation, while allowing transmission of low levels of light suitable for 
photosynthesis. This limitation results in low rates of carbon fixation, and estimates 
point to growth rates of as few as 4-38 cell divisions per year (Hughes and Lawley, 
2003). Such slow growing organisms also illustrate a situation where biological 
processes approach geological timescales, as the maintenance of these communities 
requires local colonisation to counteract the loss of habitat through exfoliation of the 
mineral surface (Sun and Friedmann 1999). 

b) Community biodiversity and physiological capacity. Culture techniques suggest 
that biodiversity in the Mars Oasis endolithic community is very low, as also 
reported from the Dry Valley sandstones. The cyanobacterium Chloroglea sp. is the 
dominant phototroph and its excess metabolites provide organic carbon for the few 
fungal and heterotrophic bacterial species in the community. Biochemical studies 
show that the heterotrophic species have broad enzymatic competence, which is a 
common characteristic in extreme environments with low levels of competition and 
biodiversity (Hughes and Lawley 2003). 

Establishment and community development 

Establishment involves the initiation of a long-term viable and reproducing 
population and differs from simple survival, as it requires the resources and habitat 
to permit reproduction, development and completion of the life cycle. Establishment 
of biota on ground newly exposed from beneath snow or ice involves particular 
problems. Initially, the number of species at a site will be limited and even 
insufficient to support community development (Naeem 1998) and the existence of 
the correct range of functional genes in the community as a whole may strongly 
influence colonisation success. Many polar soils are nitrogen-limited (Davey and 
Rothery 1993, Arnold et al. 2003) and colonisation by some species may be 
impossible until nitrogen-fixing cyanobacteria, lichens (containing nitrogen-fixing 
photobionts) or bacteria are present. In response to this, microbes isolated from 
extreme polar terrestrial environments, where biodiversity is low, often show a 
greater degree of physiological diversity (Siebert et al. 1996). Consequently, a 
relatively low number of species will be able to deliver all the biochemical processes 
required for colonisation and persistence, as illustrated by Antarctic endolithic 
communities.  

Nevertheless, other factors may strongly influence colonization success. 
Stabilisation of pristine soil habitats by various microbiota (Davey et al. 1991,
Wynn-Williams 1990, 1993), and consequential modification of local micro-
environmental conditions (los Rios et al. 2003), have been found to be important 
precursors encouraging further colonisation by heterotrophic microbiota. However, a 
‘ classical’ view of establishment and community development as a linear 
successional process - initial colonisation and habitat stabilisation by algae and 
nitrogen-fixing cyanobacteria, facilitating successive colonisation by heterotrophic 
microbes and then invertebrates, and by macroscopic plants (cryptogams and 
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phanerogams) - may not always be appropriate. Smith (1995) found that 
colonisation of glacial forelands by plants (lichens) was rapid due to the presence of 
nutrients provided by bird droppings, without which colonisation by some species 
may have been impossible. The grass Deschampsia antarctica is itself a very 
successful primary colonist of newly exposed glacial soils in sub- and maritime 
Antarctic locations (Smith 2001), apparently requiring little or no microbial 
‘ priming’ of the habitat. In certain situations, redistribution of ‘ dead’ organic matter 
into newly exposed and unoccupied habitats can encourage colonisation and 
maintain populations of higher trophic levels before the establishment of their 
expected primary food source – this is the case with the colonisation of ground 
newly exposed by glacial retreat on High Arctic Svalbard (Hodkinson et al. 2002), 
although has not yet been observed in Antarctic terrestrial habitats. Establishment 
and community development on existing barren ground is unlikely to proceed unless 
some environmental variable changes (eg increase in temperature or nutrient 
availability, as illustrated by the many screen or greenhouse style manipulation 
experiments). However, the stochastic arrival of a key species with essential 
physiological and biochemical capabilities for establishment at a site may itself alter 
the environmental conditions and permit establishment of other species.  

Biodiversity  

Levels of biodiversity in Antarctic terrestrial environments have traditionally been 
considered to be low and this is certainly true for higher plants and animals (Convey 
2001a). However, recent work suggests that microbial biodiversity is more than 
previously thought in soil and lake ecosystems in the maritime Antarctic (Pearce et 
al. 2003, Lawley et al. 2004, Tindall 2004). It has also been proposed that, unlike 
multicellular organisms, many microorganisms may be distributed globally (the 
‘ global ubiquity hypothesis’) and selectively utilise different parts of their genomes 
to survive in the different environments that they encounter (Finlay, 2002). Thus, 
there may be a fundamental difference in the dispersal and colonisation abilities of 
(at least some) microbiota relative to the more visible macroscopic groups. Genes 
encoding for biochemical systems that will allow adaptation to polar existence may 
already be present in the genome of colonizing organisms. For example, the green 
algaStichococcus bacillaris is able to survive in temperate and tropical regions, but 
is also cultured from soils found in the La Gorce Mountains - only 400 km from the 
South Pole. Nevertheless, Antarctica is at one end of a steep natural gradient of 
environmental stresses found on Earth (Peck et al. 2006) and the most recent 
evidence continues to suggest that microbial biodiversity decreases with the more 
extreme conditions found in continental Antarctic sites (Lawley et al. 2004) though 
less rapidly than plant and animal biodiversity.  

Conclusions 

Native Antarctic organisms use a range of biochemical, physiological and 
behavioural adaptations to survive the extreme conditions of the Antarctic terrestrial 
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environment. Limited evidence suggests that, for organisms producing propagules 
suitable for airborne transfer, distribution into Antarctica is not a limiting factor. 
Rather, the environmental conditions are often too severe for their survival and 
subsequent establishment. With recent climate change-associated temperature and 
precipitation changes over particularly the sub- and maritime Antarctic, 
environmental conditions may become less severe. If so in the near future, if not 
already, non-indigenous species could colonise and displace native species, with 
unknown implications for biodiversity and biogeochemical cycling. This process 
will likely be accelerated by the inadvertent and inevitable transfer of biota in 
association with human activity which evidence suggests may already far outweigh 
natural dispersal and colonisation processes in Antarctica. 
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Introduction

The biogeography of Antarctica and its surrounding islands is both complex and 
contentious. Why this should be the case is readily apparent when considering the 
region and its biotas. The Antarctic continent alone has a surface area of c.45 million 
km2, originated following accretion of several very different terrains, and now has 
less than 0.32% of this surface exposed above its extensive ice cover (British 
Antarctic Survey 2004, Peck et al. 2006). Its surrounding islands, which are 
distributed sparsely within the vast Southern Ocean between approximately 45° - 
60°S, likewise have varied geological origins, ranging from Upper Jurassic/Lower 
Cretaceous continental crust in the case of South Georgia to recent (0.5 million 
years) basaltic volcanism in the case of the Prince Edward Islands (Le Masurier and 
Thompson 1990, Peck et al. 2006), and their glacial histories differ markedly from 
archipelago to archipelago, and even among islands within a group (Hall 2002). 
Making use of this geological chessboard are a group of pieces whose origins, 
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identities, positions, moves and roles are often poorly understood. Many ice-free 
areas have yet to be systematically explored and investigations of several areas are 
surprisingly recent (Broady and Weinstein 1998, Convey et al. 2000a,b, Marshall 
and Chown 2002, Stevens and Hogg 2002, Bargagli et al. 2004, Convey and 
McInnes 2005, H.J. Peat et al. unpubl. data). Moreover, no comprehensive database 
of the distributions of Antarctic and subantarctic species yet exists (see Griffiths et 
al. 2003 for a marine example), although several non-digital compilations are now 
becoming available (eg Pugh 1993, Bednarek-Ochyra et al. 2000, Øvstedal and 
Lewis Smith 2001, Pugh et al. 2002, Pugh and Scott 2002, Ochyra et al. in press) 
and the RiSCC biodiversity database has accumulated 80 000 terrestrial and 
freshwater records. Systematic information is also absent for many taxa, the number 
of systematists working on the biota of the region is surprisingly low (ie a 
substantial taxonomic impediment exists, Samways 1994) and comprehensive 
phylogenies based on modern molecular methods are rare (for an exception see 
Allegrucci et al. 2006). In consequence, biogeographic assessments have to rely on 
incomplete data and methods that often make use of species as if they were wholly 
independent of each other and shared no phylogenetic history, when other, more 
powerful phylogeographic or similar approaches are available (van Veller and 
Brooks 2001). It is little wonder then that Antarctic biogeography remains pre-
occupied with many of the same questions that puzzled the region’s early 
biogeographers, although in some cases this pre-occupation is waning given recent 
solutions to these problems. 

Perhaps best known among the questions facing Antarctic terrestrial 
biogeography are: 

The role that dispersal and vicariance have played in determining the 
current distribution of organisms across the region and the significance of 
the order of break-up of Gondwana for both these taxa and their relatives 
on the surrounding Southern Hemisphere continents (Brundin 1966, 
Darlington 1970, Craig 2003, Bergstrom et al. this volume, Gibson et al. 
this volume). 
The age of the Kerguelen Plateau and Iles Crozet, and the origin of the 
biotas both of these islands and others in this region, that is often known as 
the Kerguelen Biogeographic province or the South Indian Ocean Province 
(Udvardy 1987, Kuschel and Chown 1995, Craig et al. 2003). 
Whether most Antarctic organisms are recent, post-glacial colonists, or 
whether, at least in some taxa, palaeoendemism is the norm (Chown and 
Convey 2006). 

In this chapter, we provide a review of the historical and ecological 
biogeography of terrestrial systems in the Antarctic, realizing that the distinction 
between the two approaches to biogeography is largely artificial. It represents little 
more than a convenient way to discuss the same patterns of biodiversity from the 
perspective of different scales (Ricklefs 2004). In doing so, we also recognize that 
both Antarctica and at least some of its surrounding islands have not always been 
occupied by their current biotas. The continent was once home to a diverse flora (eg 
Quilty 1990) and a fauna that included dinosaurs (Hammer and Hickerson 1994), the 
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earliest representatives of the globe’s modern avifauna (Clarke et al. 2005) and 
presumably a wide variety of insects (Ashworth and Kuschel 2003). Likewise, 
extensive fossil floras characterized the oldest of the subantarctic islands on the 
Kerguelen Plateau (Chastain 1958, Quilty and Wheller 2000). Over shorter time 
scales, palynological evidence has demonstrated compositional change in the floras 
of many sites (eg Scott 1985) and lake sediment cores have also revealed substantial 
variation in the abundances of terrestrial and freshwater invertebrates such as mites 
and crustaceans (Hodgson and Convey 2005, Cromer et al. in press). However, 
synthetic review of temporal trends and processes in the Antarctic biota is largely 
beyond the scope of this chapter and we refer to such processes only in the context 
of explaining current spatial distributions. 

Biogeographic regions 

Early biogeographic work divided the Antarctic region into the continental and 
maritime Antarctic and subantarctic biogeographic zones (reviewed in Lewis Smith 
1984, Peck et al. 2006, see Fig. 1 Huiskes et al. this volume). The continental 
Antarctic is by far the largest of the zones, including most of the continental area, 
the east side and southern regions of the Antarctic Peninsula and the Balleny Islands. 
The maritime Antarctic is typically described as including the western coastal 
regions of the Antarctic Peninsula southwards to Alexander Island (approximately 
72°S) (although this is not equivalent to the West Antarctic geological region, which 
includes the entire Antarctic Peninsula), along with additional Scotia Arc island 
groups including the South Shetland, South Orkney and South Sandwich 
archipelagos and the isolated Bouvetøya and Peter I Øy (Peck et al. 2006). Recent 
work has identified a much clearer distinction between the Antarctic Peninsula and 
the remainder of continental Antarctica than previously recognised. Indeed, the lack 
of overlap at species level among the representatives of several higher taxonomic 
groups is striking. Thus, the most recent taxonomic treatments indicate that there is 
no overlap at species level among these regions for nematodes (Andrássy 1998) and 
free-living mites (Pugh 1993) and that only a single springtail species is shared 
(Greenslade 1995). Other groups, such as tardigrades, show an intermediate level of 
species overlap (c. 50%, Convey and McInnes 2005). Although bryophytes appear 
to show a completely different pattern of biodiversity, with very few (< 5 species) or 
possibly even no endemism across the entire continent, the strength of the separation 
between the Peninsula and continental Antarctica is so robust that Chown and 
Convey (2006) argued that it should be recognized by a formal biogeographic 
boundary (Fig. 1). They called this the ‘ Gressitt Line’ in honour of the work done by 
J.L. Gressitt in the region. 

The third region, the subantarctic, has been the subject of some controversy. 
Typically when eco-climatic criteria (temperature and the presence/absence of trees 
or woody shrubs) are used, it has been argued that the New Zealand subantarctic 
islands (Auckland, Campbell, Antipodes, Snares) and other islands, such as the 
Falklands, St Paul, Gough and others, should be excluded from this zone or region 
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because they are ‘ cool temperate’ islands. Rather, the only islands that should be 
termed subantarctic are South Georgia, Prince Edward Islands, Iles Crozet, Iles 
Kerguelen, Heard and McDonald Islands and Macquarie Island (see discussion in 
Lewis Smith 1984, Chown et al. 1998). However, other authors have suggested that 
the New Zealand subantarctic islands and others should be included in the 
subantarctic region (see Dingwall 1995), largely because they share many species or 
genera with the more typically recognized subantarctic islands. To some extent, the 
problem is tied up with the question of whether the biotas can be considered part of 
a larger Insulantarctica biogeographic region, or whether they have such divergent 
origins and histories that they should be dealt with as part of the continental biotas 
from which they are presumably derived (reviewed in Greve et al. 2005 and see also 
below). Recent work has shown that this depends very much on the taxa under 
consideration (Greve et al. 2005) and the questions that are being investigated. 
Moreover, it seems likely that this perspective will continue to hold even when 
phylogeographic work has been done for a variety of taxa. Therefore, we think that 
the philosopher John Dewey’s advice, to get over the question, rather than to answer 
it, is best heeded in this instance. 

Figure 1. Map of the ‘Gressitt Line’ (shown in black across the base of the Antarctic 

Peninsula), a strong biogeographic region of separation between the biotas of the Antarctic 

Peninsula and continental Antarctica (Chown and Convey 2006). 
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Historical biogeography 

Owing to its large area and complex geological origins (biologically relevant 
reviews in Clarke 2003, Peck et al. 2006), the historical biogeography of the 
terrestrial Antarctic must by necessity be relatively complicated. Compounding this 
situation is the fact that by the mid-Miocene continental ice-sheets were substantial 
and most of the biota had probably been driven extinct either by then or soon 
thereafter. Thus, the early history of the region has largely been lost (especially since 
so little ice-free land that might contain fossils is available). Moreover, very low 
species endemism in some groups, particularly the mosses (Bednarek-Ochyra et al. 
2000, Ochyra et al. in press, H.J. Peat et al. unpubl. data), combined with 
substantially more extensive glaciation of the Antarctic during the last glacial 
maximum than at present (Peck et al. 2006), has encouraged the view that the 
majority of Antarctic species are relatively recent arrivals, with perhaps a few 
microbial or protozoan taxa being substantially older. 

However, recent work has altered this perspective. It now seems that mosses may 
have an atypical pattern of endemism compared with most other major groups of 
Antarctic flora and fauna and that the generalisation of an assumption of recent 
origin may be little more than dogma. In the continental Antarctic, it is clear that 
several areas (eg parts of the Victoria Land Dry Valleys, Transantarctic Mountains, 
some inland nunatak groups) have remained ice free since at least the end of the 
Miocene (Boyer 1979, Prentice et al. 1993). Careful re-assessment of some 
continental Antarctic mite distributions has also indicated that the majority of 
species are probably pre-Pleistocene endemics, and that speciation in some groups, 
such as the endemic oribatid genus Maudheimia, is in keeping with models of the 
development of the East Antarctic ice sheet (Marshall and Pugh 1996, Marshall and 
Coetzee 2000). The west Antarctic remains problematic, because the large majority 
of biota are present in coastal and low altitude locations, which glacial and ice sheet 
reconstructions indicate would have been obliterated at glacial maximum by ice 
sheets extending out to the point of continental shelf drop-off. Thus, the existence 
and location of potential refuge regions remain hypothetical (Convey 2003). 
Nevertheless, evidence is increasing for the presence of an ancient and vicariant 
biota, such as species of endemic midges (Diptera, Chironomidae) whose age of 
evolutionary separation has been estimated using a “molecular clock” approach at 
20-40 million years, in keeping with the opening of the Drake Passage (Allegrucci et 
al. 2006). It is also clear that many Antarctic nematodes are endemic to either the 
continental or maritime Antarctic, strongly suggesting that they are glacial survivors 
rather than post-glacial colonists (Andrássy 1998, Maslen and Convey, in press). 

Precisely how the biotas of different refuges and ice-free areas in Antarctica are 
related and how these relationships might be concatenated to indicate the history of the 
major regions of the continent is, nonetheless, still some way off. As we have noted 
previously in this chapter, many ice-free areas remain unsurveyed, and although 
molecular work at the population level is being done (Stevens and Hogg this volume, 
Chown and Convey 2006), appropriate phylogeographic work is rare (although now 
common for many marine groups: Bargelloni et al. 2000, Page and Linse 2002). 
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The origins and relationships of the subantarctic biota also remain contentious, 
for two major reasons. First, the geological history of areas such as the Kerguelen 
Plateau has, until recently (Wallace et al. 2002) been contentious, while for others, 
such as the Iles Crozet it remains so (Craig 2003). Second, almost no molecular 
systematic work has been undertaken on the biotas of these islands. In consequence, 
it is still not clear what are the closest relatives of many groups (such as the 
Ectemnorhinus-group weevils and Pringleophaga spp. tineid moths), despite the fact 
such relationships have been mooted on the basis of conventional, morphological 
systematics (Jeannel 1964, Kuschel and Chown 1995). The absence of such studies 
for a wide variety of taxa has also compounded the question of whether many of the 
Southern Ocean islands should be considered a single biogeographic region or 
simply part of the regions to which they are closest. On the one hand, it has been 
suggested that all of the islands share enough history and a sufficient proportion of 
their biotas to be considered a single biogeographic province (Holdgate 1960, 
Skottsberg 1960, Van de Vijver and Beyens 1999), often known as Insulantarctica 
(Udvardy 1987). The other, and perhaps more widely accepted, multi-regional view 
is that these similarities are not large enough to warrant inclusion of the biotas 
within a single biogeographic province. Proponents of the multi-regional hypothesis 
argue that across the Southern Ocean, island biotas differ substantially in their 
origins, histories, source areas, and endemicity (Gressitt 1970, Lewis Smith 1984, 
Morrone 1998, Cox 2001, Broughton and McAdam 2002), and as a consequence 
there are considerable regional differences in the structure and composition of the 
biotas. 

Despite several recent analyses, the question of the origin and relationships of 
the Southern Ocean Island biotas appears to have done little but shift back and forth 
among these competing hypotheses, providing no convincing argument why either 
of the ideas should enjoy primacy. Whilst the obvious solution to these problems 
might seem to be a concerted, multitaxon phylogeographic study of the region, too 
few marine and terrestrial taxa have been examined in sufficient detail for this to be 
done at present (though see Bargelloni et al. 2000). Moreover, the results of such an 
analysis might also be subject to domination by the most speciose taxa. Recently, 
however, nestedness analyses of a subset of terrestrial taxa have provided 
considerable insight into both this conundrum and the ways in which it might be 
solved (Greve et al. 2005). 

A perfectly nested distribution, based on species incidences, is one in which 
species occurring at the site of interest are always present in a more species-rich site, 
whereas species absent from the site of interest never occur in a more depauperate 
one. In the Insulantarctica scenario, significant nestedness might be expected, at 
least at a generic level, owing to similarities in the source pool of colonists across 
the region, or to vicariance of a once larger landmass. Alternatively, in the multi-
regional scenario, differences in endemicity, source pools and biogeographic history 
are likely to mean little in the way of significant nestedness across the Southern 
Ocean islands at either the generic or species levels. However, within a particular 
archipelago, significant nestedness should not only occur, but should also be very 
much greater than that found across the region (Greve et al. 2005). Because one of 
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the mechanisms underlying nestedness is differential colonization ability, the extent 
of nestedness should vary considerably with the dispersal ability of the taxon 
concerned: organisms with poor dispersal abilities are apt to show much less 
nestedness than taxa with well-developed dispersal abilities (Greve et al. 2005). In 
the case of the Southern Ocean island taxa for which comprehensive information on 
distributions is available (Chown et al. 1998), nestedness might be expected to 
increase in likelihood as follows: insects < vascular plants < land birds < seabirds, 
inter-island benthos and fish < plankton, whilst acknowledging that within each of 
these groups dispersal ability will vary considerably. 

In the Southern Ocean island taxa investigated by Greve et al. (2005) species, 
considerable nestedness was found at the species and generic levels across the 
region, but there are also substantial differences between nestedness at this scale and 
within archipelagos (specifically the New Zealand subantarctic islands) (Greve et al. 
2005). Thus, both the Insulantarctic and multi-regional scenarios appeared to enjoy 
support, which is perhaps not surprising given the complexity of the region (Gressitt 
1970). However, much of this complexity is a consequence of differences of vagility 
of the groups (insects, vascular plants, land birds, seabirds). Highly mobile taxa, 
such as seabirds, that, at least in some instances, have demonstrably panmictic 
populations in the region, show considerable nestedness. By contrast, less mobile 
taxa, such as the insects, are hardly nested at all when compared to both the seabirds 
and to assemblages from elsewhere (Wright et al. 1998). In consequence, 
distribution patterns shown by groups with poor dispersal ability, such as weevils 
(Morrone 1998), are dominated by the influence of regional source pools (ie 
continental areas and large islands located close to particular archipelagos), thus 
providing support for a multi-regional hypothesis, whilst the distribution patterns of 
more mobile taxa are less subject to this constraint (Barrat and Mougin 1974). This 
is true also of several marine taxa, with considerable dispersal abilities, investigated 
by Greve et al. (2005), and of more vagile taxa such as testate amoebae, which are 
highly nested and marginally more so than the pelagic seabirds (Greve et al. 2005). 
Curiously, the bryophyte presence-absence matrix used by Muñoz et al. (2004), 
which they claimed supports an hypothesis of dispersal by wind across the southern 
continents and islands, is only slightly less nested than that of the vascular plant 
matrix examined by Greve et al. (2005). Clearly, bryophyte dispersal across the 
region might not be as efficient as might at first be expected for species that can 
spread by means of spores and gemmae. 

Although the nestedness approach has not resolved the conundrum regarding the 
origins of the subantarctic biotas (only a phylogeographic approach will be capable 
of doing so), it has demonstrated that dispersal plays a major role in determining 
biogeographic patterns in the region, and the way that they are interpreted (see also 
McDowall 2002, Craig et al. 2003, Muñoz et al. 2004). 

Ecological biogeography 

Essentially, ecological biogeography concerns variation in biodiversity over shorter 
time scales, recognizing that historical events often set the rules of the board and the 
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identities of the pieces. What determines species incidences and abundances in 
Antarctica are questions that have long occupied ecologists working in the region 
(Janetschek 1967, 1970, Lewis Smith 1984). The determinants of local scale 
occupancy and abundance have been extensively investigated across a range of sites. 
Water availability, temperature (which also influences water availability), protection 
from wind, the availability of nutrients (often nitrogen, but also carbon – many 
continental Antarctic systems are carbon-poor), the extent of lateral water 
movement, and the extent of soil movement and ice formation all have a pronounced 
effect on the suitability of sites for colonization, growth and reproduction (eg 
Janetschek 1970, Lewis Smith 1984, Kennedy 1993, Ryan and Watkins 1989, 
Convey 1996, Freckman and Virginia 1997, Convey et al. 2000a, Sinclair 2001, 
Smith et al. 2001). Of these, water availability (and the elevated temperatures that 
drive it) is thought to be most significant on the Antarctic continent and Peninsula, 
whilst nutrient availability, soil water movement and temperature are most 
significant in the subantarctic (eg Gabriel et al. 2001, Smith et al. 2001). Most 
authors have concluded that, at least on the continent, extreme abiotic conditions 
preclude life in many ice-free areas and that, unlike the situation across most of the 
planet, abiotic rather than biotic stressors exert a controlling influence on life 
histories (Janetschek 1970, Convey 1996, Wall and Virginia 1999). 

Translated to the assemblage level, these processes mean that many ice-free 
areas seem totally devoid of life, in others life is restricted to depauperate endolithic 
communities in sandstone rocks or gypsum crusts and that some sites are 
characterized by less than a dozen invertebrate and plant species (Broady and 
Weinstein 1998, Wall and Virginia 1999, Hughes and Lawley 2003, Cockell and 
Stokes 2004, Convey and McInnes 2005). Nonetheless, substantial spatial 
complexity in the richness and identity of species is found across Antarctica. At a 
large scale, species richness increases with a decrease in latitude (Block 1984, 
Broady 1996, Smith 1996), but the pattern is spatially complex rather than 
monotonic (Clarke 2003). For example, in the maritime Antarctic, soil eukaryote 
microbial diversity is as high at c. 71-72°S as it is at c. 60-67°S and only decreases 
steeply beyond 74°S (Lawley et al. 2004). Likewise, in West Antarctic Alexander 
Island and East Antarctic Dronning Maud Land, the metazoan microfauna shows 
evidence of a complex pattern of richness across ice-free areas (Sohlenius et al. 
1996, Sohlenius and Boström 2005, Maslen and Convey in press). Similar patterns 
of complexity are emerging for mosses and lichens (Clarke 2003, H.J. Peat et al. 
unpubl. data), as taxonomic resolution and sampling coverage improves. Complex 
spatial variation in richness is not unexpected, given that it is characteristic of life 
elsewhere on the planet (Gaston 2000). However, owing to relatively poor sampling 
across the ice-free areas of the Antarctic continent it is not possible to discern 
whether any systematic trends characterize this large-scale richness variation. 

By comparison with the continental and maritime Antarctic, the Southern Ocean 
islands are species rich and well surveyed, at least for taxa such as insects and 
vascular plants (eg Vernon and Voisin 1990, Dreux and Voisin 1993, Chown et al. 
1998, Gremmen and Smith 1999, Frenot et al. 2001, Jones et al. 2003, Chown et al. 
2006). Moreover, patterns in species richness and the mechanisms underlying these 
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patterns have been comprehensively investigated (Chown et al. 1998, 2001, 2005). 
Across the islands, species richness of indigenous and of alien vascular plants 
covaries significantly with available energy and the same is true of indigenous and 
alien insect species richness. The richness of alien insects and vascular plants also 
covaries with human visitor frequency to the islands. The latter correlates suggest that 
alien species richness is high in high energy areas for two reasons: the ecological 
processes that enable high numbers of species to coexist (see Evans et al. 2005 for 
review) and the historical processes that have meant enhanced propagule pressure as 
a consequence of high visitor frequency (eg Lonsdale 1999). However, visitor 
frequency also covaries positively with both area and energy availability (Chown et 
al. 2005). Thus, the effects of energy availability and human visitor frequency on the 
richness of exotic species on these islands are confounded. In consequence, 
distinguishing the relative importance of the ecological (energy) and historical 
(human occupancy) effects requires that the latter be held relatively constant. 

Comparing patterns of invasion on Heard and Gough Islands, which have had 
virtually identical numbers of visits, but which differ substantially in climate and 
indigenous species richness, allows this to be done. Gough Island is comparatively 
warm, with a mean annual temperature of 11.5°C that has remained little changed 
since the 1950s (Jones et al. 2003). It has a well-developed indigenous terrestrial 
vascular flora (70 species) and is home to 28 indigenous insect species. Heard Island 
is cold, with a mean annual temperature of 1.7°C and extensive, though rapidly 
receding glaciation. It is species poor, with just 12 indigenous vascular plant and 
nine indigenous insect species. Humans first landed on Gough Island in 1675. 
However, until 1802 only one other recorded landing took place. Thereafter, the 
numbers of visits increased – first for sealing purposes and later (after 1955) for 
science (Fig. 2), resulting in a total of 239 landings. 

Heard Island was discovered in 1853, experienced a rapid increase in visits 
owing to sealing until this resource was exhausted and is once again experiencing an 
increase in visits for science and tourism (Fig. 2). In total, there have been 232 
landings on the island. There are two non-indigenous plant and insect species known 
from Heard Island, of which the grass Poa annua is thought to have arrived before 
1955 and the thrip Apterothrips apteris in the early 1990s. Alien species have thus 
established on average once every 72 years or every 116 visits. Gough Island is 
highly invaded, with 74 non-indigenous insects and plants generally widespread 
across the island. These species have established at a rate of on average one every 
four to five years, or with every third visit (Chown et al. 2005). These results 
provide support for the hypothesis that on these islands energy availability is a major 
correlate of exotic species richness, and presumably a determinant thereof via the 
ecological processes that result in an association among energy availability, high 
numbers of individuals and elevated diversity in all species. Positive relationships 
between energy availability and species richness have been documented in many 
systems and at a wide variety of spatial scales (Waide et al. 1999, Hawkins et al. 
2003) and are considered one of only a few ecological laws (Rosenzweig 1995). 
They also suggest that as climates warm in the Antarctic region, so sites will become 
more susceptible to invasion (see also Walther et al. 2002, Frenot et al. 2005). 
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Figure 2. Cumulative number of landings at Heard Island (circles) and Gough Island 

(squares) since 1800. Before this, only two landings were made at Gough Island and none at 

Heard Island. The sealing boom years for each island are indicated, as are the dates at which 

permanent scientific stations were established (1947-1954 for Heard Island, 1956 onwards 

for Gough Island). Redrawn from Chown et al. 2005. 

Conclusions 

What land there is in the Antarctic region presently exists as a set of islands 
surrounded by vast areas of either ice or water. Provision of a comprehensive 
understanding of the relationships among these islands, the extent to which their 
biotas have been shaped by dispersal or vicariance, and the mechanisms underlying 
current variation in diversity will require that humans minimally alter current 
patterns in the abundance and distribution of the Antarctic biota (at least directly – 
little can be done about anthropogenic climate change in the absence of global 
recognition of the problem). Although reasonably recent natural dispersal among 
areas (Skotnicki et al. 2000, Turner et al. 2006) has been documented, it is typically 
infrequent (see also Fanciulli et al. 2001, Frati et al. 2001). However, anthropogenic 
dispersal events are much more common (Frenot et al. 2005). How much these have 
contributed to homogenization of the Antarctic terrestrial biota through transfer of 
‘ indigenous’ organisms, and dilution of the biogeographic signal, is not yet clear 
(but see Stevens and Hogg 2003). Given that global climate change is likely to make 
colonization of at least some areas (such as the Peninsula and subantarctic islands) 
more straightforward (Walther et al. 2002), and that human traffic to the region is 
increasing, so increasing propagule pressure (Whinam et al. 2005), it might be 



BIOGEOGRAPHY 65

expected that in the future, separation of biogeographic signal from noise might 
become more problematic. This is likely to be true also if biogeographers themselves 
do not take adequate quarantine precautions when visiting different sites. Therefore, 
a substantial responsibility rests on biogeographers and systematists in the region not 
only to survey a range of sites and produce molecular phylogenies for the biota of 
the Antarctic, but also to set the quarantine standard. This would also allow temporal 
trends associated with broader scale environmental changes to be distinguished from 
local, anthropogenic propagule transfers. 
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Introduction 
 
Water bodies that contain liquid water for at least part of the year are a 
surprisingly common feature of the Antarctic landscape. While these water 
bodies are generically termed lakes, there is a remarkable variety of types present 
both on the continent and on subantarctic islands, some of which do not have 
counterparts in more temperate regions. They range widely in size from 
cryoconite holes less than a metre across to large lakes with areas over 100 km2, 
in depth from a few centimetres to over 300 m, in salinity from some of the 
freshest lakes in the world to others that have salinity approaching that of the 
Dead Sea and in age from a single summer season to more than 300 000 years. 
Most of these upper extremes are exceeded by the sub-glacial lakes located deep 
beneath the Antarctic ice cap.  
All lakes that have been investigated in Antarctica have been found to contain 
organisms of some sort. Only in the most saline case – Don Juan Pond in the 
McMurdo Dry Valleys (see Fig. 1 for a map showing the locations of places 
mentioned in the text) – is evidence for active metabolism equivocal (Vincent 1988). 
While some lacustrine plants and animals typically found in more temperate regions 
are missing from Antarctic lakes and are largely absent from subantarctic islands,  
 

Figure 1. Map of Antarctica, showing the locations mentioned in the text. 
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notably fish and emergent vegetation, many taxonomic groups, ranging in 
complexity from bacteria to crustacea, are present (examples of the flora and fauna 
of Antarctic lakes are presented in Fig. 2). 

The origins of the Antarctic lake fauna and flora and their position in global 
biogeography have been of interest since the heroic age of Antarctic exploration (eg 
Murray 1910, Rühe 1914). Throughout the next 60 years, scattered reports of the 
biota of lakes in various areas appeared (eg Schmitt 1945, Korotkevich 1958) and 
slowly a broad picture of the biogeographical patterns emerged (Goldman 1970). 
This material had wider appeal: Crawford (1974) used the distribution of the 
cladoceran genus Daphniopsis, which occurs in Antarctica, South America, 
Australia and Tibet, as evidence for inclusion of all these areas in a greater 
Gondwanaland. Since 1975 there has been a greater emphasis on lake studies in 
national programs, which has either directly or indirectly added to our knowledge of 
lacustrine biogeography. Various reviews have appeared (eg Heywood 1984, Wright 
and Burton 1981, Ellis-Evans 1996) in addition to a valuable bibliography 
containing details of many hard-to-get references (Block 1992).  

In this chapter, we discuss the types and origins of Antarctic lakes and the factors 
that control biodiversity in these lakes. We review present-day understanding of 
biodiversity for a series of important taxonomic groups and discuss these data in 
terms of previous views of Antarctic biogeography. 
 
 
Types and habitats of Antarctic lakes 

 
A range of different lake types is present in Antarctica (Fig. 3). Some of these lakes 
types are well-known, but other are more cryptic or isolated and little studied. The 
most studied lakes are rock-bound lakes that occur in ice-free oases such as the 
McMurdo Dry Valleys, the Vestfold Hills and the Antarctic Peninsula. They are also 
widespread on subantarctic islands. Deeper lakes contain liquid water throughout the 
year, with either seasonal or perennial ice insulating the water against heat loss and 
complete freezing. Shallow lakes that freeze to the base during winter are often 
referred to as ponds.  

Epiglacial lakes, which are bounded by both rock and ice, are located at the feet 
of glaciers both on the continent and on subantarctic islands (eg Lakes Fryxell and 
Hoare, McMurdo Dry Valleys), along active and passive margins of ice free areas 
(eg in the Vestfold and Bunger Hills: Pickard and Adamson 1983, Gibson et al. 
2002; Lake Untersee, Dronning Maud Land: Wand et al. 1997, and Lake Wilson, 
Darwin Glacier, Southern Victoria Land: Webster et al. 1996). These lakes can be 
deep (>100 m) and are in nearly all cases permanently ice-covered. Epiglacial lakes 
are probably far more common and widespread than currently recognised, as they 
will occur in many places where nunataks occur. 

Epishelf lakes contain fresh or brackish water that is dammed by a floating ice 
shelf or glacier and has a hydraulic connection to the marine ecosystem. In some 
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Figure 2. Examples of organisms found in Antarctic lakes: (a) trichomes  

of the filamentous cyanobacterium Calothrix sp. from Firelight Lake, Bølingen Islands, 

Larsemann Hills (typical trichome width 10-15µm) (Photo: A. Taton),  

(b) microbial mat dominated by cyanobacteria, Lake Vanda, McMurdo Dry Valleys. 

Triangular part ca 10 cm across. (Photo: D. Andersen),  
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 (c) freshwater diatom Diadesmis ingeae Van de Vijver from Ile de la Possession, 
Iles Crozet. Scale bar 10 µm (Photo: B. Van de Vijver), 

(d) ciliate Askenasia sp. from Lake Fryxell, McMurdo Dry Valleys (diameter 40 µm) 

(Photo: S. Spaulding), (e) Antarctic endemic rotifer Philodina gregaria Murray from Signy 

Island (length ca. 500 µm) (Photo: J. Walsh, Micrographia.com) (f) sub-fossil lorica of the 

rotifer Notholca walterkostei De Paggi from Lake Boeckella, Northern Antarctic Peninsula 

(length 150 µm) (Photo: J. Gibson), (f) cladoceran Daphniopsis studeri Rühe from Crooked 

Lake in the Vestfold Hills (length ca 2 mm) (Photo: J. Laybourn-Parry) and (g) anostracan 

Branchinecta gaini Daday from a pool on the Antarctic Peninsula (length ca 2 cm) (Photo: 

British Antarctic Survey). 

 
 

Figure 3. Examples of Antarctic lakes: (a) epishelf Lake Pol’anskogo, Bunger Hills (note the 

tide-cracks around the lake margin) (Photo: D. Andersen), (b) Lake Vanda, McMurdo Dry 

Valleys (Photo: D. Andersen), (c) marine-derived Abraxas Lake, Vestfold Hills (Photo: L. 

Cromer) and (d) epiglacial Stephenson Lagoon, Heard Island, formed after the retreat of the 

Stephenson Glacier (right) (Photo: K. Kiefer). 

examples the fresh water floats directly on the denser sea water, while in other cases 
the connection is less direct (Gibson and Andersen 2002). Epishelf lakes are known 
only from Antarctica (Alexander Island (southern Antarctic Peninsula), Schirmacher 
Oasis, Amery Oasis, Bunger Hills), if the ice shelf breaks out, catastrophic draining 
of the freshwater basin and loss of any freshwater biota occurs, as happened recently 
for the only known Northern Hemisphere epishelf lake, which now no longer exists 
(Mueller et al. 2003).  
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Many, probably short-lived, supraglacial lakes occur on the surface of large 
glaciers and the ice sheet and little is known about these environments. Better-
studied supraglacial lakes occur on ice shelves, particularly near ice-free areas. The 
surface of the McMurdo Ice Shelf near Ross Island is characterised by the presence 
of numerous irregular, productive and biodiverse lakes and ponds that have 
developed due to the presence of dark, heat-absorbing moraine material (Suren, 
1990, James et al. 1995, Vincent and James 1996). A similar environment that has 
received considerable attention is cryoconite holes, which are small, cylindrical 
holes (typically 0.5 m across and 0.5 m deep) in the ice that collect mineral 
sediment, that contain liquid water during summer and that can develop relatively 
complex biological communities (Wharton et al. 1985). The final lake type is sub-
glacial lakes, which are located many thousands of metres beneath the ice surface. 
These lakes are not discussed in more detail here. 

Most of the biota of Antarctic lakes lives in the water column (plankton), or 
associated with the sediment surface (benthos). Many Antarctic lakes contain 
luxuriant benthic cyanobacterial mats that are the sites of a significant proportion 
of primary productivity (Moorhead et al. 2005) and are also more biodiverse  
than the planktonic communities. The permanent ice-cover of lakes in the 
McMurdo Dry Valleys has also been identified as a habitat for cyanobacteria and 
other organisms (Priscu et al. 1998). Numerous meromictic (permanently-
stratified) lakes occur in Antarctica (Gibson 1999) and these provide further, 
anoxic habitats for photosynthetic sulphur bacteria, other anoxic bacteria and 
methanogenic Archaea.  
 
 
Origins of Antarctic lakes 

 
The majority of rock-bound Antarctic lakes are thought to have been formed during 
the last 12 000 yrs, as the wasting of the ice cap and retreat of major outlet glaciers 
after the last glacial maximum (LGM) resulted in the formation of ice free land (eg 
Zale and Karlén 1989, Roberts and McMinn 1999, Verkulich et al. 2002). As 
glacially-formed basins in the exposed rock were exposed they filled with fresh 
water, biota arrived and organic sedimentation began. Alternatively, the reduced ice 
loading on the continental margin resulted in isostatic uplift that isolated marine 
basins, forming saline lakes (Zwartz et al. 1998). The biota in these lakes were 
largely derived from that present in the basin at the time of isolation. 

Exceptions to this general rule do occur. Some of the lakes of the McMurdo Dry 
Valleys have existed in one form or another for over 300 000 years (Hendy 2000) 
and pre-LGM sediments have also been recovered from lakes in the Larsemann Hills 
(Hodgson et al. 2001) and the Schirmacher Oasis (Schwab 1998). It is possible that 
other coastal oases in East Antarctica were at least partly ice-free at that time (Gore 
et al. 2001) and that lakes existed.  

Lakes on peri-antarctic islands appear to be of similar age to the majority of the 
continental lakes: radiocarbon dates on basal sediment from lakes on Signy Island 



BIOGEOGRAPHY OF ANTARCTIC LAKES 77

and Macquarie Island have not exceeded ca. 12 500 14C yr BP (Selkirk et al. 1988, 
Jones et al. 2000), implying that these environments are in general of similar age to 
the majority of the lakes studied in continental Antarctica. However, older sediments 
(>20 000 yr) have been recorded in drained palaeo-lakes on Macquarie Island 
(Selkirk and Saffigna 1999). 

Little reliable information is available regarding the ages of epiglacial and 
epishelf lakes. Epiglacial Lake Untersee appears to have been present at the LGM 
(Schwab 1998) and on very limited data Bardin (1990) suggested an age of 20 000 – 
90 000 yrs for epishelf Beaver Lake. Coring in Transkriptsii Gulf, another epishelf 
lake in the Bunger Hills, recovered apparently pre-Holocene sediments dated at 24 
140 14C yr BP (Kulbe 1997). However, this may have been the result of reworking 
of older sediments. From these limited data, it appears that these lake types could be 
significantly older than many rock-bound lakes. 

 
 

General trends in biogeography of Antarctic lakes 

 
The current understanding of Antarctic biogeography is by necessity based on 
incomplete data, as in many regions lakes have been poorly studied, or in many 
cases not at all. For example, nothing is known of the biota of rock-bound lakes in 
the numerous ice free areas of Enderby and Kemp Lands (eg Stillwell Hills) or the 
vast majority of epiglacial lakes. The biodiversity present in lakes close to long-term 
scientific research stations, such as the McMurdo Dry Valleys, the Vestfold Hills, 
Signy Island and the subantarctic islands is generally well known, but even in these 
regions surprises occur. It has long been thought that crustacea were absent from the 
lakes of the McMurdo Dry Valleys due to the extreme environment, but the recent 
report of an as yet unidentified copepod from Lake Joyce (Roberts et al. 2004) 
means that this conclusion has to be revisited.  

A further problem is the difficulty in assignation of individuals to particular 
species. Many lower organisms can be difficult to identify and furthermore, there 
has been a tendency to assign Antarctic populations incorrectly to temperate species 
(Sabbe et al. 2003). As discussed further below, molecular genetic techniques are 
beginning to unravel these problems.  

Antarctica and the peri-antarctic islands of the Southern Ocean can be broken up 
into three climatic zones (Holdgate 1977): 

 
1. subantarctic islands, which include the Prince Edward Islands, Iles Crozet, 

Iles Kerguelen, Heard Island, Macquarie Island and South Georgia.  
 
2. maritime Antarctica, which includes the western side of the Antarctic 

Peninsula to approximately 70°S, the South Shetland Islands, the island 
groups of the Scotia Arc and Bouvetøya. 

 
3. continental Antarctica, which includes the remainder of the continent and 

nearby offshore islands.  
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It appears that the major biogeographic provinces are closely aligned with these 
zones (see below). An important question to be answered is whether the different 
climate of these zones has led to this distribution of animals, or whether the 
similarities in the biogeographical and climate zones reflect colonisation processes? 
For example, most of the fauna and flora that occurs on the Antarctic Peninsula 
apparently had origins in South America. The lack of ability of these species to 
spread more widely may be attributable to the physical boundaries of the polar ice 
sheet. The occurrence of species from the maritime Antarctic in other regions, eg the 
copepod Boeckella poppei (Mrázek) (Bayly et al. 2003), suggests that it is not purely 
climate that defines the boundaries of the biogeographic zones. 

 
 

Factors controlling the biogeography and diversity of the biota of Antarctic 

lakes 

 
The present day biodiversity in Antarctic lakes is the result of the interplay of 
characteristics such as location, salinity, temperature, light, nutrient status and food 
availability and the nature of individual species or populations that (potentially) 
inhabit them. 

Antarctic lakes are isolated habitats that are located in small groups on islands, 
ice-free areas of the continent, or on the ice itself. There are often limited physical 
connections between lakes and therefore few chances for organisms to invade new 
habitats directly by transfer in water. For example, the biota of individual 
cryoconite holes on the Canada Glacier (southern Victoria Land) have been shown 
to develop independently of each other (Mueller and Pollard 2004) and drainage 
systems linking lakes are rare, at least on the continent. In many cases regions 
containing newly-formed lakes would have been located many hundreds, if not 
thousands, of kilometres from similar environments and therefore the efficiency of 
transport of organisms from one lake to another and of colonisation once they had 
arrived would become important factors in determining the development of the 
biota.  

Exceptions to this view of a biota possibly limited by the efficiency of 
colonisation are marine-derived lakes that occur in many of the coastal oases on the 
continental margin. These lakes were formed when local sea level fell, resulting in 
the isolation of pockets of seawater. The biota of these lakes is largely derived from 
that present in the lake when final isolation occurred and has developed since 
isolation by species loss as the environmental tolerances of particular species have 
been exceeded (Cromer et al. 2005). However, these lakes can still be colonised by 
new organisms: the algae in marine-derived but now brackish Highway Lake in the 
Vestfold Hills are derived from the initial marine input, but the sole crustacean in 
the lake, the cladoceran Daphniopsis studeri Rühe, has a non-marine origin 
(Laybourn-Parry et al. 2002) 

The colonisation of Antarctic or subantarctic lakes will progress by short 
distance transport of propagules from both local habitats, or longer distance 
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transport from other continental oases or subantarctic islands, or from South 
America, Australia, Africa, New Zealand and even further afield. There is growing 
evidence of a significant degree of endemism in the biota of Antarctic lakes, 
suggesting that these organisms have not colonised Antarctica from other continents 
during the Holocene. There is the further implication that individual lakes existed 
throughout the LGM providing habitat for these species. Alternatively, a species 
may have passed through a series of shorter-lived lakes that have overlapped 
temporally. Such a relictual origin was recently suggested for the copepod 
Gladioferens antarcticus Bayly, which is only found in epishelf lakes in the Bunger 
Hills (Bayly et al. 2003). No extra-continental populations of this species have been 
recorded and as it is the most primitive of its subgenus, it cannot be derived from 
other species extant in Australia or New Zealand. It (or its ancestors) appears to 
have survived in Antarctica since the separation of Australia and Antarctica. Intra-
continental dispersal of endemic species may be limited, as their survival 
mechanism does not rely on dispersal to new habitat. However such dispersal could 
occur and it is also possible that truly endemic Antarctic species could disperse to 
more temperate regions.  

Species that have reached Antarctica or the peri-antarctic islands since the 
onset of glaciation must be adapted to long-distant transport. The likelihood of a 
propagule reaching a lake will depend both on the nature of the propagule and the 
efficiency by which it can be transported. Some organisms, for example some 
cyanobacteria and other protists, can be transported by wind and therefore there is 
a relatively high chance that propagules of these species will reach most new 
habitats over a relatively short time (Ellis-Evans and Walton 1990). Furthermore, 
the continual arrival of propagules will serve to reinforce the occurrence of a 
species in a lake and could also lead to significant genetic variation. There is a 
constant traffic of cyanobacterial mat pieces between lakes and their terrestrial 
surroundings, even through the ice covers (Cowan and Tow 2004) and strong 
winds may then disperse these pieces. Frozen and dried mats contain viable 
cyanobacteria and algae, revealing a very resilient character that should facilitate 
their dispersal (Hawes et al. 1992). For Metazoa, the problems of dispersal  
are greater and it is likely that colonisation over larger distances has occurred as a 
result of exceptional transport events, with local dispersion more efficient after 
that. It is possible that a species could bypass good habitat if no propagule 
transport to that area had occurred, resulting in patchy distributions controlled less 
by the nature of the habitat than by stochastic colonisation events. Due to the more 
difficult dispersion of the Metazoa, it is probable that there is reduced genetic 
diversity in isolated populations.  

A further consideration for a potential colonising species is its ability to be able 
to survive and reproduce in its new environment. Each species has particular 
thermal, chemical and physical requirements and if these are not met in a new 
environment, viable populations will not develop. The major considerations in 
Antarctic lakes include temperature, salinity, light, nutrients and food.  

Antarctica is rightfully considered a cold continent, but the presence of liquid 
water in lakes provides a thermal buffer against the extremes of the external climate. 
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In freshwater lakes, the minimum temperature is 0°C, even if the air temperature  
is -50°C. Therefore, the ‘harshness’ of the lake environment is decoupled from that 
of the external environment and for species adapted to existence at near freezing 
temperatures, survival further south should not provide any greater difficulty. It is 
also interesting to consider that many marine organisms that live in the Southern 
Ocean complete their entire life cycles at temperatures below 0°C. 

For ponds that freeze completely in winter the situation is a little different, as the 
temperature of the ice is not limited to 0°C. Any organism surviving in these lakes 
must be able to produce a resting stage that can survive these conditions (eg the 
cysts of the anostracan Branchinecta gaini Daday (Peck 2004)) or able to enter a 
cryptobiotic state.  

Salinity is a significant controller of biodiversity only in closed saline lakes, 
where changes in water balance result in increases or decreases in salinity. The 
biodiversity of the saline lakes of the Vestfold Hills has been controlled in part by  
the salinity tolerances of the originally marine inhabitants (Eslake et al. 1991, 
Roberts and McMinn 1999). 

Light for photosynthesis in Antarctic lakes is both highly seasonal and attenuated 
by the presence of ice, though in many cases the clarity of the ice is high (Vincent et 
al. 1998). Species adapted to both low and seasonal light will be more likely to 
establish populations. Two adaptations assist survival: photoautotrophs can be 
highly efficient at harvesting light for photosynthesis (Seaburg et al. 1983, Lizotte 
and Priscu 1992, Neale and Priscu 1995, Hawes and Schwarz 2001) and the ability 
to switch nutritional modes between autotrophy and heterotrophy (termed 
mixotrophy) is a common trait in Antarctic lakes that allows species to survive low-
light periods (Laybourn-Parry 2002).  

Many Antarctic lakes are nutrient poor, with nutrient regeneration occurring 
largely in the surface sediments rather than within the water column. Benthic 
microbial mats consisting largely of cyanobacteria are adapted to taking advantage 
of this nutrient source and biomass in most Antarctic lakes is dominated by such 
mats. If nutrient use and regeneration in the mats is tightly coupled, little nutrient 
is available for productivity in the water column and therefore planktonic species 
will struggle. The short growing season and the extended periods of ice cover  
in continental lakes also contribute to a limited planktonic role. This may be an 
important factor behind the occurrence of small picocyanobacteria in the plankton 
of continental Antarctic lakes (but less so in maritime and subantarctic lakes), as 
the high surface area:volume ratio of these organisms will enhance nutrient 
transport. 

For herbivores to be successful in Antarctic lakes they must be adapted to 
feeding on the cyanobacterial mats, as they constitute both the bulk of the organic 
carbon available and provides an annual food source, or to the scarce, seasonal 
plankton. Most Metazoa found in Antarctic lakes have benthic or nekto-benthic 
habits (eg Almada et al. 2004), indicating that they are adapted to using the more 
abundant food source. 
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The physical and chemical conditions in any lake are not likely to be optimal 
for a particular organism. This has been best documented in Antarctic lakes for 
bacteria, including cyanobacteria (Tang et al. 1997), which are rarely true 
psychrophiles. Continued survival of a species will depend on how well it is able to 
interact, both in terms of competition and cooperation, with other species present in 
the lake. Sub-optimal habitat does not necessarily limit species distribution. 
However, the ability to grow and compete over a wide range of fluctuating 
environmental conditions – phenotypic flexibility – will be an important feature of 
successful colonising species. 

Climate change continues today, and the lake communities will continue to 
develop in part due to habitat changes resulting from global warming. Significant 
chemical and physical changes in the lakes of the Antarctic Peninsula region 
magnified relative to that of the surrounding catchment have been recorded (Quayle 
et al. 2002), and these changes will undoubtedly affect the biota, possibly in 
unpredictable ways (Winder and Schindler 2004). Some species may not be able to 
adapt to the warmer conditions and may become locally extinct, while new species 
may now be able to invade the lakes from more temperate zones and establish 
permanent populations.  

 
 

Palaeobiogeography of Antarctic lakes 
 
There is little information available as to how biodiversity in Antarctic lakes has 
changed with time. In particular, there is no definitive information as to whether the 
species currently present are recent arrivals that have dispersed from more temperate 
zones, or relict species that have survived harsher glacial conditions in refugia 
across their current distributions. Records of change are preserved in the sediments 
of lakes and study of these has provided a few interesting insights. For example, the 
anostracan Branchinecta gaini, which is currently restricted to the maritime 
Antarctic, occurred for a significant period a few thousand years ago in pools on 
James Ross Island on the eastern side of the Antarctic Peninsula (Björck et al. 1996). 
This record could be viewed as an indicator that the climate in this area was milder 
at the time, or purely as a colonisation event outside the current distribution that 
ultimately failed, as survival of a species in a lake may not be due purely to external 
climatic conditions. To completely understand Antarctic biogeography, such an 
historical view is imperative. 

There is more information available on how the lakes themselves and therefore 
the environments in which the biota lived, have changed during the Holocene. For 
example, the lakes of the McMurdo Dry Valleys were reduced to concentrated brine 
pools approximately 3000 years ago (Lyons et al. 1998). Salinity changes associated 
with water levels will have a dramatic influence on the biodiversity in these lakes: 
the species present today either had to be able to survive these changes either 
through euryhalinity or the ability to recolonise the lakes after return to wetter 
conditions. These climate-driven changes in the lakes have resulted in the 
development of meromixis and therefore greater habitat diversity. 
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Biogeography of selected groups in Antarctic lakes 

 
The following sections discuss aspects of the currently known biogeography of 
some important groups of organisms found in Antarctic lakes. They were chosen 
in part to illustrate points made above. Further groups not covered here, including 
inter alia bacteria (reviewed in Tindall 2004), flagellate algae, fungi (Göttlich  
et al. 2003), amoebae, heliozoa, nematodes (reviewed in Andrássy 1998), 
platyhelminths, gastrotrichs, annelid worms and tardigrades (reviewed in McInnes 
and Pugh 1998), have been recorded in Antarctic lakes. In some cases these 
organisms are known to be widespread and abundant, but others have been very 
poorly studied so far.  
 
CYANOBACTERIA 
 
Cyanobacteria are the dominant photoautotrophic organisms in freshwater 
ecosystems in Antarctica, where they accumulate conspicuous biomasses (Vincent 
2000). They are present in both planktonic and benthic microbial communities in 
lakes, where they are important primary producers and have been recorded from as 
far south as the Darwin Glacier area (80ºS) (Vincent and Howard-Williams 1994). 
About 500 species have been identified in Antarctica on morphological grounds. 

Early studies on the diversity and biogeographical distribution of cyanobacteria 
were based on the identification of the organisms using morphological criteria. 
Unfortunately, cyanobacteria have often quite simple morphologies and some of 
these characters exhibit plasticity so that their taxonomic usefulness can be limited. 
The unsatisfactory state of the cyanobacterial taxonomy based on morphology is 
reflected in current revisions (eg Komárek and Anagnostidis 1989). In addition, a 
number of identifications of Antarctic cyanobacteria were made with floral guides 
written for temperate species without taking into account their ecology (Komárek 
1999), which could give the impression that mostly cosmopolitan taxa were found 
on the continent. Out of 68 species found in various microbiotopes of ice-free areas 
of King George Island, Komárek (1999) determined that about 60% were probably 
endemic to Antarctica. The problems encountered in identifying cyanobacteria on 
the basis of morphological criteria have prompted the use of molecular tools for 
diversity studies. A view has been promoted that retrieval of 16S rRNA sequences 
directly from the environment could teach us more about diversity than the study of 
strains isolated from that same sample (Hugenholtz and Pace 1996). However, a 
polyphasic approach to diversity studies (combining phenotypic and genotypic 
characterisations) seems the best solution, as experience has also shown that the 
molecular tools have some significant weaknesses (Wintzingerode et al. 1997, 
Speksnijder et al. 2001). 

Use of these molecular tools has allowed a new view of biodiversity and 
endemism in Antarctic cyanobacteria. We present here a synthesis of the 
biodiversity and distribution of Antarctic cyanobacteria based on the rRNA gene 
sequences recorded in the web-based databases, to which we have added data from 
microbial mats in four lakes from Eastern Antarctica (A. Taton and A. Wilmotte 
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unpubl. data). We have included all sequences of cultured strains (Rudi et al. 1997, 
Smith et al. 2000, Vincent et al. 2000, Nadeau et al. 2001, D. Casamatta and M. Vis 
unpubl. data) and for uncultivated cyanobacteria (Priscu et al. 1998, Bowman et al. 
2000, Smith et al. 2000, De la Torre et al. 2003, Christner et al. 2003, Taton et al. 
2003, Coolen et al. unpubl. data), one representative sequence per operational 
taxonomic unit (an OTU is a group of sequences that exhibited more than 97.5% 
similarity) per clone library or study. Each OTU might correspond to more than one 
species, following bacteriological standards, but is surely distinct from other OTUs 
at the specific level (Stackebrandt and Goebel 1994). The determination of the 
molecular diversity of cyanobacteria is limited by the number of samples that are 
available, which at present are limited to Prydz Bay (PB) coastal oases (including 
Vestfold Hills, Larsemann Hills and Rauer Islands), Southern Victoria Land (SVL: 
McMurdo Dry Valleys and Bratina Island, McMurdo Ice Shelf) and Dronning Maud 
Land (DML).  

A total of 53 OTUs were identified (Fig. 4), of which 38 have not been recorded 
for non-Antarctic sites (or at least were not present amongst the circa 3000 
cyanobacterial sequences now present in the databases). This suggests a high degree 
of endemism. Of the endemic Antarctic OTU, 28 were recorded in only one sample 
and they may be limited to the areas in which they were found. A further five OTUs 
were found in several samples, but restricted to one region. The remaining five 
Antarctic OTUs were found in at least two regions, as were nine non-polar OTUs. 
Thus, 60% of the non-polar OTUs were widely distributed, whereas this was the 
case of only 13% of the Antarctic ones. This would fit with the idea that non-polar 
OTUs had to be well adapted to transport and dissemination and thus were quite 
successful in spreading to new Antarctic habitats in different regions. Alternatively, 
it would be interesting to test whether the Antarctic genotypes are more specialised 
and less widely distributed. 

It is noteworthy that in each sample studied several new OTUs were found. 
Furthermore, most of the genotypic data came from samples from the PB and the 
SVL regions and therefore, other regions should be studied to have a more complete 
view of the geographical distribution of OTU. These results show that the bulk of 
the cyanobacterial genomic diversity in Antarctic lakes still remains to be 
discovered and that it would be very interesting to test the hypothesis of endemism 
by studying similar microbial mats along geographical gradients (maritime 
Antarctica, subantarctic islands, Southern Hemisphere continents), in addition to in 
mountain and Arctic lakes. 
 
FRESHWATER DIATOMS  
 
Freshwater diatoms comprise one of the most abundant algal groups in (sub-) 
Antarctic lakes (Jones 1996, Van de Vijver and Beyens 1999). They are present in 
the entire region from the highly diverse subantarctic lakes (eg Le Cohu and 
Maillard 1986, Oppenheim 1990, Van de Vijver et al. 2002) to the more  
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Figure 4. Distance tree based on partial 16S rRNA gene sequences corresponding to  

E. coli positions 405 to 780. The tree was constructed by the neighbor-joining method (Saitou 

and Nei 1987) with the software package ARB [http://www.arb-home.de/]. The dissimilarity 

values corrected with the equation of Jukes and Cantor (1969) were used to calculate the 

distance matrix. Indels and ambiguous nucleotides were not taken into account. 
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 The E. coli sequence is used as the outgroup. Antarctic sequences from 

the Prydz Bay region are in boldface italic type, those from southern Victoria Land are in 

boldface roman type and these from Dronning Maud Land are in boldface roman type and 

underlined. Non-Antarctic nearest neighbors indicated by BLAST were included when they 

exhibited more than 97.5% sequence similarity with the query. Only the first hit was retained 

and if the hit was from uncultured clones, we added the sequence of the closest cultured 

strain. The evolutionary distance between two sequences is obtained by adding the lengths of 

the horizontal branches connecting them and using the scale bar (0.1 mutation per position). 



GIBSON ET AL. 86

species-poor lakes of continental Antarctica (eg Pankow et al. 1991, Sabbe et al. 
2003, Cremer et al. 2004). 

A striking feature of Antarctic freshwater diatoms is the degree of endemism, 
contrary to what has been reported in the past. Schmidt et al. (1990), for instance, 
gave an estimate of 63% of cosmopolitan species in their palaeoecological study of 
lakes on King George Island (South Shetlands). On Ile de la Possession (Iles 
Crozet), almost 50% of all reported species are only found in the subantarctic region 
(Van de Vijver et al. 2002). One of the best examples of this problem is from the 
genus Stauroneis Ehrenberg. Until recently, only typical cosmopolitan species have 
been reported from Antarctic locations (Fukushima 1965, Oppenheim 1990, Jones 
1993). Van de Vijver et al. (2004) reinvestigated the Antarctic material and 17 new 
taxa were described. All of them had a very limited distributional range within the 
southern zone, whereas only 5 cosmopolitan taxa were observed. Due to taxonomic 
deficiencies such as the use of a (too) broad species concept, the true number of 
endemic species in continental Antarctic lakes is still unknown (Sabbe et al. 2003, 
Cremer et al. 2004). 

A decrease in species richness is observed with an increase in latitude. The 
freshwater diatom flora of the islands of the subantarctic zone comprises far more 
species than the other zones. On Iles Kerguelen and Iles Crozet, between 200 and 
250 diatom species have been recorded (Le Cohu and Maillard 1986, Van de Vijver 
et al. 2002). Moving southward, the number decreases below 150 for South Georgia  

 (Hirano 1965, Van de Vijver and Beyens 1996), to fewer than 100 for the maritime 
Antarctic zone (eg Oppenheim and Greenwood 1990, Jones 1993, Van de Vijver and 
Beyens 1997) and to 40 for continental Antarctica (Fukushima 1962, Sabbe et al. 
2003, Cremer et al. 2004). 

Biogeographical relationships among the different parts of the Antarctic region 
are difficult to make due to the taxonomic confusion that has prevailed in past 
studies on Antarctic diatoms (Sabbe et al. 2003). Still, based on the most recent data 
(after 2002), several tendencies can be observed. There are marked differences in 
species composition resulting in the delimitation of three main entities.  

The islands south of the Indian Ocean (Kerguelen Province) form a separate 
entity, presenting a high degree of intra-similarity. They are well separated from the 
other parts of the region (eg islands south of the Atlantic Ocean). Studies on diatoms 
from lakes and pools on the various islands (Iles Crozet, Iles Kerguelen, Heard and 
Marion/Prince Edward Islands) have shown that more than 40% of all species on the 
islands are shared (Van de Vijver et al. unpubl. data) but absent in the other parts of 
the Antarctic Region. Roughly speaking, these islands coincide with the subantarctic 
region with the exception of Macquarie Island. The position of the latter is at the 
moment rather unclear due to the lack of appropriate data. The older records point to 
a relatively high similarity with the Kerguelen Province islands but more recent (so 
far unpublished) results contradict this hypothesis.  

Several species show clear latitudinal preferences, with Kobayasiella 

subantarctica Van de Vijver and Vanhoutte and Psammothidium abundans 
(Manguin) Bukhtiyarova and Round, decreasing in relative abundance from Marion 
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to Heard Islands while Luticola muticopsis (Van Heurck) Mann and 
Chamaepinnularia australomediocris (Lange-Bertalot and Schmidt) Van de Vijver 
increase in importance moving southwards.  

A second group is formed by the islands in the maritime Antarctic. The species 
number is lower than in the subantarctic region. Still, a number of species are shared 
by both regions but this similarity is more based on cosmopolitan species and less on 
Antarctic endemics.  

The Antarctic continent presents an entity on its own and can be easily separated 
from the other subdivisions. It has a very typical but impoverished diatom flora with 
a very high number of truly endemic species such as Luticola murrayi (West and 
West) Mann and Navicula shackletoni West and West (Sabbe et al. 2003). 
Subdividing the continent in western and eastern zones is rather difficult due to the 
paucity of data.  
 
CILIATES 
 
Ciliates are a diverse group of unicellular eukaryotes that play an important role in 
planktonic and benthic foodwebs of aquatic ecosystems. However, relatively few 
investigations of ciliates have been made for Antarctic lakes. The earliest data are 
from Murray (1910) and there have been only scattered reports since then (see 
references in Ellis-Evans 1996). Furthermore, in most studies the entire lake system 
(water column and benthos) was not sampled, rather a particular subset of the 
diversity. From these patchy and incomplete data, Ellis-Evans (1996) concluded that 
there was no obvious division in diversity for ciliates among continental and 
maritime sites.  

A recent and thorough comparative study of ciliates in lakes from various 
limnetic habitats (eg cyanobacterial mats, filamentous green algal strands, aquatic 
moss, epilithion, sediments) of pools, lakes and streams on Byers Peninsula, 
Livingston Island and Deception Island (South Shetland Islands, 63S) and Terra 
Nova Bay (Victoria Land, 75S) indicated a significant gradient in diversity (Petz, 
2003). One hundred and twenty species were recorded in the maritime Antarctic 
sites and 59 in coastal continental Antarctica, which indicated a distinct decrease in 
diversity towards higher latitudes. Approximately 20% of the species were new to 
science and therefore may be endemic. Highest ciliate diversity was usually found 
associated with cyanobacterial mats, reflecting the importance of microbial mats in 
Antarctic lakes, with somewhat fewer species associated with sediments and in the 
plankton. While Litostomatea (predominantly haptorids) and Stichotrichia (mostly 
oxytrichid hypotrichs) dominated the aquatic community in both areas (each 
between 19-29% of the species), the proportion of cyanobacterial feeders and 
scuticociliate taxa increased by three to fourfold in Victoria Land. Peritrichs, 
suctorians and some other groups decreased towards the south while colpodid 
ciliates were entirely absent at Terra Nova Bay.  

Further comparisons have been made between the planktonic ciliates of lakes in 
the Vestfold Hills and the McMurdo Dry Valleys. In this case the trend discussed 
above is reversed: ciliate diversity was greater in the more southerly Dry Valley 
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lakes (15 species) than in the Vestfold Hills (< 10 species) (Laybourn-Parry 1997). 
The reasons for this are not immediately clear, but possibly reflect the far longer 
period that the McMurdo Dry Valleys lakes have existed and therefore the period 
available for colonisation and development of more mature ecosystems. 
Furthermore, the complex history of the McMurdo Dry Valleys lakes would result in 
numerous environmental niches for colonisation. In contrast, Beaver Lake was 
species poor (Laybourn-Parry et al. 2001), though the species present were similar to 
those recorded at the other sites. Beaver Lake is thought to be older than the 
Vestfold Hills lakes, so there are apparently other factors, including the lack of 
environmental niches in the water column of the lake and less complex history, that 
may influence ciliate diversity. The biodiversity of ciliates in the microbial mats of 
these lakes, however, has not been investigated and may yield a different 
distributional pattern. 

The origins of the fauna are uncertain. Kepner et al. (1999) proposed that marine 
ciliates colonized the lakes of the McMurdo Dry Valleys from the nearby Ross Sea. 
However, the occurrence of numerous cosmopolitan species in the study of Petz 
(2003) suggested that colonisation from more northerly regions has been an efficient 
process. The moderate level of endemism found in this study may reflect the 
occurrence of a true Antarctic fauna, but could also be due to limited studies in areas 
such as Patagonia from which the fauna may have been sourced.  

 
ROTIFERS 

 

Rotifers are common inhabitants of Antarctic lakes across a wide range of 
environmental conditions and geographical areas. Most species are found associated 
with benthic vegetation (Armitage and House 1962, Opalinski 1972, Dartnall 1983), 
with the corollary that planktonic species are uncommon. Their appearance in 
cryoconite holes (Christner et al. 2003) attests to their ability to colonise new aquatic 
habitats. 

More than 150 species of rotifer have been reported from the Antarctic region. 
This total could be an overestimate as the number of taxa almost certainly represents 
a lower number of species when mistaken identities and some sensible attributions 
are invoked. Nevertheless some patterns do emerge. Adjacent locations share more 
species than widely separated ones. For example, South Georgia and the South 
Orkney Islands share 26 species, the Larsemann and Vestfold Hills share 14, Heard 
Island and Iles Kerguelen share 11, and the South Orkney Islands and the South 
Shetland Islands 10. There is also a reduction in the number of species present with 
increasing latitude, as demonstrated by diversity on islands in the Scotia Arc (59 
species occur at South Georgia, 38 on the South Orkney Islands, 19 on the South 
Shetland Islands and nine on the Antarctic Peninsula), while the subantarctic islands 
- South Georgia, Iles Kerguelen, Heard Island and Macquarie Island - are all richer 
than continental sites to their south.  

The rotifers found at any location are a mixture of cosmopolitan, widespread, 
localized and endemic species. Examples of cosmopolitan species include 
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Collotheca ornata cornuta (Dobie), Cephalodella catellina (O. F. Müller), 
Epiphanes senta (O. F. Müller), Lepadella patella (O. F. Müller), Resticula gelida 
(Harring and Myres) and the bdelloid rotifers Adineta barbata Janson, A. gracilis 
Janson and Habrotrocha constricta (Dujardin).  

Of particular interest are localized and endemic species, which include 
members of the genera Notholca, Adineta, Philodina and Keratella. Species of 
Notholca are found at most Antarctic and subantarctic locations. Notholca 

walterkostei De Paggi (Fig. 2) is present at the southern tip of South America  
(De Paggi and Koste 1995), on the Falkland Islands (H. Dartnall unpubl. data), at 
South Georgia and on the South Orkney Islands (Dartnall and Hollowday 1985), 
on the South Shetland Islands (De Paggi 1982) and down the Antarctic Peninsula 
(Heywood 1977). Notholca hollowdayi Dartnall is present on Iles Kerguelen  
(de Smet 2001) and Heard Island (Dartnall 1995a) and Notholca salina Foche,  
N. squamula (O. F. Müller) and other common species of the ‘squamula complex’ 
are present in the South Shetlands and South Orkney Island (De Paggi 1982, 
Dartnall and Hollowday 1985). Notholca verae Kutikova was described from the 
Bunger Hills (Kutikova 1958a, b), but more recent collections have failed to find 
animals consistent with the original description (H. Dartnall unpubl. data). The 
species present in the Larsemann and Vestfold Hills has been assigned to Notholca 

verae (Everitt 1981), but is more likely to be another species in the ‘squamula 
complex’ (Dartnall 1995b, 2000). There are two forms in the Vestfold Hills, one 
of which is found in freshwater and the other in brackish to saline lakes. Thus, 
Notholca appears to be an ancient Antarctic genus that has evolved new species in 
different areas. 

Keratella sancta Russell was originally described by Russell (1944) from South 
Island, New Zealand and has subsequently been reported from Iles Kerguelen 
(Russell 1959, de Smet 2001) and Macquarie Island (Dartnall 1993). The 
specimens from these three locations - New Zealand, Macquarie Island and Iles 
Kerguelen - show differences in some measurements, the length and thickness of 
the spines and the degree of pustulation of the dorsal plate so that they are instantly 
recognizable one from another. This indicates considerable speciation and possibly 
indicates that the species has been on the islands as separate populations for a 
considerable time.  

By far the most interesting species are the Antarctic continental endemics: the 
bdelloid rotifers Adineta grandis Murray, Philodina alata Murray, P. antarctica 
Murray and P. gregaria Murray (Fig. 2). Philodina gregaria and Adineta grandis 
are invariably found together in shallow pools alongside seal and penguin 
colonies. These are found in the Bunger, Vestfold and Larsemann Hills 
(Korotkevich 1958, Kutikova 1958b, Dartnall 1995b, 2000) on the Antarctic 
Peninsula (Schmitt 1945, Heywood 1977) and up to the South Orkney Islands 
(Dartnall and Hollowday 1985, Dartnall 1992), but are not present on any of the 
subantarctic islands. Philodina antarctica has been reported from both McMurdo 
Sound and the Antarctic Peninsula (Heywood 1977), it probably occurs elsewhere 
but may be confused with P. gregaria. Philodina alata is restricted to east 
Antarctica, notably southern Victoria Land and the Obruchev and Bunger Hills 
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(Korotkevich 1958, Kutikova 1958b). These species may have survived the LGM 
in Antarctica in refugia, but further investigations are needed to confirm the 
occurrence of relict populations. 
 
CRUSTACEA 
 
Crustacea – cladocera, copepods, anostraca and ostracods – are widespread in lakes 
on the subantarctic islands, but more poorly represented species-wise on the 
continent itself. It is often stated that the crustacea are rare or absent in continental 
lakes (eg Laybourn-Parry 1997). However, a critical review of recent distributional 
and functional data suggests otherwise (Hansson and Tranvik 1997, Swadling and 
Gibson 2000, Almada et al. 2004, Peck 2004). Crustacea occur in lakes throughout 
the maritime Antarctic zone including the Antarctic Peninsula, where they are often 
abundant (eg Peck 2004). In continental Antarctica copepods occur in most if not all 
fresh and slightly brackish lakes in many of the major coastal oases, including the 
Vestfold, Bunger and Larsemann Hills and the Amery Oasis. Other areas, notably 
the Schirmacher Oasis and most of the lakes of the McMurdo Dry Valleys, lack 
crustacea.  

Pugh et al. (2002) recently reviewed the distribution of Antarctic lacustrine 
crustacea and from their data a general picture of distributional patterns emerges 
(Fig. 5). Firstly, the fauna of South Georgia, at the northern end of the maritime 
Antarctic zone, has strong similarities to the South American fauna, while the fauna 
of the Antarctic Peninsula is a subset of that of South Georgia, with all the species 
present also found in South America. These observations argue strongly for a South  
 

Figure 5.  Relationships among the occurrences of non-marine-derived crustacean species in 

Antarctica. The numbers in the boxes are the numbers of species found in each location (data 

from Pugh et al. 2002) and those on the linking lines the number shared between regions. The 

number of endemic species is shown in parentheses. 
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American source for this fauna, though there are some apparently endemic species 
on South Georgia.  

Freshwater lakes in continental Antarctica are species poor, though further 
marine-derived species occur in saline lakes of the Vestfold Hills. One freshwater 
species is shared with maritime Antarctica and another with the subantarctic islands. 
Thus there are two endemic species (Gladioferens antarcticus Bayly and 
Acanthocyclops mirnyi Borutsky and Vinogradov) and there is evidence that a third, 
the copepod Boeckella poppei (Mrázek), which occurs both on the Antarctic 
Peninsula and in epishelf Beaver Lake and other lakes of the Amery Oasis (Fig. 1), 
has inhabited continental Antarctica for an extended period of time (Bayly et al. 
2003). Centropagid copepods such as Boeckella poppei have very poor dispersal 
abilities, consistent with a relictual origin for the continental populations. The 
southernmost record of this species from the Antarctic Peninsula is from epishelf 
Ablation Lake and nearby ponds on Alexander Island, which is near the southern 
boundary of the maritime Antarctic zone (Heywood 1977). The possibility that this 
is a further relict population of this species cannot be discounted.  

The remaining continental species, the cladoceran Daphniopsis studeri Rühe, 
occurs in the Vestfold and Larsemann Hills and at least one lake in Enderby Land 
and also on all the islands of the subantarctic zone with the exception of Bouvetøya 
and Macquarie Island (Gibson et al. 1998). Molecular genetic studies of this species 
indicate little variation and that it passed through a population bottleneck at some 
stage (Wilson et al. 2002). This species may be an Antarctic endemic that might 
survive glaciations by sequential colonisation of the subantarctic islands. However, 
this would imply the occurrence of lakes on the subantarctic islands through the 
LGM, for which at present there is no evidence. 

Most subantarctic islands share few species with South Georgia, but 
considerably more with South America, though many of the species present are 
cosmopolitan (Pugh et al. 2002). It is probable that these species reached the islands 
by transport in the westerly winds and easterly currents that occur in this region, 
though transport from South Africa, Australia or New Zealand is also possible. 
Furthermore, the fauna of Macquarie Island differs from the other subantarctic 
islands, some species shared by all the other islands are absent and there are others 
that are endemic to this island.  

 
 

Conclusions 

 
The basic biogeographic zones proposed many years ago – the subantarctic islands, 
maritime Antarctica and continental Antarctica – continue to hold up, though they 
cannot be seen as absolute dividers of biodiversity. For example, subantarctic 
Macquarie Island appears to be biogeographically separate from the islands of the 
Kerguelen Province and on the continent there are species that are present in lakes of 
more than one zone. Furthermore, there are numerous lake environments that have 
yet to be investigated and it is probable that some of these lakes could turn up 
surprises that will bring into question these basic divisions.  
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An important question to be answered is whether these biogeographic zones 
reflect climate attributes, or whether they were moulded long ago by barriers to 
dispersal. Again, our imperfect knowledge of Antarctic lacustrine biogeography 
means that this question cannot at present be answered. However, as discussed 
elsewhere (Chown and Convey this volume), there are indications of a strong 
biogeographical boundary for terrestrial species between the maritime and 
continental Antarctic zones.  

A palaeolimnological approach will assist in answering this question: 
understanding how Antarctic biogeography has developed through time will provide 
necessary insights into current distributions. A prime example is the occurrence of 
the copepod Boeckella poppei in Beaver Lake. Pugh et al. (2002) initially concluded 
that this species was an anthropogenic introduction, then Bayly et al. (2003) 
provided morphological evidence for long habitation in the area of Beaver Lake. 
Recent palaeolimnological work has shown that the species has been present in 
nearby Lake Terrasovoje for at least 9000 yrs (Bissett et al. 2005). Even though this 
lake has only existed in the Holocene, cosmogenic exposure dates in the same area 
of exposed rock can exceed 106 years (Fink et al. 2006). From these observations it 
can be concluded that Boeckella poppei has been associated with the Beaver Lake 
area for at least the entire Holocene and probably well back into the Pleistocene and 
that its occurrence outside its ‘preferred’ biogeographical zone (maritime Antarctica) 
is not a reflection of current climate, rather of history.  

The majority of our knowledge regarding Antarctic lacustrine biodiversity and 
biogeography has come from classic taxonomic studies, where the morphology (or 
biochemistry for bacteria) has been of greatest importance. In many cases this has 
led to questionable identification: correct identification of species is paramount if 
the true biodiversity and biogeography of Antarctica is to be deduced. It is only in 
the last few years that the more objective approach of molecular genetics has been 
applied to Antarctic lacustrine organisms and then only for more cryptic groups, 
such as bacteria and cyanobacteria. As more samples and organisms are studied by 
these methods it is likely that new relationships among species distributions will 
be found. Due to the limited number of species in Antarctica (compared to more 
temperate zones), it may be possible in the future to record the make-up of 
selected genes of most, if not all, of the biota, which will allow more precise 
analysis.  

There is increasing evidence for endemism amongst the inhabitants of lakes both 
on the Antarctic continent and the subantarctic islands, from bacteria to crustacea. 
Use of molecular genetic techniques to identify more cryptic species will most likely 
add to the list of putative endemics. It is clear, however, that recent colonisation and 
current climate also play important roles in the distribution of the biota, as most of 
the lakes in Antarctica are of relatively recent (Holocene) origin. Colonising species 
have to be adapted to transport from source areas, which can either involve inter- or 
intra-continental movement, in addition to survival on arrival at potential habitat. 
Flexibility in nutritional and habitat requirements is an important factor in 
determining whether a species will be a successful coloniser. The buffering to 
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environmental extremes provided by the liquid water habitat means that conditions 
further south will not be as harsh as those experienced by their terrestrial 
counterparts.  

As the climate changes in the future it will be interesting to note the effects of 
these changes on the lacustrine biota. Will new species colonise the Antarctic 
Peninsula where temperatures are increasing? In the longer term, the biogeography 
of Antarctic lakes will continue to be dynamic. New species will arrive, others will 
become extinct. The biogeographic zones long-proposed may continue to hold, 
though more precise knowledge of current distributions and responses to climate 
change may refine our view.  
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Introduction 

From our anthropocentric point of view, Antarctic terrestrial habitats are potentially 
stressful in many respects, facing a range of ‘ extreme’ conditions, both in terms of 
chronic exposure and extreme or acute events. It would be more accurate to say that 
the conditions experienced in the Antarctic, with respect to many variables, lie at the 
extreme end of the range or continuum of conditions found worldwide (Peck et al. 
2006, Chown and Convey 2006a). In an evolutionary context it can, therefore, be 
argued that selection imposed on organisms by the Antarctic environment may be 
expected to be strong, leading to more clearly identifiable consequences with fewer 
confounding factors than elsewhere. This chapter provides an overview of the 
evolutionary consequences of environmental stress as seen in the life history 
strategies present, and assesses the likely consequences and vulnerabilities of current 
trends of environmental change for biota with this suite of contemporary strategies.  

Over the year, both Antarctic and Arctic terrestrial habitats experience similar 
extreme low temperatures during the winter months. However, the Antarctic also 
experiences chronically low summer temperatures, even in comparison with those of 
the Arctic (Convey 1996a, Danks 1999). This means that low thermal energy input 
is a constraint faced by most Antarctic terrestrial biota. Clearly, the temperature (and 
hence thermal energy) available to an organism is most accurately described by its 
microenvironment, rather than the longer term averages of air temperature that are 
the basis of these generalisations but, in the absence of many robust and extended 
microclimatic datasets, the latter provide at least a reasonable baseline. It is not only 
the long term temperature average, but also the scales and patterns of temperature 
variation that are of significance in terms of potential impacts on biology. Here, such 
variables as the upper and lower extremes experienced, diurnal and annual ranges, 
short-term means and rates of change, and the predictability of changes, will also be 
influential (for general discussion see Gaines and Denny 1993, Kingsolver and Huey 
1998, Sinclair 2001, Vasseur and Yodzis 2004).  

The chronically low temperatures of the Antarctic are likely to be near minimum 
threshold temperatures for many physiological processes, even during the short 
summer season of the continent or Antarctic Peninsula, and will spend long periods 
of the year below these thresholds. Even in the subantarctic, where the normal 
seasonal pattern of temperature variation tends to be broken down by the over–
riding influence of thermal damping from the surrounding ocean, the resulting 
temperatures are chronically low (Chown and Crafford 1992, Convey 1996a, Smith 
2002). This leads to a particular prediction in the context of climate change - a small 
temperature increment experienced by an organism in an environment chronically 
near to its operational threshold will have a relatively greater biological impact than 
the same increment experienced in a less extreme environment (Convey 2001), or 
one that is more variable. 

Despite the more obvious factor of chronically low temperature, the significance 
of the lack of liquid water in many habitats and periods of the year is regarded as 
being at least as important in understanding the biology of Antarctic terrestrial biota 
(Kennedy 1993a, Sømme 1995, Block 1996). Water availability in most terrestrial 
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habitats across the globe is governed by precipitation patterns (ie rainfall). However, 
other than in the subantarctic and, increasingly, in the maritime Antarctic during 
summer, precipitation as rain is either unusual or unknown in the Antarctic. 
Therefore, water availability in these terrestrial habitats is more accurately governed 
by patterns of thaw, both directly from thawing of snowfall, and indirectly through 
the melt of long term ice and glaciers. Thus it is normal for free water availability to 
be separated temporally from the timing of precipitation and it is often the case that 
it is separated spatially. Associated with desiccation stress is the impact of wind, 
which acts both as a stressor and a disturbance factor (Bergstrom and Selkirk 2000). 

The final major environmental variable to be considered in the context of 
environmental selection pressures is that of solar radiation. Here, two elements may 
be significant in the context of climate change. First, the pattern of direct insolation 
experienced is affected by variables including cloud and snow cover, both of which 
are expected to or already seen to change as part of the overall climate change 
processes seen in the Antarctic (Convey 2006). Changes in irradiance received 
obviously have implications for autotrophic primary production, the basis of 
ecosystem processes. Second, much attention has been given to the potentially 
deleterious consequences of changes in exposure to shorter wavelength ultra-violet 
(UV-B) radiation that may be experienced as a consequence of the formation of the 
spring ozone hole over Antarctica. This is a recent anthropogenic phenomenon 
(Farman et al. 1985). Although it is separate from the processes that have led to 
climate warming and associated changes in most regions, some interactions have 
been suggested. For example, recent work has shown that increases in temperature 
and decreases in precipitation at Marion Island, and possibly at other South Indian 
Ocean Province islands, are related to phase changes in the semi-annual oscillation, 
which in turn are linked to Antarctic stratospheric ozone depletion (Rouault et al. 
2005). In the context of selection on the biota, these three major environmental 
variables are often unlikely to act in isolation. Rather, their interactions and 
predictability will be important (Convey 1996b). 

Key life history features of Antarctic biota 

Southwood (1977) provided a key impetus in developing evolutionary models of the 
route by which environmental characteristics could drive the evolution of biological 
life history strategies, and such models have provided a considerable contribution to 
the general ecological literature, and as a source of continuing debate. In the context 
of Antarctic terrestrial biology, the life history strategies seen are generally 
‘ adversity’ or ‘ stress’ selected (Convey 1996b) (sensu Southwood 1977, 1988,
Greenslade 1983, Grime 1988). Features of Antarctic life history strategies 
documented include considerable investment and development of characters relating 
to stress tolerance, lack of competitive ability or investment in dispersal strategies, 
reduced reproductive investment and output, and extended lifespans and life cycles 
(Cannon and Block 1988, Block 1990, Sømme 1995, Convey 1996b, 1997, 2000). 
As we will note, these features have been principally identified in invertebrates (the 
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dominant terrestrial fauna of much of the Antarctic); indeed, in comparison with the 
Antarctic terrestrial fauna, relatively limited attention has been paid to studies of the 
life history strategies adopted by Antarctic plants or the microbial flora. However 
the possession of considerable flexibility in many life history and physiological 
characteristics, rather than any specific single adaptation has been highlighted as a 
key element in the response of many Antarctic terrestrial biota, both animal and 
plant, to environmental variation (Convey 1996b). This is easy to understand in the 
context of the typically rapid and unpredictable variation that is often experienced at 
microclimate level in Antarctic terrestrial habitats. In this chapter, we will examine 
key life history strategies in some terrestrial biota but with the caveat that our 
current knowledge is skewed in the direction of macro- rather than micro-organisms 
and the main focus of this type of work has been with invertebrates. We will not 
discuss microbial groups as research questions on these life forms have generally not 
been focused on life history traits. 

The general life history models mentioned above have an evolutionary basis. 
Features that have been extensively researched, such as the considerable levels of 
investment in ecophysiological strategies relating to cold and desiccation tolerance, 
indicate that the evolutionary process has further enhanced the effectiveness of 
capabilities that were present in the ancestors of the contemporary biota (Cannon 
and Block 1988, Longton 1988, Block 1990, Sømme 1995, Convey 1996b, 1997, 
2000). However, in some cases it may be inappropriate to invoke an evolutionary 
explanation for life history features, even when they are apparently consistent with 
adversity or stress selection. For instance, the often–used example of life cycle 
extension as a response to the extreme environmental conditions of the maritime and 
continental Antarctic has a simpler proximate explanation in terms of 
straightforward thermodynamic limitations - the low levels of energy available in 
summer and long periods of enforced winter inactivity directly constrain the 
development rates that can be achieved, carrying the corollary of extended 
development times and the necessity of repeated overwintering before maturity can 
be reached. This is perhaps best seen as a selective filter (or biodiversity filter, sensu 

Bergstrom et al. 2006), in other words that only biota whose life cycles do not 
contain specific and limited over–wintering life stages are likely to be able to 
establish in the Antarctic terrestrial environment. 

Growth and the life cycle 

In the subantarctic, indigenous arthropods tend to have long life cycles (1-5 years), 
low reproductive rates, and metabolic rate–temperature (R-T) relationships with 
slopes that are shallower than those found for similar, north temperate species 
(Crafford 1984, 1990, Davies 1987, Chown and Scholtz 1989, Chown 1997, Arnold 
and Convey 1998, Ernsting et al. 1999, Barendse and Chown 2000, Addo-Bediako 
et al. 2002). Diapause is typically also not common, although the South Georgian 
diving beetle Lancetes angusticollis is an exception (Arnold and Convey 1998). 
Long life cycles, low reproductive rates and shallow R-T relationships are largely 
thought to be a consequence of low temperatures and little seasonal variability in 
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temperature (Crafford et al. 1986, Convey 1996b). Nonetheless, seasonal variation 
in abundance is seen, although it may range through a wide variety of forms, from 
showing little variation over the annual cycle to peaking in virtually any season 
(Brown 1964, Watt 1970, West 1982, Bellido and Cancela da Fonseca 1988, Chown 
and Scholtz 1989, Barendse and Chown 2000, 2001, Nondula et al. 2004). Whether 
this variety is indicative of flexibility or of some form of programmed strategy is a 
matter of ongoing debate (Convey 1996a,b, Danks 1999, Barendse and Chown 
2001).  

Figure 1. Head capsule size distributions for Palirhoeus eatoni in a. January (Heard Island) 

and b. April (Marion Island) and body size distributions in mid summer (January and 

February) for Embryonopsis halticella on c. Heard and d. Marion Islands (from Chown et al.
2006). 

There is evidence that seasonal patterns of temperature can lead to 
synchronization of life cycles. The weevil Palirhoeus eatoni and the moth 
Embryonopsis halticella occur on both Marion and Heard Islands. The former 
island, which lies to the north of the Antarctic Polar Frontal Zone, experiences less 
climatic seasonality than the latter, which lies to the south of the frontal zone 
(Chown and Klok 2003). Thus, on Marion Island, overlapping generations are found 
in both species, whilst on Heard Island the generations are far more discrete (Fig. 1) 
(Chown and Klok 2003, Chown et al. 2006). In the more extreme and obviously 
seasonal habitats of the maritime Antarctic, where invertebrates typically have free–
running life cycles (Convey 1996b) lasting multiple years, seasonality can lead to an 
analogous synchronisation of important life history stages or events, such as 
moulting (Convey 1994a). 
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Extreme temperature seasonality dominates the maritime and continental 
Antarctic environment and as a result plant communities show strongly seasonal 
patterns in growth and productivity (Davey and Rothery 1996, Schlensog et al. 
2004), in contrast to subantarctic environments which are characterised by long 
growing seasons, equable annual temperature regimes and in some habitats, 
resulting high productivity (Jenkin and Ashton 1970, Smith and Steenkamp 1990). 
Bryophyte and lichen communities, which dominate the continental terrestrial 
vegetation, remain dormant during the sub–zero winter months (Schlensog et al. 
2004). Freeze–induced dormancy is possible for these plants as they contain 
cryoprotective compounds, such as trehalose, which facilitate membrane function 
during freeze–thaw events (Roser et al. 1992, Montiel 2000). Lichens in particular 
are especially well adapted to cold dry conditions, as demonstrated by the ability of 
some species to photosynthesise under snow (Kappen 1993) and at sub-zero 
temperatures (Kappen et al. 1995, Schroeter and Scheidegger 1995, Kappen et al. 
1996, Hennion et al. 2006). Some species also have the ability to uptake water 
vapour from snow (Pannewitz et al. 2003). The insulating properties of snow can 
slow warming, however, and keep lichens and mosses under snow inactive at sub-
zero temperatures for a prolonged time. In general, lichens appear to be most active 
at the final disappearance of snow cover and for up to two weeks following 
(Pannewitz et al. 2003). After initial snow melt, lichen photosynthetic activity across 
the Antarctic summer is reliant entirely on precipitation for water supply (Hovenden 
et al. 1994).  

The continental Antarctic seasonality in water availability is also inherently 
linked to annual temperature fluctuations. For most of the year, free water is 
biologically unavailable in the forms of snow and ice and only occurs during the few 
months (or even weeks or days, depending on location) of summer melt. Similar to 
the response to extreme cold, during periods of severe aridity, the continental 
Antarctic flora has the ability to shut down (Davey 1997, Robinson et al. 2000, 
Wasley et al. 2006). Metabolism is quickly established when water becomes 
available, with some species or groups having greater recovery potential than others 
(Schlensog et al. 2004, Wasley et al. 2006). Lichens are particularly well adapted to 
dry conditions and some species are able to utilise water vapour from snow when 
liquid water is not available (Kappen et al. 1995).  

Perhaps as a consequence of these plants adopting an ‘ on and off’ strategy, 
longevity in the continental flora is relatively high. Direct plant age estimates are 
difficult to obtain but data demonstrating low growth rates (eg < 0.6mm.yr-1 for the 
moss species Grimmia antarctici, Melick and Seppelt 1997), combined with 
relatively large plant size (eg gametophyte length >4cm, Wasley et al. 2006), 
suggests individuals may exceed 60 years of age. Estimates for continental Antarctic 
lichen longevity are even greater, their exceedingly slow growth rates of perhaps 
0.01mm.yr-1 suggests continental Antarctic lichen communities may represent 
centuries of growth (Green 1985). Further contributing to this longevity is the lack 
of major attack from pathogens and herbivores. 

In the subantarctic, the biodiversity filters of long distance dispersal and 
persistent low temperatures have, in general, selected against woody growth forms 
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and selected for herbs, graminoids and cushions, sometimes, with renascent or semi–
deciduous behaviour (Smith 1984, Selkirk et al. 1990). In the context of key life 
history strategies megaherbs are deserving of special note. These are an important 
element, in terms of biomass and habitat structure, of most subantarctic island floras 
and of the biogeographically related cool temperate islands south of New Zealand 
(Smith 1984, Muerk et al. 1994, Mitchell et al. 1999, Shaw 2005). The megaherb 
growth form is also well represented in some other extreme habitats worldwide, with 
those of tropical high altitude mountains perhaps being best known. A number of 
unrelated families have evolved regional, endemic megaherb genera (eg Apiaceae - 
Stilbocarpa, Brassicaceae - Pringlea, Asteraceae – Pleurophyllum). In addition, 
three tall tussock grass species, Poa foliosa andP. littorosa on Macquarie Island and 
Parodiochloa flabelatta on South Georgia also present large structural elements 
within subantarctic ecosystems with leaf lengths in excess of 1 m and may develop 
tussocks 1.5-2.0 m tall. Meurk et al. (1984a) and Mitchell et al. (1999) proposed that 
megaherb development reflects selection under a regime devoid of natural 
herbivores. The megaherb habit has been identified as having potentially several 
adaptive benefits for survival in subantarctic environments, with large leaves 
successful in harvesting low light while focusing radiation towards apical 
reproductive structures and buds (Wardle 1991). Furthermore, large leaves might 
intercept marine derived aerosols (Meurk et al. 1994b). Erskine et al. (1988) 
recorded volatised nitrogen above penguin colonies and traced this nitrogen into 
plant communities. 

Megaherbs present a mixture of morphological traits that are generally described 
elsewhere as being mutually exclusive because of resource trade-offs, including 
substantial allocation to leafy biomass and underground storage tissue, high seed 
mass and abundant seed output and rain (eg seed rain Stilbocarpa polaris >10 000 
seeds.m-2 over 35 days, Pleurophyllum hookeri >13 300.m-2 over 42 days: Shaw 
(2005), single season’s seed output 150 000 Pringlea antiscorbutica seeds.m-2, D. 
Bergstrom and K. Kiefer unpubl. data). The first two reflect responses to long 
growing seasons and high nutrient input and the last combination strongly supports 
the proposition of selection devoid of herbivores. With the introduction into the 
subantarctic of alien vertebrate herbivores over the last 200 years (Frenot et al. 2005, 
Convey et al. 2006), megaherbs and tall tussock grasses have all been subjected to 
grazing, in some cases leading to significant reductions or changes in local 
distributions (Leader-Williams et al. 1987, Leader-Williams 1988, Pye 1993, 
Copson and Whinam 1998, Frenot et al. 2005). Shaw et al. (2005) also reported rats 
destroying up to 80% of racemes of Pleurophyllum hookeri on Macquarie Island and 
impacting upon initial recruitment and seedling survival.  

Although solar radiation, water availability and temperature are generally 
described as the main environmental drivers in the Antarctic region, the importance 
of exposure to wind must also be recognised, both as a component of water stress 
and also through disturbance and abrasion (Berjak 1979). The subantarctic islands 
lie in the realms of the ‘ roaring forties’ and ‘ furious fifties’ and Briggs et al. (in 
press) has reported the first evidence of contractile stems in angiosperms in P.

hookeri, arguing that this is an adaptation to wind stress, with the mechanism 
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enhancing anchorage of the plant by its rhizome. Similarly, contractile roots have 
been reported in the subantarctic endemic fellfield cushion plant Azorella

maquariensis (Jenkin and Ashton 1979). Avoidance of wind (in addition to 
desiccation) as a life trait is found at its extreme expression in endolithic microbial 
communities in continental and maritime Antarctica (Friedmann 1982, Green 1985, 
Hughes and Lawley 2003). Exposure to wind, and hence the risk of dislocation from 
suitable habitat, is also as a factor proposed to contribute to the preponderance of 
more cryptic invertebrates (with behavioural strategies reducing the likelihood of 
exposure), and in the reduction of the use of flight in insects, amongst the faunas 
typical of Antarctic terrestrial habitats (Convey 1996b but see also Crafford et al. 
1986). 

Reproduction 

Predictably, subantarctic plants are more cued into the highly seasonal light regime. 
Flowering onset in most species takes place in spring, with reports mainly of 
variation of a perennial life pattern, including species with very high and/or highly 
germinable seed production, and long-lived perennial stayers which often do not 
complete a sexual reproductive cycle in one year, with both preformation of flower 
buds the season previous and post winter ripening (Dorne 1977, Walton 1982, 
Bergstrom et al 1987, Hennion and Walton 1997, Shaw 2005). Late summer floral 
initiation also takes place in the two vascular plants that occur in the maritime 
Antarctic (Edwards 1974). Only a few, small, species exhibit an annual life history 
pattern, with this pattern more common in alien species (Frenot et al. 2005), but 
even here, the most common alien vascular species, Poa annua has also been 
observed to exhibit perennial behaviour (Taylor 1955). 

The feature that links the 55 native angiosperms (from 14 families) found in the 
subantarctic is that sexual reproduction, as a strategy, appears to be important 
(Tallowin and Smith 1977, Jenkin and Ashton 1979, Lawrence and McClintock 
1989, Bergstrom et al. 1997, Shaw 2005, D. Bergstrom and K. Kiefer unpubl. data). 
In a comparative study of reproductive output and investment in temperate grasses, 
Wilson and Thompson (1989) noted in general that perennials showed much lower 
levels of investment of resources than annuals. Estimates of investment in the 
subantarctic (South Georgia) and maritime Antarctic perennial vascular plants 
Deschampsia antarctica and Colobanthus quitensis (Convey 1996c), found high 
levels comparable to temperate annuals rather than perennials, a feature suggested to 
be more consistent with an ‘ r-selected’ rather than a stress-selected life history. 
However, data of a comparable form are not available for most other subantarctic 
plant species and this area is worthy of future research. Sexual reproduction is also a 
widespread feature in lichens of the Antarctic and other extreme environments 
(Seymour et al. 2005), with the additional feature that the fruiting bodies involved 
may themselves be perennial structures of the organism. Again, estimates of the 
level of investment in sexual or asexual reproduction in this group are not available. 

Species do not live in isolation but interact. One of the life history features found 
in insects on subantarctic islands, reduction in the use of flight (reflecting an 
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adaptation to low energy and extremely windy environments) may have had a major 
flow–on effect in selection for pollination strategies in subantarctic flowering plants. 
In an area still needing much more attention, a number of modes of pollination have 
been observed. Many species, particularly the grasses and sedges have typically 
wind-pollinated flowers, ideal for encouraging potential cross-fertilization and thus 
it is assumed that wind pollination occurs, and this must be the case in the dioecious 
grass species, P. foliosa (Du Puy et al. 1993). For other flowers, there is limited size 
or colour variation, with the majority being small, white or green (Walton 1982), 
which is standard for attracting generalist pollinators such as flies. However, 
amongst the indigenous fauna and flora of most, if not all, subantarctic islands it is 
thought that there are no obligate invertebrate pollinators or plants requiring 
pollination (except for the two orchid species on Macquarie Island whose pollinator 
is suspected to be the island’s native fungus gnat, Bradysia watsonii). This is one 
area in which the introduction of non-indigenous flowering plants and/or 
invertebrates has the potential to have a major impact on subantarctic biology.  

If the generalisation of reduced flight in pollinators is a real feature, the potential 
for cross-pollination is reduced, and hence a greater tendency toward geitonogamy 
(pollination by different individuals on the same flower) is expected. Furthermore, 
the observations of cleistogamy (Werth 1911, Walton 1982, Bergstrom et al. 1997), 
and the numerically high seed output of many species indicates forms of selfing and 
self-compatibly, which is a common feature of island ecosystems (Barrett 1996) and 
cold climate ecosystems (Billings 1974) and conforms to Baker’s Rule (Baker 1955) 
that self-compatible rather than self-incompatible plants will be favoured in 
establishment following long-distance dispersal. Barrett (1996) highlights that, 
although self-fertilization is obviously an advantageous life strategy in island 
ecosystems, ‘ escape from homozygosity’ is essential for subsequent radiation and 
diversification in island groups 

In experimental and observational studies of reproduction of mosses on 
subantarctic Macquarie Island, Bergstrom and Selkirk (1987) noted that of 43% (36 
species) of the flora documented at the time had been observed with sporophytes, 
with 11 of these species being dioecious. Of the remaining species, 57% (47 species, 
19 dioecious) had never been observed to fruit. Three reproductive strategies were 
identified: species with sexual reproduction but with low spore germination rates 
(although note that very few specific studies have attempted to identify optimum 
germination conditions for any Antarctic bryophytes), which included mainly 
species from sparse, harsh fellfield environments with low competitive pressure; 
species that relied on asexual reproduction only, particularly the copious production 
of specialised asexual structures (gemmae); and species which displayed both sexual 
and asexual modes of reproduction. This included the dioecious species Dicranella

cardotii that displayed five different types of asexual reproduction, including 
specialized structures and regeneration from deciduous leaf tips and leaf fragments. 
Ochyra (1998) reported a similar ratio of sexual to asexual species (29:32 species) 
on maritime King George Island, although only 18 species had been observed to 
have produced mature capsules, with these having a bias to monoecious species 
where both gametes are formed by the same plant (see also discussion of bryophyte 
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reproductive strategies in Longton 1988). In the maritime Antarctic, sporophyte 
production can be relatively high in micro-oases and is reported to be higher (in 
terms of the total number of species recorded with sporophytes rather than at the 
individual cushion or shoot level) at high latitudes than previously expected (Smith 
and Convey 2002). Sexual reproductive effort in maritime Antarctic bryophytes is 
greater in annual short-lived species than most perennial species (Convey and Smith 
1993), although the sexual behaviour of some longer–lived species examined by 
Convey and Smith (1993) shows some surprisingly large levels of investment in 
sexual reproduction. In continental Antarctica, sexual reproduction in mosses is 
extremely rare (Filson and Willis 1975, Seppelt et al. 1992, Skotnicki and Selkirk 
2006). 

Finally, the investment of energy into reproductive reservoirs such as seeds, 
spores or asexual propagule banks allow for survival across environmental 
variability in addition to environmental change. Calculations of seed bank sizes on 
Macquarie Island across a range of vegetation types ranged from 12 650 to 96 333 
seeds.m-2 (W. Misak and D. Bergstrom unpubl. data). These estimates contrasted 
sharply with the range at several Arctic sites (0 to 3367 seeds.m-2, reviewed by 
McGraw and Vavrek 1989). Furthermore, Bergstrom and Selkirk (1999) found that 
the viable moss spore bank at relative high altitude on Macquarie Island included 
species found at lower altitude, thus there existed potential for establishment of new 
species at the sites under changed or warmer conditions (cf also Smith 1990, 2001, 
Convey 2006, Hughes et al. 2006). 

Physiological responses to low temperature 

One of the most widely explored suites of traits in sub- and maritime Antarctic 
species is cold hardiness, or the ways in which these species respond to decreases in 
temperature below the freezing point of water (Hennion et al. 2006). Many species 
of ‘ higher’ insect, such as most weevils, and the caterpillars of the tineid moth, 
Pringleophaga marioni, are moderately freeze-tolerant (Klok and Chown 1997, van 
der Merwe et al. 1997, Sinclair and Chown 2005a). Thus, they survive freezing, but 
only to relatively high sub-zero temperatures. At least some species in this group 
also appear to be incapable of rapid responses to low temperatures of the kind 
typically associated with rapid cold hardening (Lee et al. 1987). This is believed to 
be a consequence of moderate freeze tolerance already conferring a strategy that 
allows rapid responses to changing low temperatures (Sinclair and Chown 2003). 
However one species, the maritime Antarctic midge, Belgica antarctica, provides an 
exception, as rapid cold hardening improves freeze tolerance in larvae, but not 
adults, of this species (Lee et al. 2006).  

A second group of subantarctic species is freeze-intolerant. These species lower 
their body freezing temperatures (by, inter alia, biochemical changes and cessation 
of feeding) to well below the freezing point of water (Klok and Chown 1998, 
Worland 2005, J. Deere et al. unpubl. data). Amongst these species there is also little 
indication of a rapid cold hardening response (Slabber 2005, E. Marais et al. unpubl. 
data), which is surprising given the preponderance of rapid cold hardening in other 
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species both on the continent (Worland and Convey 2001, Sinclair et al. 2003) and 
elsewhere (Chown and Nicolson 2004). At present, no explanation has been 
proffered for the absence of rapid cold hardening in these subantarctic species, but it 
should be noted that the cue(s) for changes in supercooling points may not be solely 
temperature related. 

In the last group of species, individuals can vary between freeze-tolerant and 
freeze-intolerant. In the rove beetle, Halmaeusa atriceps, adults and larvae both 
appear to be moderately freeze-tolerant in winter and chill susceptible in summer 
(Slabber and Chown 2005). Such a seasonal change in response is more in line with 
‘ typical’ patterns in cold hardiness found amongst many other more temperate 
insects (Worland and Convey 2001, Chown and Nicolson 2004). In larvae of the 
subantarctic perimylopid beetle, Hydromedion sparsutum, however, the situation is 
quite different. Following repeated exposure to low temperatures in early winter, the 
population differentiates into individuals that retain a relatively high freezing point, 
are moderately freeze-tolerant, and capable of surviving repeated freezing events, 
and those that substantially depress their freezing point for prolonged periods, but 
are unable to survive freezing should it take place (Bale et al. 2001). This seems to 
be a ‘ bet-hedging’ strategy in this species. Ontogenetic differences in cold hardiness 
strategy have also been recorded in two subantarctic fly species (Vernon and 
Vannier 1996, Klok and Chown 2001). The degree of ‘ bet-hedging’ or variation 
displayed in life history strategies is a topic for much needed research for all biota, 
as it is the flexibility that is the key survival of environmental change. 

Although lethal temperatures and insect responses to them have formed much of 
the focus for insect environmental physiology, sub–lethal effects, such as chilling 
injury, are also of considerable significance (Chen et al. 1987, McDonald et al. 
1997, 2000). What the effects of repeated sub-lethal stresses are for insects has not 
been well investigated generally (but see Brown et al. 2004). However, this has been 
done for caterpillars of Pringleophaga marioni on Marion Island. Repeated exposure 
to freezing events (once a day for five days) had little effect on caterpillars and did 
not alter survival. However, repeated exposure to sub–lethal cold resulted in a 
decrease in mass, gut mass and feeding activity (Sinclair and Chown 2005a). The 
consequences of the decrease in feeding activity lasted well beyond the week–long 
period of repeated cold exposure. Treated caterpillars took approximately one month 
to regain mass to that of pre-treatment controls, over which period control 
caterpillars had grown substantially. Further investigations of caterpillar 
distributions in the field have indicated the significance of these findings. It has long 
been known that these caterpillars are most readily found and are abundant in 
recently abandoned Wandering Albatross Diomedea exulans nests, and this has been 
assumed to be the result of elevated nutrients in and around the nests (Joly et al. 
1987). However, on Marion Island, nests either do not differ from or have lower 
nutrient contents than the surrounding environment, despite higher biomass and less 
variability of caterpillar biomass in them. By contrast, adult birds and chicks 
maintain nest temperatures approximately 5°C higher than the surrounding 
environment. Higher temperatures reduce the risk of repeated cold exposure and 
maintain the environment close to the optimum temperature for feeding in the 
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caterpillars (Sinclair and Chown 2005b), thus providing a proximate reason for 
higher biomass in the nests. Nonetheless, just how the higher biomass arises 
(preferential oviposition by females, higher growth rates, caterpillar dispersal to 
nests) remains to be identified. 

Cold tolerance in plants has equally received significant attention and 
physiological aspects of survival are discussed in detail by Hennion et al. (2006). 
Patterns in cold tolerance include ice-nucleation outside of cells (Schroeter and 
Scheidegger 1995) and dehydration to a level of effective suspension of most 
metabolic activity, followed by rapid repair and resumption of metabolic activity. 
This strategy is common in mosses and lichens. Many species have high cell lipid 
content and concentrations of other ‘ anti–freeze compounds’ such as trehalose and 
proline (Jackson and Seppelt 1997, Montiel 2000). Antarctic, and some subantarctic, 
flowering plants have been observed to contain a range of secondary metabolites, 
such as proline and various polyamines, known to confer cold hardiness (Hennion et 
al. 2006).  

Recovery from freezing appears to depend on the absolute depth of low 
temperature experienced (Kennedy 1993b). More disruptive to metabolic processes 
than periods of constant freezing are repeated freeze–thaw cycles (Kennedy 1993b). 
The maritime and continental Antarctic floras have the ability to withstand freeze–
thaw cycles, but suffer photoinhibition (Lovelock et al. 1995a,b) and loss of soluble 
carbohydrates (Tearle 1987, Melick and Seppelt 1992) during such events.  

Competition and predation 

Life history responses to predation, parasitism and competition have enjoyed less 
attention, largely because these interactions are relatively rare, or perceived to be 
rare, in the subantarctic and Antarctic. However, they are not absent, and the lack of 
attention paid to them is unfortunate, especially given that many alien species are 
predators or competitors with substantial impacts on indigenous species (Frenot et 
al. 2005, Convey et al. 2006). Among the indigenous species, Davies (1987) 
suggested that interspecific competition between the subantarctic carabids 
Amblystogenium pacificum and A. minimum has resulted in non–overlapping adult 
size distributions where they occur in sympatry in fellfield habitats on Ile de la 
Possession, but that in mire habitats where A. pacificum also occurs separately, 
adults are smaller and overlap with the size distribution of fellfield A. minimum.
Analyses of body size ratios of weevils on the Prince Edward Islands also seem to 
provide evidence of interspecific competition in the older epilithic biotope because 
resident species have size ratios larger than those expected from random (Chown 
1992). However, this was not the case in the younger vegetated biotope and on other 
South Indian Ocean Province Islands, suggesting that local and regional processes 
interact to produce different outcomes on different islands. Altitudinal variation in 
size (Chown and Klok 2003) does not seem to be a cause of the patterns found on 
the Prince Edward Islands (Chown 1992), but one of the proposed mechanisms - 
competition for refuge from dry conditions - was also not supported (Chown 1993). 
Although experimental evidence for interspecific competition among epilithic 
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weevils on the Prince Edward Islands has yet to be provided, theoretical analyses 
suggest that such a process is not unexpected in moderately harsh environments 
(Menge and Sutherland 1987). Thus, competition cannot yet be discounted as an 
unimportant process in all Antarctic habitats. 

A number of studies on plants has indicated wide ecological amplitude and/or a 
lack of competitive ability in indigenous subantarctic or Antarctic species 
(Bergstrom and Selkirk 2000, Smith et al. 2002). A pertinent example is the cushion 
plant genus Azorella on subantarctic islands. On Heard Island, A. selago is the 
dominant and most widespread species (Bergstrom and Selkirk 2000) occurring in 
most vegetation types and from the coast up to the upper altitudinal limits of 
vegetation. Although not dominant except in fellfield environments, A.

macquariensis on Macquarie Island also occurs from the coast to the upper limit of 
vegetation. Both species are slow growing, show slow sexual reproductive 
development and are out-competed by taller, faster growing or more aggressive 
species (Bergstrom et al. 1997, Bergstrom and Selkirk 2000, le Roux and McGeogh 
2004, le Roux et al. 2005). In a short-term simulation experiment, le Roux et al. 
(2005) demonstrated that A. selago lost cushion integrity in response to shading. In 
another example, Pammenter et al. (1986) suggested that reduced competitive ability 
of a native subantarctic species, Agrostis magellanica compared with the alien, 
congeneric A. stolonifera may be due to a greater resource allocation into structural 
material rather than total leaf area (therefore photosynthetic area). This structural 
material allows the species to occupy a range of microhabitats including more wind–
exposed sites, but make it less able to compete in sheltered areas. Since its arrival in 
the region in the 1950s, A. stolonifera has invaded numerous habitats and is most 
successful in protected wet slopes and riverbanks, where it has reduced native 
species richness by up to 50% (Gremmen et al. 1998). This example identifies a 
pertinent point: although there are limited studies identifying the lack of competitive 
ability of native Antarctic organisms, the fact that alien taxa are out–competing them 
(Frenot et al. 2005, Convey et al. 2006) demonstrates this feature.  

Likely responses to climate change  

Unlike most other areas of the planet, the scale of geographical isolation of the 
Antarctic and its terrestrial habitats allows the separate consideration of two 
fundamental elements of biotic responses to climate change (Convey 2001). This 
isolation means that there is currently little or no influence on the biology of 
indigenous species of the continental and maritime Antarctic from colonising alien 
competitors and, thus the response of this biota directly to climate change 
parameters can be studied in the absence of the confounding variable of competition 
from alien invasives. However, it is also widely accepted that colonisation by alien 
species, and consequential changes in patterns and importance of competition 
(including predation), will itself be one of the major outcomes of climate change for 
Antarctic terrestrial ecosystems (Kennedy 1995c, Convey 2003a, Frenot et al. 2005, 
Convey et al. 2006, Hull and Bergstrom 2006).  
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The subantarctic islands already provide an exceptional opportunity for the study 
of this latter process, combining the advantage of relatively simple indigenous 
ecosystems with documentary evidence of colonisation and establishment by a wide 
range of taxa (Frenot et al. 2005, Chown and Convey 2006b, Convey et al. 2006). 
One particularly apposite example is given by the impacts seen over recent decades 
after the introduction of species of predatory carabid beetle, probably from the 
Falkland Islands, to two subantarctic islands. In both cases there are no comparable 
indigenous invertebrate predators in the native terrestrial ecosystems. Oopterus

soledadinus was probably introduced to Iles Kerguelen with agricultural supplies in 
the early 20th Century (Chevrier et al. 1997), while both O. soledadinus and its 
closely-similar relative Trechisibus antarcticus appear to have been introduced to 
South Georgia much more recently (early 1980s), probably in association with 
tourist or military shipping activity (Ernsting 1993). Both have had substantial 
impacts on population sizes of their indigenous prey, leading to considerable local 
reduction and even local extinction (Ernsting et al. 1995, 1999, Chevrier et al. 1997, 
Lebouvier and Frenot 2005). On South Georgia, one prey species has been proposed 
to have responded to this new and intense selective pressure by accelerating early 
development such that juveniles spend a shorter period at smaller and more 
vulnerable sizes, while it has also been impacted (reduced body size) by an enforced 
change of diet to a less nutritious grass species as a separate consequence of grazing 
pressure from alien reindeer (Ernsting et al. 1995, 1999, Chown and Block 1997). 

Life history flexibility 

Within the indigenous biota, life history flexibility is likely to play an integral role in 
any response to climate change. One response in life cycles that are determined 
simply by energy availability, with few or no fixed elements such as obligate 
diapause, would be to allow increases in development rate which would result in 
shortening of the life cycle. Such a response has been proposed for the predatory 
diving beetle, Langustis angusticollis, in lakes on South Georgia (Arnold and 
Convey 1998). While this species does possess an environmentally (thermally) cued 
diapause (Nicolai and Droste 1984), this operates only in the final larval instar. At 
present, this beetle has a two–year life cycle in its field habitats on South Georgia, as 
the limited thermal energy available does not allow larvae to develop past the final 
instar before late summer conditions attain the point of cueing the diapause state. 
However, calculations indicate that an increase of only 1°C in lake temperatures 
would be sufficient to permit development past the stage at which diapause is cued, 
allowing an annual life cycle to be completed (Arnold and Convey 1998). This order 
of temperature increase appears very realistic, as it has already been seen in records 
of air temperatures, while separate studies of lakes on maritime Antarctic Signy 
Island have reported that these systems can actually magnify the response seen in air 
temperatures (Quayle et al. 2002, 2003). Should such a change in life cycle duration 
occur, it is likely to generate major though unknown consequences within the 
trophic web, as L. angusticollis is the top predator in these lake ecosystems. 
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The most widely quoted examples of a rapid response to recent climate warming 
in part of the Antarctic relates to the recent increases in populations of the two native 
Antarctic higher or flowering plants (Deschampsia antarctica and Colobanthus 

quitensis) (Fowbert and Smith 1994, Smith 1994, Grobe et al. 1997, Convey 2006). 
These include increases amounting to one to two orders of magnitude, and to the 
colonisation, at least on a local scale, of new areas of ice-free ground (although there 
is no overall increase in the species’ ranges). These population increases are most 
likely underlain by a change in an important element of the life history strategy - the 
successful production of mature seeds, which can now occur much more frequently 
than previously (Convey 1996c cf Edwards 1974) and, possibly, the reactivation of 
seeds that have remained dormant in soil propagule banks (McGraw and Day 1997). 
In species such as D. antarctica and C. quitensis that can survive the normal stresses 
of the Antarctic terrestrial environment, such population increases may not be 
surprising.  

Many other groups have biological attributes that would be expected to allow 
similar responses to any relaxation of environmental stresses, although comparable 
data do not exist. For instance, sexual reproduction in many mosses is determined by 
temperature (Longton 1988). Changes in the successful utilisation of this mode of 
reproduction would thus be expected and could provide a sensitive barometer of 
change (Frahm and Klaus 2001). Sexual reproduction in mosses also leads to the 
production of highly dispersible spores, possibly providing opportunities not 
available to the range of asexual propagules also produced, which will alter the 
pattern of long and short distance colonization achieved. Although data on spore 
production in Antarctic mosses are available (Convey and Smith 1993, Convey 
1994b, Smith and Convey 2002), specific comparative data are not available over 
time, while comparisons within species across latitude are currently equivocal. 
Another important group of the Antarctic flora, the lichens, show a similar range of 
asexual and sexual propagules, with the added complication of requiring both 
elements of the symbiotic relationship to be present in order to permit successful 
establishment (Hughes et al. 2006). Again, changes in the balance of utilisation of 
the different strategies with climate change would be expected, but no data are 
currently available against which to test this expectation. 

In the context of studies of the impact of an entirely different stress, short 
wavelength ultraviolet (UV-B) radiation, the importance of response flexibility in 
resource allocation to protective pigments has recently also received attention, with 
patterns of variation observed in some Antarctic bryophytes being best correlated 
with changes in UV-B exposure caused through variations in the depth of the ozone 
hole over a specific location (Newsham et al. 2002, 2005, Newsham 2003). These 
findings concur with more general overviews of the biochemical impact of exposure 
to UV-B (Rozema 1999, Paul 2001) including changes in the activity of reaction 
pathways involved in specific pigment production. Although the magnitude of 
investment of resources or energy in these responses is currently unknown, there 
may very clearly be important ecological implications in any response that requires 
significant alterations in resource allocation strategies within the organism. Wasley 
et al. (2006) identified morphological and physiological traits of the endemic moss 
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Grimmia antarctici that, collectively, may reduce this species’ competitive ability 
compared with more widely distributed and physiologically flexible co-occurring 
moss species. If this is the case, it provides a salient example of how past selection 
pressures might reduce the capacity within a species to cope with current 
environmental changes. 

Interactions among environmental variables 

A further caveat is the likelihood that the consequences even of direct environmental 
changes might not always be straightforward to ascertain. For example, many 
subantarctic islands are showing increases in mean annual temperature (Bergstrom 
and Chown 1999). To date, there has been no suggestion that, even at the 
microclimate level, the increases are likely to exceed the upper lethal limits of most 
arthropods. However, in some areas, such as Marion Island, it is not only mean 
temperature that is predicted to change in line with current trends. Rather, the 
frequency of freeze–thaw events and occurrence of minimum temperatures are also 
predicted to increase because of a greater frequency of cloud-free skies and a lower 
frequency of snow (which is a thermal insulator) (Smith and Steenkamp 1990, Smith 
2002). An increase in the frequency and intensity of freeze–thaw events could very 
readily exceed the tolerance limits of many arthropods, as recent work both on 
Marion Island and other south temperate locations has shown (Sinclair 2001, 
Sinclair and Chown 2005b, Slabber 2005). Other biota, such as continental 
bryophytes and lichens, may also be pushed beyond their tolerance limits if freeze–
thaw frequency increases, especially given the physiological effects of this stress 
such as soluble carbohydrate loss (Tearle 1987, Melick and Seppelt 1992). Thus, one 
of the major consequences of climate change might paradoxically not be an increase 
in upper lethal stress, but rather an increase in stress at the other end of the 
temperature spectrum. How organisms are likely to respond to this kind of challenge 
has not been well investigated, though it is clear that lower lethal temperatures show 
substantial capacity for both phenotypic plasticity and evolutionary change (Chown 
2001).  

In ice–dominated continental Antarctica, changes to temperature are intimately 
linked to fluctuations in water availability. Changes to this latter variable will 
arguably have a greater effect on vegetation and faunal dynamics than that of 
temperature alone (Convey 2006). Future regional patterns of water availability are 
unclear, but increasing aridity is likely on the continent in the long-term (Robinson 
et al. 2003). Plant species which show high tolerance of desiccation, such as 
Ceratodon purpureus, or species such as Bryum pseudotriquetrum, which have a 
high degree of physiological flexibility with respect to tolerance of desiccation, are 
more likely to persist under increased aridity than the relatively desiccation-sensitive 
and physiologically inflexible Grimmia antarctici (Wasley et al. 2006). Changes to 
water availability that cause an increased frequency of desiccation events are likely 
to negatively impact hydric maritime bryophytes more than mesic or xeric species 
(Davey 1997). 
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For species occurring naturally across a range of latitudes, the environmental 
gradient thus presented can be used as a proxy or model for at least some of the 
projections of climate change models. This is based on a hypothesis that systematic 
patterns of climate variation across environmental gradients will have resulted in 
consistent pattens of variation in investment of resources within an organism. This 
model was the basis of the RiSCC International program. A correlational study of 
reproductive investment in an Antarctic oribatid mite (Alaskozetes antarcticus) has 
been based on this hypothesis, using material of the species collected between 
subantarctic South Georgia and Marguerite Bay in the southern maritime Antarctic 
(a latitudinal range of 53 – 69°S) (Convey 1998). This study gave some support to 
there being a variable resource allocation strategy within the species, with 
significantly greater investment in eggs in samples obtained from the milder 
subantarctic. As great flexibility in ecophysiological and life history strategies is a 
feature of Antarctic invertebrates (Convey 1996b), such a response might be 
expected to apply widely amongst this group. 

Figure 2. Springtail density following a year-long manipulation of climate of Azorella selago
cushions on Marion Island using rain-out shelters to mimic the ongoing trend of warming and 

drying. Controls were not manipulated, dry-warm treatments (DW) were covered by 

polycarbonate rain-out shelters, procedural controls (PC) were covered by perforated 

polycarbonate, and shade treatments were covered by shade cloth which reduced light 

transmission by 80%. Different letters indicate significant differences in springtail density 

based on generalized linear models (McGeoch et al. 2006).

It is also the case that many of the pigments involved in UV-B stress protection 
belong to classes (eg polyphenolics) known to have an influence on digestibility or 
palatability to herbivores, while they are also often refractory and may further affect 
the accessibility of dead material to detritivores (Newsham et al. 1999, Paul et al.
1999, Rozema 1999, Rozema et al. 1999). At first sight, such responses may appear 
to be very subtle, when seen in the context of the suite of biochemical pathways 
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taking place within an organism. However, it is important to realise that individually 
insignificant changes may accumulate to have greater consequences, especially 
when integrated through several steps in a food web (Day 2001, Johnson et al. 2002, 
Convey 2003a). In the Antarctic and, undeniably, worldwide, few studies of climate 
change impacts have been attempted across trophic levels, either through field 
observation or manipulation. The only such study completed at an Antarctic location 
- near Anvers Island off the west coast of the Antarctic Peninsula - involved a 
multivariate manipulation of vegetation and the component arthropod communities 
using screens over a period of several years, and postulated that the negative impacts 
found of UV–B radiation on arthropod numbers could be related to altered food 
quality (Convey et al. 2002).  

Studies of biological responses to climate change are necessarily but 
unfortunately limited by the constraints of logistics and funding processes. While, in 
a global context, rates of warming in parts of the Antarctic are very rapid, scales of 
interannual variability remain large and it remains optimistic to be able to expect to 
identify let alone understand responses seen within a single or a few field seasons. 
Thus, biologists have relied heavily on the use of a range of field manipulation 
techniques in order to try and identify the general features of responses to be 
expected under natural conditions. While such manipulations themselves can 
introduce a range of methodological artefacts and uncertainties (Kennedy 1995a,b), 
they are the only practicable approach to such long-term studies. Various 
manipulations have been applied in a range of studies at sites on subantarctic South 
Georgia and Marion Island, and along the Antarctic Peninsula (maritime Antarctic), 
leading to rapid and sometimes spectacular responses in studies of microbes (Wynn-
Williams 1993, 1996), plants (Smith 1990, 2001, le Roux et al. 2005) and 
invertebrates (Kennedy 1994, 1996, Convey and Wynn-Williams 2002, Convey
2003b, McGeoch et al. 2006, but see also Sinclair 2002). The responses observed 
generally include activation of dormant propagule banks, considerably increased 
populations, greater growth and rates of growth, greater ground coverage, and 
changes in reproductive output and mode. However, a combination of warming and 
drying may have the opposite effect in the subantarctic and the maritime Antarctic 
(Convey et al. 2002), although many of the responses are species-specific and 
difficult to predict (le Roux et al. 2004, McGeoch et al. 2006). Nonetheless, a few 
studies have sampled sequentially over time or, as noted above, attempted to 
integrate responses across trophic levels. Thus, as found in a manipulation study of 
soils at Mars Oasis (southern Alexander Island, 72ºS) at the southern limit of the 
maritime Antarctic, parts of the soil faunal community (microbivorous nematodes of 
the genus Plectus) may show extremely rapid population increases of several orders 
of magnitude within a few years, only for other omnivorous elements of the 
nematode community to lag behind initially, with a more ‘ natural’ community 
structure then recovering towards the original balance of relative abundance over 
subsequent years (Convey and Wynn–Williams 2002, Convey 2003b). In all such 
studies, the fundamental caveat remains that there has been virtually no effort 
devoted to making detailed autecological studies of the biology of most Antarctic 
terrestrial biota in any taxonomic or functional group. 
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Conclusions 

The strongest evidence available to date on the potential life history responses of 
Antarctic biota to climate change processes has been generated through the use of 
field manipulation methodologies, with more limited evidence, correlational in 
nature, obtained from direct field observations. From these studies and observations, 
it is clear that various consequences of life history flexibility generate potential for 
massive and rapid species and community responses. Possession of long–surviving 
propagules can also be an important life history feature, as existing soil propagule 
banks can be activated and exert an important influence on developing community 
structure.

The influence of patterns of variability in key environmental variables (ie 
temperature, water, solar radiation and wind) on life history traits provides some 
insight into the likely responses of these traits to climate change. Across the 
Antarctic biome, from the relatively mild, aseasonal subantarctic to the extremely 
cold, dry and seasonally distinct regions of continental Antarctica patterns of 
variability in life history traits are evident. The growth and life cycle patterns of 
many invertebrates and plants are fundamentally dependent on regional temperature 
regimes and their linkage with patterns of water availability. Distinct patterns in 
sexual reproduction are evident across the Antarctic flora and are most likely a 
function of temperature variation. In addition, phenology of flowering plants is cued 
to seasonality in the light regime.  

In regions supporting angiosperms, wind is assumed to play a major role in 
pollination ecology of grasses and sedges resulting in cross-pollination. The lack of 
specialist pollinators in the native fauna, combined with high reproductive outputs in 
non-wind pollinated species implies a high reliance on selfing.  

The Antarctic biota shows high development of ecophysiological adaptations 
relating to cold and desiccation tolerance, and displays an array of traits to facilitate 
survival of these conditions. While patterns in absolute low temperatures are clearly 
influential in determining survival, perhaps more influential is the pattern of the 
freeze-thaw regime, with repeated freeze-thaw events being more damaging than a 
sustained freeze event. How these patterns change in the future will be an area of 
major importance. 

The final suite of life history traits discussed in the present chapter are those 
relating to competition and predation. The lack of attention to these traits to date is 
unfortunate, particularly with respect to the understanding of alien species’ impacts. 

It is already well known that Antarctic terrestrial biota possess very effective 
stress tolerance strategies, in addition to considerable response flexibility. The 
exceptionally wide degree of environmental variability experienced in many 
Antarctic terrestrial habitats, on a range of timescales between hours and years, 
means that predicted levels of change in environmental variables (particularly 
temperature and water availability) are often small relative to the range already 
experienced. Given the absence of colonisation by more effective competitors, 
predicted and observed levels of climate change may be expected to generate 
positive responses from resident biota of the maritime and continental Antarctic. The 
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picture is likely to be far more complex on the different subantarctic islands, and 
many already host (different) alien invasive taxa, some of which already have 
considerable impacts on native biota.  

Many responses are likely to be subtle and multifactorial, and will be underlain 
by changes in resource allocation strategies. However, it is fundamental to recognise 
that integrating these subtle responses can result in considerable and unexpected 
consequential impacts for communities and ecosystems. Given the importance of 
understanding biological responses to climate change and that, fundamentally, all 
such responses lie within the definition of life history strategy, it is clear that an 
understanding of the entire life history is a prerequisite not only in an Antarctic but 
also in a global context. Worryingly, research into this field is currently receives a 
low profile across the Antarctic scientific community.
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Introduction 

Antarctic ecosystems represent one extreme of the continuum of environmental 
conditions across the planet. To our eyes, the environment appears harsh but, even 
though terrestrial biological diversity is restricted, a wide range of life is present 
and, locally, thrives. In the Antarctic, unusually, environments exist in which 
physical characteristics are dominant and overcome biological considerations. These 
are at the extreme ends of the ranges of many characteristics (temperature, snow, ice 
and solar radiation) found across environments globally. However, the Antarctic is 
also a large continent, comparable in area to continental Europe, and further 
surrounded by the cold Southern Ocean, within which lie a ring of subantarctic 
islands. Together, these islands and the continent give a natural environmental 
gradient with which to study the biological impacts of climate variables. 

Antarctica is also a focus for studies of responses to regional and global change 
(eg Bergstrom and Chown 1999, Convey 2001, 2003, Robinson et al. 2003). Some 
of the fastest changing regions on earth (air temperatures along the western 
Antarctic Peninsula and Scotia Arc) are found here (King and Haranzogo 1998, 
Skvarca et al. 1998, Smith 2002, Quayle et al. 2002, 2003). Evaluations of change in 
this area are expected to provide a vital ‘ early warning system’ for change 
consequences worldwide (Convey et al. 2003a, b). This chapter addresses an area 
central to our ability to understand and evaluate biotic responses to climate change 
predictions – that of organism physiology. 

Antarctic climate change 

Features of climate change as seen in the Antarctic are described in Convey this 
volume and are summarised briefly here. Two non-connected aspects of Antarctic 
climate change have received most attention – the rapid temperature increases that 
have been well documented along the Antarctic Peninsula and Scotia Arc and are 
observed to a lesser extent elsewhere and the seasonal formation in the austral spring 
of the Antarctic ‘ ozone hole’. At a continental scale some areas, particularly of 
inland continental Antarctica and parts of Victoria Land, are also thought to have 
experienced cooling over the same period, although data are sparse. In addition to 
any direct biological consequences of changes in temperature, indirect consequences 
may also be significant – for instance, temperature increases in either winter or 
summer may lead to a shortening of the winter season – while temperature changes 
will clearly also be linked with the processes controlling water availability in 
terrestrial habitats.  

Water availability can be more important even than temperature in controlling 
biological activity in Antarctic terrestrial habitats (Kennedy 1993, Block 1996). In 
the subantarctic in particular, recent changes in precipitation patterns potentially 
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have greater biological significance than the concurrent changes in temperature. 
Clearly, changes in precipitation patterns will impact water availability, although 
this is likely to be seen most directly in the subantarctic and parts of the maritime 
Antarctic (during summer), when the majority of precipitation falls as rain rather 
than snow and is immediately available to terrestrial biota. Summer thawing of 
seasonal snow banks and runoff from permanent glaciers also provide liquid water 
to terrestrial habitats, hence changes in the timing and magnitude of winter 
precipitation events, and the timing of thaws, will also be important. Consequences 
may also include a decrease in water availability, in instances where precipitation 
reduces, or finite resources of snow or ice are exhausted. Trends of both increasing 
and decreasing precipitation, identified in datasets covering up to the last six 
decades, are being seen at a variety of maritime and subantarctic locations. 

The potential biological significance of seasonal ozone depletion is linked with 
the associated increase in shorter wavelength UV-B radiation reaching the Earth’s 
surface. However, it is the timing of this increase rather than the absolute magnitude 
that is important. During periods of maximum ozone loss (typically October and 
November, during the austral spring) the intensity of UV-B radiation at ground level 
is similar to that normally experienced in mid-summer. However, early in the spring, 
exposed biota may be unable to respond, as they are yet to resume normal 
physiological activity after winter. 

ORGANISMS UNDER INCREASED RADIATION 

The potential effects of UV-B radiation on phototrophic organisms may be grouped 
into three areas: (a) changes in photosynthesis and growth (eg through trade-offs 
with reproductive capacity and biomass) (Teramura and Ziska 1996) (b) increased 
investment in UV-B absorbing or screening compounds (Karentz et al. 1991a,b) and 
(c) DNA damage, repair and photoreactivation (Lud et al. 2001a). Mobile 
organisms, such as cyanobacteria, can move to deeper layers in the soil to avoid 
radiative stress (Wynn-Williams 1994), while sessile organisms are particularly 
exposed to UV-B radiation. However, despite the clear effects seen in laboratory 
manipulations, those field studies that find effects generally report these to be much 
more minor, while others often report no detectable consequences (Jackson and 
Seppelt 1997, Montiel et al. 1999, Day et al. 1999, Huiskes et al. 1999, 2001, Lud et 
al. 2001a, Rozema et al. 2001).  

Sessile phototrophic organisms such as lichens can not avoid incident solar 
radiation completely and they must make a trade-off between receiving sufficient 
levels of PAR and appreciable doses of UV-B (Day 2001). Microniche selection 
also plays a part, in that many utilise partially protected crevices and fissures, or 
locations that are protected by snow cover during the critical period (Cockell et al. 
2002). To some extent they can also utilise a passive avoidance strategy: being 
poikilohydric, the periods when they are moist and active generally occur in the 
mornings or in the evenings, when UV radiation levels are low. However, it is also 
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important to quantify the potential for uncontrolled damage during inactive periods, 
when repair is not possible.  

CHANGES IN PHOTOSYNTHESIS AND GROWTH 

Day and co-workers (Day et al. 1999, 2001, Xiong and Day 2001, Ruhland and Day 
2000, 2001) have completed an extensive field manipulation study near Palmer 
Station (Anvers Island, western Antarctic Peninsula), separating the influence of 
UV-B and other environmental variables on the growth and ecophysiology of the 
two Antarctic flowering plants, Colobanthus quitensis (Kunth) Bartl. and 
Deschampsia antarctica Desv. Relative to ambient controls, exposure to solar UV-B 
from spring to mid-summer led to 11 - 22% less biomass and a 24 - 31% decrease in 
leaf area. Rates of photosynthesis were reduced when expressed relative to 
chlorophyll content or dry mass, but not relative to leaf area, through the 
development of thicker leaves containing more photosynthetic and screening 
pigments. Exposure to UV-B also led to reductions in quantum yield of photosystem 
II, based on fluorescence measurements of adaxial leaf surfaces and impaired 
photosynthesis in the upper mesophyll layer. The latter was suggested to be 
associated with light-independent enzymatic limitations. In C. quitensis, exposure to 
solar UV-B led to reductions in leaf longevity, branch production, cushion diameter 
growth, above-ground biomass and thickness of the non-green cushion base and 
litter layer. Exposure to UV-B also influenced patterns of reproductive investment, 
accelerating the development of reproductive structures and increasing the number 
of panicles (D. antarctica) and capsules (C. quitensis). Seed viability appeared to 
remain unchanged. In a similar field manipulation study in the Windmill Islands, 
East Antarctica, gametophytes of the moss Grimmia antarctici growing under near 
ambient UV radiation had a higher density of leaves than those growing under 
reduced UV radiation and there was evidence of morphological changes in moss 
exposed to ambient UV radiation (Robinson et al. 2005) (Fig. 1). However, no 
evidence for changes to photosynthetic parameters were detected in this species and 
rates of growth were too slow for any difference to be apparent over a 14 month 
period. Also other studies have failed to detect differences in photosynthetic 
parameters related to UV-B exposure. Rozema et al. (2001) reported no difference in 
net photosynthesis of Deschampsia antarctica treated with different levels of UV-B 
radiation in a growth chamber. They also showed a reduction in the length of shoots 
of D. antarctica when grown under experimental conditions but, under field 
conditions, no difference in shoot length or reproductive biomass was detected. Lud 
et al. (2001b) found no changes in photosynthetic activity of lichens and mosses 
either in field measurements or under controlled conditions. This was equally true 
for net photosynthesis, maximum PSII quantum efficiency and effective PSII 
quantum efficiency. Likewise, Montiel et al. (1999) found no changes in D.

antarctica and C. quitensis and George et al. (2001) reported that some 
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cyanobacteria were unaffected by UV-B radiation. Some other studies however 
reported evidence for a negative effect of UV-B radiation on photosynthesis of 
certain Antarctic species, including some cyanobacteria (George et al. 2001), mosses 
(Montiel et al. 1999) and a terrestrial alga (Post and Larkum 1993).  

Figure 1. Comparison of gametophytes of Grimmia antarctici showing the normal leaf 

morphology (c and d) and atypical leaf morphology (a and b), enlarged (e). Atypical leaves 

were characterized by short length and blunted leaf tips and were twice as common in plants 

grown under near ambient rather than reduced UV-B radiation (from Robinson et al. 2005). 

INCREASES IN UV-B ABSORBING COMPOUNDS 

A variety of UV-B absorbing compounds are found in Antarctic phototrophic 
organisms (eg Karentz et al. 1991a,b, Adamson and Adamson 1992). 
Phenylpropanoids produced by the shikimate pathway are thought to be 
predominant, often in combination with the acetate-malonate pathway (Day 2001). 
These pathways are responsible for the synthesis of various phenolic compounds 
(hydroxycinnamic acids, flavonoids, lignins and tannins). Key enzymes in these 
pathways are induced by light, both visible and UV (Beggs and Wellmann 1994). 
Flavonoids are present in D. antarctica (Webby and Markham 1994) and some moss 
species (Webby et al. 1996). They often accumulate in the epidermis, where, in 
higher plants, over 90% of incident UV- radiation is attenuated (Robberecht and 
Caldwell 1978). Recent research (Nybakken et al. 2004a,b) suggests that epidermal 
screening may be a constitutive feature, with little or no evidence for any dynamic 
response in effectiveness in Arctic and alpine plants. The only direct evidence 
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available for plants having a dynamic ability to respond to incident levels of UV-B 
radiation over ecologically realistic timescales is from studies of three Antarctic 
mosses (Newsham et al. 2002, Newsham 2003) exposed to natural variations under 
the Antarctic ozone hole. These studies found that screening pigment concentrations 
were best correlated with levels of UV-B radiation experienced during the preceding 
24 h. Species variation has also been shown for co-occurring Antarctic mosses, with 
the endemic species Grimmia antarctici possessing low levels of UV-B screening 
pigments whilst the two cosmopolitan species Ceratodon purpureus and Bryum 

pseudotriquetrum have intermediate and higher concentrations respectively (Dunn 
2000, Lovelock and Robinson 2002, Robinson et al. 2005). In only one of these 
species,B. pseudotriquetrum, was evidence found that UV screening pigments 
correlate with UV radiation doses (Dunn 2000, Robinson et al. 2005). Experimental 
manipulations demonstrate that flavonoid synthesis may be enhanced by both UV-B 
radiation (Meykamp et al. 2001) and UV-A and visible wavelengths (Bornman and 
Sundby-Emanuelsson 1995). Concentrations of UV-B absorbing compounds were 
found to be higher in seedlings of Colobanthus quitensis exposed to natural UV-B 
levels in the field compared to those under UV-B absorbing screens (Ruhland and 
Day 2001). 

Other secondary UV-screening compounds such as mycosporine-like amino 
acids (MAAs) may also be involved in UV-B responses. MAAs consist of a 
substituted cyclohexenone linked with an amino acid or an amino alcohol, and are 
found in many different organisms including fungi, eukaryotic algae, corals and 
starfish, Antarctic microalgae and cyanobacteria (Karentz et al. 1991b, Garcia-
Pichel and Castenholz 1993, Ishikura et al. 1997, George et al. 2001). Prasiola 

crispa, a common Antarctic terrestrial green alga, contains low concentrations of 
UV-B absorbing compounds (including an unknown MAA) (Post and Larkum 1993, 
Hoyer et al. 2001, Lud et al. 2001a). However, chlorophyll concentration and 
photosynthesis in this alga are depressed when exposed to UV-B radiation (Post and 
Larkum 1993, Jackson and Seppelt 1997). 

Lichens also contain a high proportion of secondary products, some not found in 
other groups (Huneck et al. 1984). Many are synthesised by the mycobiont and are 
often deposited as crystals on the surfaces of hyphae and phycobiont cells 
(Honegger 1986). Their role (if any) in photoprotection is unclear. For instance, 
although Solhaug and Gauslaa (1996) confirmed the photoprotective role of parietin 
in Xanthoria parietina, this was not the case in two other lichens examined. 
Swanson and Fahselt (1997) and Swanson et al. (1996) found a negative correlation 
between exposure to UV-B and thallus contents of lichen phenolics. 

PHOTOSYNTHETIC AND PHOTOPROTECTIVE PIGMENTS IN ANTARCTIC 
PLANTS

In Antarctica, even with relatively low solar zenith angles, irradiance levels can be 
both very high and variable, being strongly influenced by meteorological conditions 
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and the high surface albedo of surrounding snow and ice. Several Antarctic plants 
have photosynthetic pigment characteristics more common to high light plants. For 
example in three Antarctic moss species the photoprotective xanthophyll cycle and ß 
carotene pigments comprised between 32-42% of the total carotenoid pool, which is 
comparable to species grown under high light conditions (Demmig-Adams and 
Adams 1992, Dunn 2000, Robinson et al. 2001, Lovelock and Robinson 2002). In 
addition, 15-80% of the xanthophyll cycle pigments remain in their photoprotective 
forms even after periods under low light conditions. This suggests the use of an 
‘ insurance’ strategy, ie that plants experience frequent periods of high light under 
temperature conditions that preclude use of this energy for photosynthesis, hence 
requiring the pigments to absorb excess energy (Schlensog et al. 1997, Verhoeven et 
al. 1998, Dunn 2000, Lovelock and Robinson 2002).  

Photoprotective pigments, such as zeaxanthin, are important in protecting certain 
Antarctic mosses from the negative effects of freeze-thaw events (Lovelock et al.
1995a,b). It has also been suggested that these antioxidant pigments play a role in 
protection from UV-B exposure, since some Antarctic bryophytes and higher plants 
produce increased levels of carotenoids in response to high, ambient UV-B radiation 
(Dunn 2000, Xiong and Day 2001, Newsham et al. 2002, Newsham 2003, Robinson 
et al. 2003). Some studies of Antarctic mosses further suggest that plants with low 
levels of UV-B pigments have correspondingly higher levels of photoprotective 
pigments (Dunn 2000, Robinson et al. 2001, 2003). 

Chlorophyll a:b ratios of Antarctic mosses are high (>3.2) and more similar to 
those found in higher plants growing in high light environments, than those found in 
temperate and subarctic mosses which exhibit shade characteristics (Balo 1967, 
Martin 1980, Martin and Churchill 1982, Kershaw and Webber 1986, McCall and 
Martin 1991, Barsig et al. 1998, Gehrke 1998). However, evidence that chlorophyll 
bleaching occurs in exposed environments has been found in some species. Grimmia 

antarctici turf growing on exposed ridges and under ambient UV radiation had 
significantly less chlorophyll than moss in sheltered valleys or under reduced UV-
radiation (Robinson et al. 2005). In addition, despite having higher levels of UV-B 
screening pigments, chlorophyll b content was lowered in Colobanthus quitensis

seedlings exposed to natural UV-B levels in the field (Ruhland and Day 2001). 

DNA-DAMAGE AND PHOTOREACTIVATION 

DNA is a vulnerable component of the living cell and is more sensitive to UV-B 
damage than the photosynthetic process (Lud et al. 2001a,b). Cyclobutane 
pyrimidine dimer formation occurs when DNA is damaged by UV-B radiation 
(Buma et al. 1995), leading to the activation of repair mechanisms, including 
photoreactivation, excision of dimers, recombinational filling of gaps and 
resynthesis of DNA. Repair processes can be inhibited by low temperatures (Pakker 
et al. 2000), which might imply that higher damage levels would be expected in 
Antarctic biota exposed to UV-B radiation at low temperature. The natural growth 
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form of some species, such as the multi-layered thallus of the alga Prasiola crispa

and the accumulation of dead cells on the thallus surface reported for some lichen 
species (Crittenden 1998) could be a form of protection against UV-B (both in the 
context of DNA damage and other biochemical processes) as suggested previously 
for mat-forming cyanobacteria (Margulis et al. 1976). 

There have been very few studies of DNA damage in Antarctic terrestrial biota. 
Damage levels encountered in the moss Sanionia uncinata, alga Prasiola crispa and 
experimental microbial dosimeters are substantially lower than those found in 
marine organisms (Buma et al. 2001, George et al. 2002). In P. crispa damage does 
not increase linearly with dose as found for unicellular marine organisms (Buma et 
al. 1995), indicating repair of DNA damage during the day under ambient UV-A and 
PAR (Lud et al. 2001a) (Fig. 2). Even after exposure to high levels of UV-B, repair 
overnight is sufficient to prevent accumulation of dimers and low levels of DNA 
damage do not appear to affect growth of P. crispa.

Figure 2. Values of maximum PSII quantum efficiency (Fv/Fm) (a) and cyclobutyl pyrimidine 

dimer (CPD) frequencies, indicating DNA damage (b) of Prasiola crispa under UV-Mini-

lamps with mylar filters (blocking UV-B transmission), respectively, Cellulose Acetate (CA) 

filters (transparent to UV-B). Filled circles represent samples exposed to ambient UV-B 

(mylar lamp), open circles represent samples exposed to enhanced UV-B (CA lamp). The 

symbols show mean and standard deviation. Note the overnight decrease in CPD frequencies, 

indicating the presence of repair mechanisms (Adapted from Lud et al. 2001b). 
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CONSEQUENTIAL EFFECTS ON FAUNA AND THROUGH FOOD WEBS 

The direct effects of UV-B radiation on plants already described above may have 
much wider consequential impacts. Changes in the concentrations and/or types of 
protective pigments can affect the quality of plant or microbial material as a food 
resource, with implications throughout the food web. In a multi-trophic level and 
multiple stress field manipulation study completed at Palmer Station, Anvers Island, 
Day et al. (1999 2001) identified a range of biochemical and morphological changes 
resulting particularly from exposure to UV-B. Convey et al. (2002) further 
demonstrated consequential negative impacts of UV-B exposure on the associated 
arthropod populations, proposing to link these with altered diet quality. Perhaps 
surprisingly, these studies also found that warming, while increasing growth of 
plants, had a negative influence on some invertebrate populations, although this may 
be linked with increased drying stresses at higher temperatures.  

Field manipulation experiments focussing on temperature and UV radiation are 
known to lead to changes in leaf or shoot production, leaf length, or foliar cover, all 
of which may affect vegetative growth form (Smith 1990, 2001, Day et al. 1999, 
2001, Sullivan and Rozema 1999, Ruhland and Day 2000). With the simple, 
cryptogamic, vegetation characteristic of maritime and continental Antarctic 
habitats, even subtle changes in growth form will alter habitat structure and 
microclimate characteristics. While the consequences of such changes have not been 
studied in the Antarctic, the fundamental importance of addressing climate change 
consequences across multiple trophic levels is recognised, as it is clear that subtle 
effects at one level may combine or interact to produce much greater consequences 
elsewhere in the food web (Day 2001, Searles et al. 2001). 

Antarctic plants under changing temperature 

PHOTOSYNTHESIS 

Antarctic and subantarctic photosynthetic autotrophs maintain photosynthesis at low 
temperatures, with some being active well below 0ºC. For instance, the subantarctic 
crucifer Pringlea antiscorbutica, the grass Poa cookii and the Rosaceae Acaena 

magellanica and A. tenera sustain photosynthesis throughout the year, even during 
the coldest days when the temperature remains close to 0°C (Bate and Smith 1983, 
Smith 1984, Aubert et al. 1999a). Photosynthetic activity has been reported in 
continental Antarctic lichens below -10ºC (Schroeter et al. 1994). However, during 
summer photosynthetic organs often achieve temperatures well above zero and 
optimum temperatures for photosynthesis are correspondingly higher, ranging from 
10-12°C in Deschampsia antarctica from Signy Island and the Antarctic Peninsula 
(Edwards and Smith 1988, Xiong et al. 1999), 12°C in Poa cookii from Marion 
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Island (Bate and Smith 1983), 15°C in Pringlea antiscorbutica at Iles Kerguelen 
(Aubert et al. 1999a), 19°C in Colobanthus quitensis from Signy Island (Edwards 
and Smith 1988) and up to 20-25ºC in a variety of maritime moss species (Rastorfer 
1972, Green et al. 1999, 2000, Schroeter et al. 1997, Pannewitz et al. 2003). Some 
species additionally show plasticity in their optimal temperature. When grown at 
temperatures above those experienced in the field, the optimal temperature for 
Drepanocladus uncinatus (now known as Sanionia uncinata) remained at 15 ºC, 
whilst that for Polytrichum alpestre increased from 5-10 ºC to 15 ºC (Collins 1977).  

Prevailing low temperatures throughout the Antarctic biome are generally 
considered to limit net photosynthesis (Pn) for most of the growing season (Xiong et 
al. 1999). However photosynthetic organs can reach relatively high temperatures and 
show much greater fluctuations than seen in diurnal air temperature, eg +20°C above 
ambient on the continent (Longton 1974, Melick and Seppelt 1994b). In contrast, in 
the subantarctic plant Pringlea antiscorbutica at Iles Kerguelen, leaf temperature is 
maintained far lower than maximum air temperature (23°C) on warm days, possibly 

through the intense leaf transpiration observed (Aubert et al. 1999a). Increased Pn
under elevated temperature has been demonstrated in three continental moss species 
(Smith 1999) and the two maritime vascular species (Xiong et al. 2000) whilst in 
contrast, decreases in Pn were observed in other mosses and vascular plants (Vining
et al. 1997, Xiong et al. 1999). In many species, increasing temperatures can reduce 
carbon gain by increasing respiratory loss (Nakatsubo 2002). Decreases in Pn under 
increasing temperatures might also be due to consequential increase in 
photoinhibition as has been shown in some continental Antarctic mosses (Kappen et 
al. 1989). 

The relative importance of temperature and irradiance to photosynthetic rates 
varies. In the two maritime Antarctic vascular plants net photosynthetic rates are 
negligible at canopy air temperatures greater than 20 ºC, with temperature, rather 
than high irradiance responsible for this photosynthetic depression (Xiong et al. 
1999). However, it has also been demonstrated for these species that increasing 
vegetative growth outweighs decreases in photosynthetic rates under 20 ˚C daytime 
temperatures (Xiong et al. 2000). In subantarctic species such as the crucifer
Pringlea antiscorbutica and the grass Poa cookii, net photosynthesis is very little 
affected by temperature within a range of naturally occurring values (2.5 – 25°C) 
and is much more responsive to irradiance (Bate and Smith 1983, Aubert et al. 
1999a). 

DEVELOPMENTAL AND METABOLIC RESPONSES 

While Antarctic plants are, generally speaking, at their biological limits for sexual 
reproduction, diverse patterns are found. The two antarctic flowering plants, 
Colobanthus quitensis (Kunth) Bartl. and Deschampsia antarctica Desv., although 
flowering every year down to the southern limits of their distribution, do not always 
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achieve mature seed and their reproductive performance appears to be linked with 
habitat favourability (Edwards 1974). In contrast, several autochthonous 
subantarctic plants, including endemic species from the Kerguelen 
phytogeographical province, show a regular and relatively high production of viable 
seeds and share rapid development and early seed ripening (Dorne 1977, Hennion 
and Walton 1997a,b, Chapuis et al. 2000). Other autochthonous, non-endemic 
species encounter limitations in seed fertility due to embryo immaturity or 
dormancy, which are also reported in their more northerly locations but are more 
severe in subantarctic sites and reproductive capacity of these species may be 
influenced by site favourability (Walton 1976, Dorne 1977, Hennion and Walton 
1997a,b). In Macquarie Island, with a milder climate, diverse patterns of phenology 
and seed fertility are found (Bergstrom et al. 1997). Finally, while the majority of 
species alien to the subantarctic do not achieve successful sexual reproduction, a 
minority show high production of viable seeds and have become invasive (Frenot et 
al. 2005). 

Autochthonous subantarctic plants and the two antarctic phanerogams have high 
temperature optima for germination (c. 20°C) as is also observed in arctic and alpine 
species, a feature possibly related to high soil surface temperatures during the 
summer (Holtom and Greene 1967, Callaghan and Lewis 1971, Dorne 1977, 
Hennion and Walton 1997a,b). Meanwhile, rates of germination at low temperatures 
are greatly improved by cold pretreatment (Holtom and Greene 1967, Dorne 1977, 
Walton 1977, Frenot and Gloaguen 1994, Hennion and Walton 1997a), with long-
term cold storage of soil cores from the west Antarctic Peninsula promoting 
increased germination rates from seed banks (Ruhland and Day 2001). This suggests 
that enhanced temperature under climate change may, firstly, increase the 
germination rate of autochthonous subantarctic and Antarctic species. However, 
changes in temperature and water availability are also expected to affect seed output 
and fertility and seedling survival, making the combined consequences of climate 
change on the colonisation success of individual species hard to predict. Along the 
Antarctic Peninsula, increases in both the size and number of populations of D.

antarctica and C. quitensis over the last 20 years and the frequency of successful 
seed maturation suggest that longer, warmer and wetter growing seasons have a 
positive effect on their reproductive capacity (Convey 1996a, Day et al. 1999). Thus, 
evaluating the impacts of climate variables on the reproductive success of 
autochthonous and alien phanerogams should be one of the key targets for plant 
ecophysiologists in the subantarctic and Antarctic. 

Amongst autochthonous species, the crucifer Pringlea antiscorbutica, a highly 
successful plant of the Iles Kerguelen and Iles Crozet, Marion and Heard Islands, 
displays several features indicating specific adaptation to subantarctic climate. On 
Iles Kerguelen, P. antiscorbutica is found from the shore to the highest vegetated 
areas, and is tolerant to chilling, frequent freeze-thaw cycles and some salt exposure 
(Hennion and Bouchereau 1998). In contrast, all attempts to cultivate the Kerguelen 
cabbage under temperate conditions have failed, resulting in leaf necrosis, 
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accelerated abscission and death after a few weeks (Dorne 1981, Hennion and 
Martin-Tanguy 2000). The sensitivity of seedling, especially root, development to 
high temperature appears as soon as germination is completed (Dufeu et al. 2003, 
Hummel et al. 2004a) (Fig. 3). Polyamines, growth regulators involved in stress 
response and reported at high levels in some cold tolerant plants, are abundant in 
Pringlea antiscorbutica and also in Lyallia kerguelensis, a species endemic to Iles 
Kerguelen (Hennion and Martin-Tanguy 1999, 2000). The level of agmatine is 
positively correlated with the root growth rate of P. antiscorbutica seedlings at low 
temperature (Hummel et al. 2002). The balance of polyamine metabolism is 
dramatically affected by heat stress in both seedlings and mature plants, with for 
instance accumulations of putrescine or spermidine possibly due to depressed 
catabolism (Hennion and Martin-Tanguy 2000, Dufeu et al. 2003, Hummel et al. 
2004a). Additionally, the aromatic amines dopamine and tyramine are present at 
high levels in this species and are strongly responsive to heat stress (Hennion and 
Martin-Tanguy 2000, Dufeu et al. 2003). These developmental and metabolic 
characteristics indicate a particular sensitivity of P. antiscorbutica to enhanced 
temperatures at all stages and suggest that this and other autochthonous subantarctic 
species may not have the physiological flexibility to cope with large increases in 
temperature. Little is known about the metabolic responses of antarctic plants to 
increased temperature. 

Figure 3. Changes in growth parameters (length and dry mass) during seedling development 

of Kerguelen cabbage, Pringlea antiscorbutica R. Br., under a 5°C/10°C night/day (closed 

symbols) or a 22°C/25°C night/day (open symbols) regime. Day 0 is the time of radicle 

emergence, post-germination lasts until day 2 (Adapted from Dufeu et al. 2003). 

Some other biochemical features of Antarctic plants are also significant. The 
subantarcticP. antiscorbutica and maritime Antarctic Deschampsia antarctica

display high levels of soluble carbohydrates, likely to be important in cryoprotection 
in addition to tolerance of desiccation and freeze-thaw events (Hennion and 
Bouchereau 1998, Aubert et al. 1999a, Zuñiga et al. 1996). The two maritime 
Antarctic vascular plants show different cold tolerance strategies. Deschampsia 
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antarctica is freezing tolerant, with a low LT50 temperature, whereas Colobanthus

quitensis is freeze avoiding (Alberdi et al. 2002). Reyes et al. (2003) suggested that 
heat shock protein (HSP70) accumulation may protect D. antarctica against 
temperatures lower or higher than its optimal photosynthetic temperature, a role 
reported for these proteins in several other species. Neither D. antarctica nor P. 

antiscorbutica has a lipid composition characteristic of cold resistant plants either in 
the content of polar lipids or the degree of unsaturation of fatty acids, a finding 
possibly related to the temperatures of leaves often being higher than air temperature 
in the sub- and maritime Antarctic (Dorne et al. 1987, Zuñiga et al. 1994).  

Antarctic plants under changing water availability 

WATER

On the Antarctic continent most water is permanently locked up as ice and snow, 
while large areas are accurately described as frigid desert, receiving very low or no 
direct precipitation and experiencing chronically low relative humidity. Organisms 
living here must therefore be able to survive long periods of freezing and consequent 
drought, year round. In the summer, water may become available from snowmelt 
and around melt lakes, however, this water supply is transient and repeated freeze-
thaw events still occur. In the maritime and subantarctic, water is less limiting, 
although the maritime region experiences extended periods of freezing during winter 
and rainfall plays a more important role. Throughout the region water availability 
thus varies spatially and temporally, with large variation occurring from year to 
year. At a broad scale, levels of tolerance of desiccation therefore vary across the 
Antarctic biome and among species, with the maritime region supporting some 
desiccation-sensitive species, particularly in hydric habitats (Davey 1997a,b,c, 
Robinson et al. 2000, Lange and Kappen 1972).  

On the continent, all water comes from melted snow. Uptake of water by lichens 
is largely from snow deposited on their surfaces which, even at subzero 
temperatures, can be adequate for rehydration (Kappen and Breuer 1991, Kappen 
1993, 2000, Schroeter et al. 1994, 1997, Schroeter and Scheidegger 1995, Pannewitz 
et al. 2003). These lichens show extraordinarily high levels of tolerance of 
desiccation and are capable of reactivating photosynthetic activity very rapidly via 
uptake of water vapour (Lange and Kappen 1972, Hovenden et al. 1994, Hovenden 
and Seppelt 1995). Although lichens can receive sufficient light to photosynthesise 
under several centimetres of snow (Lange and Kappen 1972, Walton 1982), the 
insulating effects of snow cover may normally maintain temperatures below the 
minimum for photosynthesis (Pannewitz et al. 2003). 

Continental Antarctic bryophytes, whilst less tolerant of increasing aridity than 
lichens, also have the ability to survive desiccation. Species-specific differences in 
tolerance of desiccation have been detected for three moss species from the 
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Windmill Islands, East Antarctica (Robinson et al. 2000, Wasley et al. 2006b), with 
two cosmopolitan species (Bryum pseudotriquetrum, Ceratodon purpureus) able to 
metabolise at lower turf water content than the endemic Grimmia antarctici 

Shistidium antarctici. Bryum pseudotriquetrum also shows greater plasticity than the 
other species, with plants from drier sites showing greater tolerance of desiccation 
that those from wetter sites, in addition to seasonal changes in desiccation tolerance 
(Robinson et al. 2000, Wasley et al. 2006b). The ability to survive repeated 
desiccation and freezing events is probably related to the high concentrations of 
soluble carbohydrates found in these species (Melick and Seppelt 1994b) and in 
particular the presence of compounds such as stachyose and trehalose in B. 

pseudotriquetrum (Robinson et al. 2000, Wasley et al. 2006b). In contrast C.

purpureus has a much higher proportion of fatty acids/soluble carbohydrates. All 
three species have a high proportion of their fatty acids in polyunsaturated forms (> 
67%), a feature characteristic of cold tolerant higher plants (Zuñiga et al. 1996, 
Wasley et al. 2006b). Quantifying the relative importance of lipids versus soluble 
carbohydrates in these freeze tolerant plants stands out as an interesting target for 
further study, it may be that lipids are a safer storage compound, since soluble 
carbohydrates are known to leak from bryophytes during desiccation-rehydration 
and freeze thaw cycles (Melick and Seppelt 1992). 

In general, the evidence suggests that net photosynthesis and growth are 
currently limited by water availability (Fowbert 1996, Davey 1997a,b,c, Schlensog 
and Schroeter 2000). However this may not be the case for lichens, where high 
water content can cause a depression of net photosynthesis (Kappen and Breuer 
1991, Hovenden et al. 1994, Pannewitz et al. 2003). Antarctic bryophytes sampled 
from wetter sites have higher water contents at full hydration (Robinson et al. 2000), 
chlorophyll concentrations (Kappen et al. 1989, Melick and Seppelt 1994a), 
concentrations of soluble carbohydrates (Melick and Seppelt 1994a, Robinson et al. 
2000), nitrogen and potassium (Fabiszewski and Wojtun 2000), turf CO2

concentrations (Tarnawski et al. 1992), rates of nitrogen fixation (Davey 1982, 
Davey and Marchant 1983) and production rates, in addition to a wider temperature 
range for maximal net photosynthesis (Kappen et al. 1989). On the negative side, 
photosynthetic efficiency decreases at higher tissue water contents (Robinson et al. 
2000) and tissues freeze at higher temperatures (Melick and Seppelt 1994a) in 
samples collected from wet sites compared to those from dry sites. For lichens, 
increased water availability may decrease photosynthesis and appears to have a 
destabilizing effect on the symbiotic relationship, with the free-living algal and 
intermediate forms becoming more dominant in wet habitats (Huiskes et al. 1997). 

Water is less likely to be limiting in the relatively moist maritime Antarctic. On 
Signy Island, whilst some xeric species are occasionally water-limited (Davey 
1997c), more generally photosynthesis is not water-limited (Collins 1977). When the 
photosynthetic rates of a range of xeric and hydric species from this island were 
compared under laboratory conditions, no difference among habitats was detected 
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(Convey 1994). Maritime moss species from a variety of habitats (hydric, mesic, 
xeric) also experience increased penetration of light into the turf as drying occurs, 
counteracting at least in the short term the loss of productivity during periods of 
desiccation (Davey and Rothery 1996). 

Subantarctic climates are generally described as having a strong maritime 
influence, with high levels of precipitation. Over recent decades, however, climate 
change data are becoming available from this region that, in some locations, indicate 
a dramatic reduction in precipitation (Bergstrom and Chown 1999). Newly 
experienced drought periods visibly affect autochthonous subantarctic species. 
Among these, Pringlea antiscorbutica displays several features indicative of 
sensitivity to water stress, such as permanently high leaf relative water content 
despite a low leaf diffusion resistance and stomatal closure only under severe water 
deprivation, all facts in accordance with this species growing exclusively in places 
with water-saturated soils (Dorne and Bligny 1993). Mature P. antiscorbutica plants 
show some salt tolerance with characteristics such as high levels of proline in all 
organs and proline accumulation in the cell cytoplasm in response to salt 
concentration in the surrounding medium (Hennion and Bouchereau 1998, Aubert et 

al. 1999a,b). In contrast, in field microenvironments as under laboratory 
experiments, water and salt stresses were shown to result in a drastic reduction of 
root growth and high mortality of seedlings, suggesting that seedling establishment 
of P. antiscorbutica may be restricted by climate change (Hummel et al. 2004b). 

Water availability has been shown to influence turf and gametophyte 
morphology in a range of continental and maritime Antarctic mosses and this, in 
turn, can affect water relations (Nakanishi 1979). In general, gametophyte shoots are 
shorter and turf denser in drier sites (Gimingham and Smith 1971, Wilson 1990, 
Wasley 2004, Wasley et al. 2006b). Indeed, the changes in plant morphology and 
growth patterns that are reported as the norm in many long-term environmental 
manipulation experiments, often implicitly assumed to relate primarily to 
temperature increase, may equally well be explained by changes in microclimate 
humidity and soil moisture. Some subantarctic higher plants, such as the magellanic 
Ranunculus biternatus and R. pseudotrullifolius and the Kerguelen endemic R.

moseleyi, three closely related species (Hennion and Couderc 1992, 1993), show 
high variability of leaf morphology in relation with environmental water availability 
(Hennion et al. 1994). R. pseudotrullifolius and R. moseleyi were characterized by 
developmental flexibility which increased the degree of heterophylly in fluctuating 
conditions, which could be considered adaptive to the wide variations of water level 
in their aquatic habitats. In contrast, R. biternatus had a much wider variability in 
leaf shape, part of which could be genetically fixed, and which could be related with 
the more varied, terrestrial habitats of this species (Hennion et al. 1994). As a whole, 
data suggest that R. biternatus may be better fitted to cope with present climate 
drying at Iles Kerguelen than the more biogeographically and ecologically restricted 
R. pseudotrullifolius and R. moseleyi.
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In the subantarctic, altitudinal factors strongly influence the frequency of freeze-
thaw events experienced by biota. For example, P. antiscorbutica grows at a range 
of altitudes and can experience frequent freeze-thaw cycles (Hennion and 
Bouchereau 1998). High levels of glucose present in the leaves of this species may 
help in protection against osmotic stresses (Hennion and Bouchereau 1998), such as 
that experienced in association with ice formation. In general, continental Antarctic 
plants can survive repeated freeze-thaw events (Melick and Seppelt 1992), whilst 
maritime species appear to be less tolerant (Davey 1997b). The pattern of exposure 
to freezing is also important - repeated freeze-thaw cycles cause a greater reduction 
in gross photosynthesis than constant freezing over the same time period (Kennedy 
1993). Tolerance of freeze-thaw events involves interactions with other 
environmental parameters, in particular that of water availability. For example, 
desiccation before freezing reduces damage to the photosynthetic apparatus, while 
protection from freeze-thaw events can be provided by snow cover acting as an 
insulator (Lovelock et al. 1995a,b). Ice nucleation activity, measured on 19 species 
of lichens, mosses and flowering plants, ranked in the order: lichens > mosses > 
flowering plants (Worland et al. 1996). In the search for genes associated with 
freezing tolerance, cold-acclimation related transcripts were isolated from 
Deschampsia antarctica and appeared also responsive to water stress (Gidekel et al. 
2003). 

NUTRIENTS 

Nutrient cycling in the Antarctic is relatively slow, due to the constraints imposed on 
biological activity by low temperatures and extreme aridity. Nutrient availability in 
Antarctic terrestrial ecosystems is patchy, with high concentration of nutrients in the 
vicinity of bird and seal colonies, whilst elsewhere nutrients are limited to those 
deposited in precipitation and through aerosol transfer from the sea (Allen et al. 
1967, Greenfield 1992a,b). Nutrient requirements for Antarctic vegetation have been 
reported to be so low that nitrogen levels in precipitation were assumed to be non-
limiting for growth of cryptogams, particularly lichens (Greenfield 1992a, 
Crittenden 1998). However, nutrient availability does play a role in determining 
patterns of species distributions in Antarctica. Two studies, in particular, have 
demonstrated positive correlations between vegetation patterns and nutrient 
availability associated with nutrient inputs from birds (Gremmen et al. 1994, 
Leishman and Wild 2001). A recent field manipulation study has shown that, in both 
moss and lichen communities, electron transport rate and chlorophyll content 
respond positively to nutrient inputs (Wasley et al. 2006a), suggesting that nutrient 
limitations may be more important than previously thought (Beyer et al. 2000). This 
finding is particularly relevant in the context of future climate scenarios, since plants 
may be unable to respond to changes in thermal climate or hydration if nutrients 
become limiting.  
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In the continental and maritime Antarctic, release of nutrients from organic 
matter is primarily mediated through microbial processes and is relatively slow 
(Smith and Steenkamp 1992). In contrast, in the subantarctic, rates of inorganic 
nutrient release from plant litter are enhanced by macro-invertebrate communities 
(Smith and Steenkamp 1992) which are absent on the continent. Smith (2005) used a 
modelling approach to examine decomposition-related phenomena in the 
subantarctic across a broad range of soils from Marion Island. Respiration rate was 
shown to increase with soil moisture content and the degree of this response strongly 
increased with temperature, especially above 10°C. The model predicted that the 
currently experienced drying of soils, due to climate drying, on Marion would result 
in a decrease in soil respiration rate, despite a slight positive effect of warming. In 
addition, the consequences of nutrient input from vertebrates were shown to include 
improved primary production, larger, more active and more diverse soil microbial 
populations and larger populations of microbivores (Smith 2005). 

Increased nutrient availability is not automatically an advantage to Antarctic 
biota. In the extreme, this is obvious in the context of such events as excessive 
manuring by vertebrates such as Antarctic fur seals causing the death of moss banks 
(Smith 1988), an effect that is separate to but generally acts in concert with physical 
trampling. Some Antarctic plants, such as Pringlea antiscorbutica seedlings, display 
strikingly better growth under nutrient deprivation than addition (Hummel et al. 
2004a), a feature which may apply more generally than currently thought in species 
characteristic of oligotrophic habitats. Recent studies have demonstrated 
mycorrhizae to be associated with several subantarctic plant species, with variable 
plant mycorrhizal status among sites, some data suggested that mycorrhizae might 
be involved in plant colonization in oligotrophic sites (Strullu et al. 1999). The 
sensitivity of this symbiotic association to climate change processes is unknown. 
Finally, as climate change is also likely to alter patterns of rock weathering and 
release of elements, impacts of changes in nutrient supply are to be expected on the 
physiological performances of plants.  

Invertebrates under changes in temperature and water patterns 

A range of ecophysiological studies support there being a very close relationship, 
both over short-term and evolutionary timescales, between tolerance of desiccation 
and cold (Ring and Danks 1994, Block 1996, Worland 1996, Worland et al. 1998). 
Ecophysiological and biochemical features associated with cold tolerance have 
received much attention (see Zachariassen 1985, Block 1990, Duman et al. 1991, 
Lee and Denlinger 1991, Wharton 1995, Danks 1996, Sinclair et al. 2003a,b, while 
Cannon and Block 1988, Danks et al. 1994 and Convey 1996b apply to polar 
studies), with cold tolerance strategies now being grouped into ecologically-useful 
classifications (Bale 1993, Sinclair 1999). 
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Freezing tolerant organisms (those that can survive the formation of ice within 
their body, normally in extracellular spaces) can ‘ seed’ ice formation at relatively 
high sub-zero temperatures by using ice nucleators such as specific proteins or 
bacteria. Control of the process of ice formation, which is more easily achievable at 
higher sub-zero temperatures, appears to be key to organism survival here. As 
temperature decreases further after initial ice formation there is much variation 
among taxa in the degree of protection provided, with some only surviving a few 
degrees below the freezing point while others can then tolerate biologically 
unrealistic extreme low temperatures. Freezing susceptible organisms (that die when 
ice forms within their body) can lower their freezing point and stabilise the 
supercooled state by the use of a range of cryoprotectant chemicals, including 
antifreezes, polyhydric alcohols and sugars, and antifreeze proteins. 

Most Antarctic arthropods are freezing susceptible and have been key in the 
study of supercooling (Fig. 4). Freezing tolerant species of higher insect are also 
present, including Diptera, Coleoptera and Lepidoptera. Application of the various 
cold tolerance classification systems starts to break down when applied to the groups 
of smaller soil invertebrates that progressively assume dominance in more extreme 
Antarctic terrestrial habitats, including tardigrades, nematodes and rotifers. When 
these experience freezing immersed in water (such as would coat soil particles or 
vegetation) at high sub-zero temperatures, they cannot resist ice nucleation from 
their surroundings and can show considerable levels of freeze tolerance (Wharton 
1995, Wharton and Block 1993, 1997, Convey and Worland 2000a). A similar 
process occurs in ‘ frost hardy’ plants. However, when the same species are exposed 
to classical experimental supercooling methodologies, they can respond as freezing 
susceptible species, showing considerable supercooling ability but dying at the 
freezing point (Convey and Worland 2000b). Finally, many representatives of these 
groups, which typically have very little resistance to water loss, have well-developed 
ability to survive desiccation, showing particular development of the process of 
anhydrobiosis (Pickup and Rothery 1991, Wharton 1995). 

The parallels between processes allowing tolerance of freezing and desiccation 
are well illustrated by consideration of events at the cellular level. Both involve the 
protection of cell membranes and organelles. The formation of ice crystals in 
extracellular spaces draws water out of cells by osmosis, in an analogous process to 
that experienced during desiccation. In both cases, cryoprotectants such as trehalose 
allow stabilisation of membranes and soluble proteins (Ring and Danks 1994, Block 
1996). Some nematodes appear to have taken this ability one step further, and are 
able to survive intracellular freezing (Wharton 1995, Wharton and Ferns 1995), an 
ability previously thought to be restricted to certain isolated invertebrate tissues and 
not whole organisms. A frozen organism has no ability to actively control further 
water loss (Worland 1996, Worland et al. 1998). If in contact with air, water loss 
will inevitably continue to take place, ultimately resulting in freeze-drying. In 
addition to the invertebrate groups mentioned, many elements of the flora of 
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Antarctic ecosystems are well adapted to tolerate such desiccation processes, often 
repeatedly over relatively short timescales, being poikilohydrous (Green et al. 1999, 
Kappen and Valladares 1999). 
All the ecophysiological tactics of permitting cold or desiccation tolerance referred 
to above involve significant physiological costs, which must reduce the finite 
reserves of an organism that can be made available for other activities. While there 
are few estimates available, it is clear that costs may be considerable (eg Green et al. 
1999). Circumstantial evidence in support of a ‘ trade-off’ between investment in 
stress tolerance and another ecologically important function (reproduction) is 
provided by a study of reproductive investment of an antarctic Oribatid mite across 
the natural environmental gradient between South Georgia and Marguerite Bay (c. 
54 - 69ºS) (Convey 1998). This found significantly greater investment in 
reproduction in the milder subantarctic location. Given the considerable costs 
involved in stress protection tactics, there is clearly likely to be a selective advantage 
associated with their efficient use. Thus, while variation over seasonal timescales in 
abilities such as cold tolerance is well known (Cannon and Block 1988, Block 
1990), it is only recently that attention has been given to more rapid dynamic or 
responsive changes in levels of stress protection which might allow invertebrates to 
take maximum advantage of the opportunities provided for feeding and growth 
during the short austral summer season (Convey and Worland 2000b, Worland and 
Convey 2001, Sinclair et al. 2003c). Alternatively, in the subantarctic where thermal 
buffering of summer microclimate is experienced through the strong maritime 
influence (Convey 1996c, Danks 1999), there is reduced need to invest resources in 
cold survival. In the most extreme terrestrial habitats of the continental Antarctic the 
reverse is seen, with high levels of cold tolerance required year-round (Sømme 
1986), as there is no time of the year in which freezing events are not experienced. 

Antarctic terrestrial invertebrates clearly possess the features required to allow 
survival of the environmental stresses experienced, although few of these can be 
claimed to be ‘ true’ or evolutionary adaptations and they are generally considered to 
be ancestral features (Norton 1994, Convey 1996b, 1997). However, it is clear that 
‘ whole–body processes’ such as growth, feeding, movement and survival, which 
effectively integrate the many biochemical and physiological processes occurring 
within the body, often have low temperature optima, which indicates the presence of 
adaptation even though the detail is not known (eg Marshall et al. 1995, Convey 
1996b). There continues to be considerable debate over the existence or functional 
importance of metabolic rate elevation at low temperatures (Block 1990, Clarke 
1991, 1993, Chown and Gaston 1999, Addo-Bediako et al. 2002). Although this 
feature has been reported in several studies of terrestrial arthropods, along with the 
related feature of lowered enzyme activation energies, there remain significant 
doubts over methodological validity or data interpretation. 

Antarctic terrestrial habitats experience high natural variability in environmental 
stresses, with the magnitude of these variations generally far outweighing those that 
are linked with climate change. Therefore, as a broad generalisation, it is predicted 
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that Antarctic terrestrial invertebrates, and their communities, are likely to benefit 
from current change trends (Convey 2003). They are likely to experience reduced 
levels of environmental stress (and hence levels of investment required to counter 
these stresses), greater access to resources and longer active seasons over which to 
develop. Indeed, it is expected that Antarctic (and Arctic) species generally will 
show particular sensitivity and strength of response, at least to warming: as they 
currently spend long periods operating near to lower thermal and other limits for 
activity, small increases will have a relatively much greater significance than similar 
increases from a higher baseline (Kennedy 1994, Strathdee et al. 1995, Freckman 
and Virginia 1997, Arnold and Convey 1998, Convey 2003). 

Figure 4. Typical bimodal distribution of supercooling (individual freezing) points in a 

natural population of the freezing-susceptible springtail, Cryptopygus antarcticus, these two 

groups are formed by individuals either having relatively high sub-zero freezing points, and 

limited cold tolerance ability, or relatively low sub-zero freezing points and very high cold 

tolerance (data supplied by M.R. Worland).

However, many interacting variables influence the biology of these invertebrates 
and it is clear that some circumstances can restrict the activity and distribution of 
some biota. Thus, the key role of water availability has been recognised (Kennedy 
1993) and it is clear that some regions of the Antarctic will experience decreased 
precipitation and increased drought stress. Some terrestrial invertebrates, such as 
Collembola, while responding positively to temperature increase, are also 
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particularly sensitive indicators of water stress and changes are likely to result in 
altered limits to distribution (Block and Harrisson 1995, Block and Convey 2001, 
Convey et al. 2003a). 

In particular circumstances, it is also possible that species distributions could be 
limited as maximum microhabitat temperatures approach upper thermal limits. 
Unlike the ability shown by many invertebrates (not only polar species) to acclimate 
or acclimatise to low temperatures, upper thermal limits appear to show less 
flexibility (Addo-Bediako et al. 2000) and, thus, any increase in time spent near 
these temperatures may be costly. The potential importance of upper thermal limits 
in biological responses to climate change has been raised in a study of subantarctic 
weevils (Coleoptera) (van der Merwe et al. 1997). 

Conclusions 

Both observation and knowledge of the physiological characteristics of some 
antarctic organisms suggest that even the slight increase in temperature currently 
recorded in this region can significantly affect the organisms living there. This is 
also true for the expected or already observed changes in water availability. 
Physiological flexibility is a key factor in the ability of biota to cope with 
environmental change, whether caused through natural variability or anthropogenic 
change processes. Apparently small changes in processes (eg the limited 
photosynthetic response to a slight increase in mean temperature) may assume much 
greater significance in the context of pre-existing limitations on physiological 
activity in Antarctic habitats. Other metabolic processes having impacts on 
development, growth or reproduction may be much more sensitive to changes in 
environmental parameters, with significant consequences on survival, establishment 
and colonisation of both indigenous and introduced species. Few data are available 
in these areas and there is an urgent need to integrate specific studies of 
physiological processes at the whole organism and food web levels. Studies of 
physiological plasticity, linked with estimates of available genetic variability are 
also urgently required to assess accurately the impacts of climate change on the 
sensitive Antarctic terrestrial ecosystem. 

As a broad generalization, maritime Antarctic biota are likely to be able to take 
advantage of predicted levels of environmental change, although the alternative 
possibility of increased limitation in specific circumstances must be recognised too. 
In contrast, current evidence suggests that subantarctic biota may be considerably 
more vulnerable. The relative importance of changes in different environmental 
variables (particularly thermal vs. precipitation) still needs to be assessed. At 
present, the great isolation of Antarctica from sources of colonizing biota acts to 
protect most indigenous species from the confounding effects of competition. 
However, the dangers of invasive species are already amply illustrated on some of 
the subantarctic islands, where human activity has led to the establishment of a 



HENNION ET AL.150

range of vertebrates, invertebrates and plants (Frenot et al. 2005). Indigenous species 
are generally poor competitors (Convey 1996b) and it is far from clear how they will 
respond to the twin challenges presented by both climate change and alien 
colonization. 

Finally, it is important to emphasise that studies of climate change responses 
need to incorporate not only individual target species, but also the possibility of 
interaction or synergistic links among environmental variables, and the cumulative 
consequences, when integrated through the food web, of apparently insignificant 
changes (Day 2001, Searles et al. 2001, Convey et al. 2002, Convey 2003). 
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Introduction: Plant biodiversity in the Antarctic 

Plants in Antarctica survive in one of the harshest environments on Earth. Less than 
2% of the 14 million km2 that make up continental Antarctica is free of permanent 
ice and snow and therefore available for colonisation by plants. Vegetation is sparse 
and low-growing, and is dominated by mosses and lichens. Two species of 
flowering plants occur on the Antarctic Peninsula (Edwards and Lewis Smith 1988, 
Lewis Smith 2003), but none in continental Antarctica. The flora of continental 
Antarctica comprises 15 species of mosses (Lewis Smith 1984), one species of 
liverwort (Bednarek-Ochyra et al. 2000) and at least 88 taxa of lichens (Øvstedal 
and Lewis Smith 2001). Eight species of moss have been recorded from southern 
Victoria Land and Ross Island (Seppelt and Green 1998). 

Continental Antarctic moss species usually grow as small colonies, but some 
coalesce to form turfs up to several square metres in extent and with up to 70% 
ground cover (Lewis Smith 2003, 2005). In a few locations, turfs can cover almost 
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100% of the ground over 25m2 or more. Clumps and turfs of moss are found in areas 
sheltered from the strong winds common in this region: in depressions and cracks in 
the ground surface, drainage lines and near rocks. Mosses only grow in niches where 
some moisture is available in summer, such as melt water from glaciers and 
persistent snow banks, and melting snow accumulated amongst rocks, cracks and 
depressions in the ground surface. These mosses are subjected to extremes of cold, 
drought, wind and light, with plants south of 67°S existing for weeks or months each 
year in a freeze-dried state in complete darkness. 

In the harsh continental Antarctic environment with its short summer growing 
period, mosses do not reproduce sexually. Of the moss species recorded from 
southern Victoria Land and Ross Island, only Hennediella heimii is known to 
produce sporophytes (Seppelt et al. 1992), although mature sporophytes and 
shedding spores have not been recorded. Colonies originate either from immigrant 
propagules from other lands (Marshall 1996, Marshall and Convey 1997) or from 
vegetative propagules dispersed locally. Colonisation of new locations seems to be 
difficult and immigration from other land masses appears infrequent.  

With the annual expansion of the ‘ ozone hole’ (Farman et al. 1985, Kennedy 
1995) continental Antarctic mosses are subjected to increasing exposure to UV-B 
irradiation. With their haploid genomes, lack of sexual reproduction, perennial 
growth, and extreme isolation from colonies elsewhere around the world, these 
mosses appear to provide an ideal model system with the potential to reveal 
significant insights into colonisation, mutation and speciation. Such a combination 
of characteristics is not available in other plants, or even in mosses in most other 
parts of the world (Wyatt 1994). 

On the Antarctic Peninsula, there is a wider diversity of plants, with more moss, 
liverwort and lichen species, and two vascular plant species, Deschampsia 

antarctica and Colobanthus quitensis (Lewis Smith 1984).  
On the subantarctic islands, vegetation is yet more diverse, with numerous 

vascular plants in addition to a higher number of bryophyte and lichen species. For 
example, from Heard Island 12 species of vascular plants (George 1993, Turner et 
al. 2006) 37 species of mosses (Bergstrom and Selkirk 1997), 19 species of 
liverworts (Vána and Gremmen 2005) and 71 species of lichens (D. Øvestdal and N. 
Gremmen, unpubl. data) have been found to date. On Macquarie Island, there are 44 
native species of vascular plants (George 1993), 88 species of mosses (Seppelt 
2004), 51 species of liverworts and many algae and lichens (Selkirk et al. 1990). 
Other subantarctic islands have similarly diverse floras, especially those islands that 
have been subjected to human occupation and introductions of alien species (Frenot 
et al. 2005). 

Under predicted scenarios of global climate change, the climatic constraints of 
the Antarctic environment are likely to be reduced and the level of biodiversity is 
likely to increase (Kennedy 1995). With climate change already well underway on 
subantarctic islands such as Macquarie and Marion Islands, Iles Kerguelen and 
Heard Island, on-going research can analyse the spread of species and monitor 
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colonisation of newly deglaciated ground. Two examples of biodiversity increasing 
are the recent arrivals of Poa annua (Scott 1989) and Leptinella plumosa on Heard 
Island (Turner et al. 2006).  

Uniquely in continental Antarctica, many of the short-term consequences of 
climate change will affect bryophyte ecosystems and colonisation; these 
communities may be particularly vulnerable to global change. Research into the 
genetic diversity and susceptibility to increased UV radiation of endemic Antarctic 
species may make prediction of the consequences of ozone depletion more feasible 
(Adamson and Adamson 1992, Kennedy 1995, Robinson et al. 2003, 2005).  

An interesting question is whether the mosses found today have been present in 
Antarctica for a very long time, surviving periods of extensive ice cover in refugia, 
or whether moss populations on the Antarctic continent face regular extinction and 
become re-established by colonisation from outside Antarctica when conditions are 
favourable (Walton 1990, Marshall 1996). A promising indirect approach is to make 
inferences on colonisation history and processes from the current spatial (geographic 
and microgeographic) distribution of natural variation in particular moss genes. In 
addition, as bryophytes constitute one of very few successful groups with a 
functional haploid phase, the evolutionary processes operating in these plants are of 
great general interest and fundamental scientific importance (Longton 1988, 1994). 

We have used techniques of molecular genetics to investigate the genetic 
diversity of these plants, their origins and dispersal mechanisms and their potential 
to respond genetically to climate change (Skotnicki et al. 2000, 2004). We have also 
used molecular genetics to resolve some taxonomic uncertainties (Skotnicki et al. 
2001, 2002), since the extreme environment can lead to phenotypic plasticity where 
morphological characters can vary in response to different environmental conditions 
rather than being due to genetic changes (Seppelt and Selkirk 1984, Lewis Smith 
1999). In some Antarctic mosses, such as Ceratodon purpureus, it has been 
suggested that the taxon is so variable that extreme phenotypes could be distinct 
species (Ochyra 1998). When morphological identification has been difficult or 
impossible, molecular techniques have proved valuable (Skotnicki et al. 1997, 2001, 
Bargagli et al. 2004). Molecular genetics can also assist in the taxonomic 
identification of potential hybrid plant species found on subantarctic islands.  

Techniques of molecular genetics have the potential to reveal a wide variety of 
characteristics in Antarctic plants that cannot be determined by traditional 
morphological microscopic examination. For example, by comparing highly 
conserved gene sequences, it is possible to analyse the colonisation patterns of 
mosses in Antarctica, or dispersal of vascular plants among subantarctic islands.  

Genetic diversity within and among Antarctic moss populations

The Random Amplified Polymorphic DNA (RAPD) technique has proven very 
useful for initial analysis of the extent of genetic variation and dispersal in several 
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Antarctic moss species (Selkirk et al. 1997, 1998, Skotnicki et al. 1997, 1998 a, b, 
c), and for similar analyses of genetic variability in temperate mosses, liverworts and 
ferns (Boisselier-Dubayle and Bischler 1994, Boisselier-Dubayle et al. 1995, 
Schneller et al. 1998). Some of the reasons for using this technique are that (a) moss 
growth in Antarctica is extremely slow (of the order of 1 mm per year), (b) colonies 
are few and far between, limiting the size of samples which can be collected 
consistent with minimising damage, (c) only limited genetic information is available 
for mosses, especially those in Antarctica (d) the gametophyte stage of mosses is 
haploid and so potential problems arising from amplification of codominant genes 
are avoided, (e) within-clump variation has already been detected, necessitating the 
use of single shoots, usually 3 mm or less in length, and (f) many samples can be 
compared relatively quickly and inexpensively. 

Using the RAPD technique, our studies have clearly shown that genetic variation 
does occur, at relatively high levels, in Antarctic moss populations. In Bryum

argenteum, B. pseudotriquetrum, Campylopus pyriformis, Ceratodon purpureus, 

Hennediella heimii and Sarconeurum glaciale, variation can be detected among 
populations, within isolated populations and even within individual colonies (Selkirk 
et al. 1997, 1998, Dale et al. 1999, Skotnicki et al. 1998b, c, 2004, Seppelt et al. 
1999).  

DNA sequencing of highly conserved genes such as the nuclear ribosomal DNA 
internal transcribed spacer region (ITS1–5.8S–ITS2) has also become a widely-used 
technique for phylogenetic analyses in a range of plant species (Baldwin 1992). 
DNA sequencing of this region has recently been applied to phylogenetic 
investigations of temperate bryophytes (Bopp and Capesius 1996, Patterson et al. 
1998, Chiang and Schaal 1999, Longton and Hedderson 2000, Shaw 2000a, 
Vanderpoorten et al. 2001, Boisselier-Dubayle et al. 2002). In a study of a very 
isolated population of Pohlia nutans on heated ground on Mt Rittmann in Northern 
Victoria Land, the RAPD and DNA sequencing techniques proved to be 
complementary, with DNA sequencing confirming and extending the results of 
RAPD analyses: the population has little genetic variability and appears to be 
derived from a single immigration event. Although some colonies did exhibit some 
RAPD band differences, these were small changes in comparison with specimens of 
the same species from islands near the Antarctic Peninsula (Skotnicki et al. 2002). 

Overall, DNA sequencing experiments have completely complemented and 
extended genetic diversity results previously obtained using the RAPD technique in 
Antarctic mosses (Skotnicki et al. 2004). While RAPDs can facilitate a quick, simple 
and inexpensive overall analysis of a plant population, this technique can have 
problems of reproducibility in some laboratories (Jones et al. 1997). DNA 
sequencing of the ITS region reveals similar levels of genetic variability but at a 
much finer and more detailed scale. 

Recently, several other genes including the three rps4, rbcL and trnF-trnL plastid 
gene regions have been analysed in mosses and liverworts (Lewis et al. 1997, Buck 
et al. 2000, Cox et al. 2000, De Luna et al. 2000, Newton et al. 2000, Shaw 2000b, 
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Cox and Hedderson 2003, Magombo 2003, Pederson et al. 2003, Virtanen 2003), as 
they are more highly conserved than the nuclear ITS region and more useful for 
intergeneric comparisons. For some of the Antarctic mosses, we have also 
sequenced these three plastid regions in addition to the nuclear ITS region, to 
compare the Antarctic genera with those from elsewhere. The plastid genes 
sequenced in Antarctic mosses have so far simply confirmed the ITS results 
obtained. 

Dispersal and colonisation by Antarctic mosses 

Molecular genetics techniques have been useful to document dispersal of Antarctic 
mosses over distances of a few metres to hundreds of kilometres. The RAPD 
technique was used to analyse genetic variation in populations of mosses in the 
vicinity of and along drainage channels in the Garwood Valley and at Cape 
Chocolate Southern Victoria Land. The results from the Garwood Valley 
populations were consistent with dispersal of Bryum argenteum propagules 
principally by overland flow of water along meltwater drainage channels some 50m 
long, with some wind dispersal that would account for the occasional appearance in 
one channel of a genotype with close affinities to plants in another channel. The 
uniform spread of variation in Hennediella heimii at the same locality was consistent 
with dispersal of propagules by wind (Selkirk et al. 1998). In the Cape Chocolate 
populations, the results were consistent with initial colonisation of a site towards the 
top of the drainage channel by a single wind borne propagule and subsequent 
downslope dispersal within the channel via water. Wind borne propagules that may 
have landed outside the protection of the channel sides in this exposed area 
presumably were not able to survive and establish moss colonies (Skotnicki et al. 
1998c). Local dispersal by overland flow of water has been inferred also for Bryum 

pseudotriquetrum near Casey Station in Wilkes Land, Antarctica (Selkirk and 
Seppelt 1987). 

Near the summit of Mt Melbourne in Victoria Land, small patches of 
Campylopus pyriformis occur on several areas of geothermally heated ground. 
RAPD studies of single shoots from each of 26 clumps showed three identical 
samples and very little genetic variation amongst the others. This extremely isolated 
population of C. pyriformis appears to have been derived from a single 
intercontinental immigration event, followed by local wind dispersal (over a few to 
tens of metres) and some mutational change. Further dispersal from Mt Melbourne 
to heated ground on Mt Erebus, 300km to the south, is indicated, since there is a 
close genetic relationship between the protonemal C. pyriformis on Mt Erebus and 
the mature gametophyte plants on Mt Melbourne (Skotnicki et al. 2001).

Results of RAPD genetic analyses with Sarconeurum glaciale at Arrival Heights 
on Ross Island showed that colonies within drainage and frost heave channels are 
more closely related to each other than to other colonies from nearby and distant 
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sites. Combined with the observation of snow drifts collecting and melting in these 
channels, it was clear that water plays a role in local dispersal of this species over 
distances of between 1 and 30m (Skotnicki et al. 1999). 

Investigations using the RAPD technique to examine colonisation patterns on 
recently exposed ground near the front of retreating glaciers has provided evidence 
for probable long-distance dispersal. A single, very isolated colony of Bryum

pseudotriquetrum sampled near the northern face of Crescent Glacier on the 
southern slope of Taylor Valley appeared very different from the other samples 
collected near the southern shore of Lake Fryxell and the southern face of Canada 
Glacier, 4km away on Taylor Valley floor. The Crescent Glacier colony however 
gave an identical RAPD banding pattern to a sample from an extensive turf from 
Cape Chocolate 45km to the south (Skotnicki et al. 1998c) with this turf being the 
potential source population.  

Recolonisation of anthropogenically disturbed sites is an important issue in 
Antarctica where the conservation of the small areas of natural vegetation is crucial. 
Adherence to strategies that ensure minimal long-term environmental disturbance is 
an important component of any human activity. The origins of recolonising 
propagules from moss colonies growing near or on a bulldozed track near Scott Base 
were compared with samples from nearby undisturbed colonies of the same species. 
Nearby colonies in the general area were shown to be the most likely source of 
propagules for recolonisation, rather than those from further away, despite the 
prevailing strong winds (Skotnicki et al. 1999). It seems that fragments of whole 
colonies, up to several centimetres in diameter, in addition to smaller propagules 
(perhaps even leaf tip gemmae) can initiate growth of new colonies. However, 
recolonisation does not occur rapidly or easily and it is clear that promoting 
recolonisation of disturbed ground in Antarctica will need considerable attention, 
time and care. 

Mutation in Antarctic moss populations 

RAPD analysis of Ceratodon purpureus specimens from a range of Antarctic, 
subantarctic and temperate populations showed that significant levels of genetic 
variation occurred within populations (Skotnicki et al. 1998b). In addition, using 
RAPDs we have demonstrated that mutation in C. purpureus occurs within single 
colonies, with the number of mutations being directly correlated with the distance 
apart shoots are sampled within a colony: closer shoots are less likely to have 
genetic differences, whereas those separated by 5mm or more (presumably 
equivalent to many years’ growth) are much more likely to exhibit genetic changes 
in their RAPD profile (Skotnicki et al. 2004). 

This has now been confirmed and extended with sequencing of the 18S – 26S 
nuclear ribosomal Internal Transcribed Spacer (ITS) region indicate that Antarctic 
and subantarctic isolates form one clade and Australian isolates another. The 



PLANT BIODIVERSITY 167 

differences detected may be the beginning of cryptic speciation (Longton and 
Hedderson 2000, Shaw 2000a, 2001, Shaw et al. 2002) although the changes are not 
yet sufficient to warrant their separation into a separate species as has been proposed 
by Burley and Pritchard (1990). 

Some individual colonies of Ceratodon purpureus at Granite Harbour in 
southern Victoria Land have very long shoots (up to 10 cm in length) and are likely 
to be around 100 years old. Preliminary experiments on single long shoots cut into 
50 or more segments, have very occasionally detected mutation along the length of 
such shoots using RAPDs (Skotnicki et al. 2004). This fascinating and important 
finding, that mutation appears to be responsible for the high levels of genetic 
diversity observed in Antarctic moss populations, can now be investigated further 
and additional experiments are planned on these mosses. Cryptic speciation in 
Antarctic mosses, as in temperate mosses (McDaniel and Shaw 2003), is probably 
increasingly prevalent as exposure to mutagenic UVB radiation becomes more 
prolonged (Skotnicki et al. 2004). 

Robinson et al. (2005) reported detrimental physiological effects, morphological 
irregularities and potential DNA damage in plants of the Antarctic endemic moss 
Schistidium antarctici growing in ambient UV–B conditions. Plants growing under 
screens that reduced the levels of exposure to UV–B did not express similar effects. 
Using a combination of RAPDs, DNA sequencing of individual genes and 
biochemical assays for rates of DNA repair, it is now possible to make detailed 
investigations of mutation in Antarctic populations compared with temperate 
populations where colonies are not yet exposed to such high levels of mutagenic 
UV–B irradiation. 

Antarctic mosses provide excellent model systems for measuring mutation (and 
cryptic speciation) within living plants, with the possibility of assessing the effect of 
increased UV-B exposure on mutation rates over time. In addition, the finding that 
useful DNA can satisfactorily be extracted and analysed from very old dry 
herbarium specimens is valuable in this context.  

Origins of Antarctic moss populations 

For Bryum argenteum populations in Southern Victoria Land, our study of the 
geographic distribution of isozyme and RAPD markers showed one common 
genotype occurring at high frequency in each of the five locations studied and other 
less frequent genotypes with more restricted distributions. These results are 
consistent with the present populations of B. argenteum in this area being remnants 
of genetically variable indigenous populations, or being the result of immigration by 
a range of genetically diverse propagules, or a combination of these (Adam et al. 
1997). Recently, it has been suggested that Bryum subrotundifolium may also occur 
in some of these populations and further genetic analysis should help to determine 
whether two distinct species do exist there. 
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Lewis Smith (1993) has experimentally demonstrated the presence of a moss-
propagule bank in Antarctic soils, capable of developing into plants when conditions 
become appropriate and the capacity for oases (large and small) to act as sources of 
moss propagules for local dispersal (Lewis Smith 1997). Using the RAPD technique 
we have provided evidence for dispersal of propagules over distances of a few 
metres to tens of kilometres for Bryum argenteum, B. pseudotriquetrum, 

Sarconeurum glaciale and Hennediella heimii (Selkirk et al. 1998, Skotnicki et al. 
1998b, 1999). Using the RAPD techniques and DNA sequencing we infer dispersal 
over hundreds to thousands of kilometres for Campylopus pyriformis and Pohlia

nutans (Skotnicki et al. 2001, 2002, Bargagli et al. 2004). Muñoz et al. (2004) have 
shown stronger correlation of floristic similarities among locations with wind-route 
connections than between geographically close locations, supporting the idea that 
wind is an intercontinental dispersal agent for many organisms in the Southern 
Hemisphere. 

It seems probable that the genetically variable populations of mosses now in 
continental Antarctica have multiple origins:  

(1) some species have long been established there, with genetic diversity within 
their populations increasing over time by a combination of mutation, 
immigration of propagules of different genetic makeup and local dispersal, 
(2) some species are relatively recently established in habitats appropriate for 
colonisation by the species,  
(3) cryptic species, developed by mutation from their ancestral species, that may 
in future become morphologically or physiologically distinct species, meanwhile 
contributing to the genetic variation within populations of Antarctic mosses.  
Antarctic populations of B. argenteum appear to be long-established (Adam et al. 

1997), but whether this moss has colonised Antarctica rarely in the past and spread 
to other parts of the continent since then, or whether many colonisation events have 
occurred, is not known. Similarly, it is not known whether this species has adapted 
genetically to survive and spread in the harsh Antarctic climate; transplantation 
experiments with plants from different origins provided little evidence for 
specialised adaptations by Antarctic plants to their severe environment (Longton and 
MacIver 1977). Campylopus pyriformis and Pohlia nutans are cosmopolitan moss 
species that occur in Victoria Land only on geothermally heated ground and are not 
known from elsewhere in continental Antarctica (Skotnicki et al. 2001, 2002). It is 
likely that their propagules have fallen elsewhere in Victoria Land and Antarctica, 
but have not become established in ambient conditions that were unsuitable. There is 
the potential, with global climate change and other environmental change, including 
anthropogenic modifications, for conditions in the future to allow establishment of 
additional temperate plant species whose propagules may well have reached the 
Antarctic but not become established in the past (Lewis Smith 1993). 
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Plant pathogens in the Antarctic 

Where there are plants, there are likely to be plant pathogens and the Antarctic is 
proving to be no exception. In continental Antarctica pathogenic fungus causing 
rings of dead shoots on colonies of the moss Bryum argenteum have been observed 
and the fungus has been identified as a new Embellisia species (Bradner et al. 2000). 
In the absence of fruiting material on these Antarctic fungi due to the climate, it 
appears that molecular genetics may be the quickest and simplest method of initial 
identification. 

Fungal rings are relatively common on several other moss species in the 
maritime Antarctic and also on Ceratodon, Syntrichia principes and Schistidium 

antarctici in Victoria land (R. Lewis Smith, pers. comm.). Similarly, we are 
characterising a fungus that causes disease and death of the moss Dicranoweisia 

brevipes on Heard Island, with rings of dead shoots in the centre of an infected 
patch. Symptoms were observed on large colonies of this moss at several locations 
around Heard Island. The results so far indicate this will also prove to be a new 
species of fungus. 

Molecular genetic techniques, combined with electron microscopy, have clearly 
demonstrated the presence of a new plant badnavirus in the vascular species 
Stilbocarpa polaris on Macquarie Island, which we have named Stilbocarpa mosaic 
bacilliform virus (SMBV, Skotnicki et al. 2003). Although algal viruses have been 
detected in various Antarctic aquatic ecosystems (Kepner et al. 1998, Pearce and 
Wilson 2003) this virus in a terrestrial plant native to Macquarie Island is the first 
report of a virus in a vascular plant anywhere in the southern polar regions. The 
presence of yellow mosaic symptoms, virus particles in low concentrations in the 
plant sap and badnavirus DNA in diseased plants are consistent with infection of 
Stilbocarpa by a badnavirus. Although SMBV has only recently been reported from 
Macquarie Island, it is not known how long it has been on the island, but recent 
results indicate it has most probably been present for a very long time. Although 
Stilbocarpa polaris also occurs on other Southern Ocean islands Campbell Island, 
Auckland Islands and the Snares, no virus infection has been reported from them. 

The mechanism of transmission of SMBV in Stilbocarpa on Macquarie Island is 
not yet known, but it appears that the extensive rabbit grazing of Stilbocarpa on this 
island is not sufficient to transmit badnavirus infection. The restriction of disease 
symptoms to small isolated foci of infection, with up to 20-30% of plants having 
mosaic symptoms at some sites, also indicates that transmission among these 
perennial plants occurs infrequently. 

Changing patterns of atmospheric circulation may bring propagules of new 
species to the island: other known badnaviruses occur in warmer climates. Potential 
links between documented climate change on Macquarie Island and the introduction 
and spread of SMBV will be investigated. This may give an indication of how plant 
viruses will respond to climate change elsewhere, with the potential to correlate the 
spread of the virus along the island with climate warming. Further research on this 
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new plant virus from a very isolated location, including the sequencing of the 
complete viral genome (allowing analysis of its relationship to other badnaviruses) 
will yield information of practical importance to management and conservation of 
the World Heritage Macquarie Island ecosystem, in addition to fascinating 
information about evolution and dispersal of plant viruses. 

Snow algae and endolithic algae 

ITS gene sequences have been determined for endolithic algae from southern 
Victoria Land, Antarctica (Friedmann et al. 1988, de la Torre et al. 2003, M. 
Skotnicki et al. unpubl. data). These sequences should assist in identification of 
novel isolates of these algae. Similarly, we have sequenced the ITS region of several 
species of snow algae mainly from the Windmill Islands. The sequences obtained 
were species-specific (M. Skotnicki et al. unpubl. data), and the availability of 
known species together with gene sequences should aid in the identification of new 
isolates, even in the absence of morphological and life history characteristics 
previously necessary for taxonomic identification (Ling 2001).  

Maritime Antarctic and subantarctic vascular plants 

Populations of the only two flowering plants on the Antarctic Peninsula have 
recently been increasing in size and number, and this has been related to climate 
warming (Lewis Smith 1994, Convey this volume). In a study using Amplified 
Fragment Length Polymorphisms (AFLPs), investigating 10 populations of 
Deschampsia antarctica spanning a distance of 1350km, little genetic diversity was 
observed (Holdregger et al. 2003). However, populations from the northern and 
southern extents of the study were deemed to be genetically distinct from each other 
and it appeared that there were low levels of gene flow between them. It was 
concluded that populations of D. antarctica in the maritime Antarctic were founded 
by one or few individuals and that the species mainly reproduced by selfing or 
vegetative propagation. A database of gene sequences of subantarctic Deschampsia

and Colobanthus species will facilitate comparison with specimens from the 
Antarctic Peninsula and allow analysis of their origins and dispersal patterns (van de 
Wouw 2003). 

Molecular genetics techniques are also being used to investigate the diversity and 
dispersal of vascular plants on subantarctic islands. For the following dicotyledon 
species, sequences have been obtained for the ITS region, enabling comparison of 
populations within islands and among islands where appropriate: from Macquarie 
Island Stilbocarpa polaris, Pleurophyllum hookeri, Crassula moschata, Callitriche 

antarctica, Cardamine corymbosa, from Heard Island and Iles Kerguelen Crassula 

moschata and Callitriche antarctica. This study will extend to other subantarctic 
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islands using species common to all or some of these islands. Sequences of the ITS 
region from a wide range of the grasses found on Heard Island, Macquarie Island 
and Iles Kerguelen and nearby temperate localities, including the rapidly spreading 
non-indigenous species Poa annua (Scott 1989), is enabling comparison and 
inferences about their dispersal patterns (M. Skotnicki et al. unpubl. data). Genetic 
studies have the potential to enable identification of dispersal routes in a way not 
possible by any other techniques. 

Overall utility of genetics 

The results presented here have shown that levels of ITS sequence variation are high 
in some Antarctic moss species. As the mosses appear to reproduce solely by 
vegetative means (Seppelt et al. 1992), such variation appears to have arisen either 
by infrequent multiple colonisation events, or by de novo mutation within the 
haploid plants. 

We are also currently sequencing several more genes from these Antarctic 
mosses, including the trnL-F, rps4 and rbcL chloroplast genes (De Luna et al. 2000, 
Pedersen et al. 2003, Virtanen 2003), to assist with determining the extent of genetic 
variability, origins and evolution of moss species in this isolated and extreme 
location. However, the ITS region appears to be excellent for analysis of Antarctic 
mosses, enabling identification and analysis of some genetic variability among 
populations. 

Although the extent of genetic diversity is much lower in vascular plants than in 
mosses, the results obtained so far indicate that the ITS region will also be useful in 
determining the origins and dispersal routes of plants on subantarctic islands, 
including the grasses and other flowering plants. Molecular genetics has a major and 
valuable role to play in understanding how plants colonise and evolve to survive in 
the extremely isolated and harsh environments of Antarctica and the subantarctic. 
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Introduction 

The Antarctic landscape has been dominated by long-term habitat fragmentation, 
with less than 1% of the 14 million km2 of the continent ice-free today, and more 
than 10 major glacial cycles over the last one million years (Hays et al. 1976, 
Lawver and Gahagan 2003, Roberts et al. 2003). The continental landscape is well 
known as an extreme environment, but there remains debate about ‘ when’ these 
conditions became extreme (Miller and Mabin 1998, Roberts et al. 2003). Climate 
cooling and subsequent glaciation of Antarctica was not possible until both the 
South Tasman Rise cleared the Oates Land coast of East Antarctica (~32 MYA) and 
the opening of the Drake Passage to deep water circulation (~28 MYA) (Lawver and 
Gahagan 2003). However, while the circum-Antarctic currents were sufficient to 
isolate Antarctica from other continental landmasses, glaciation of Antarctica was 
not immediate (see also Bergstrom et al. this volume). It is clear from palaeological 
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evidence that a Nothofagus-herb-moss tundra vegetation replaced the Gondwanan 
forest and persisted in the region until possibly the Pliocene (~2-5 MYA) or late 
Miocene (~5-12 MYA) (Ashworth and Preece 2003). Furthermore, fossil records 
suggest that some elements of the terrestrial (eg weevils), and limnetic faunas (eg 
lymnaeid gastropods, the bivalve Pisidium and at least one species of fish) persisted 
throughout the Trans-Antarctic Mountains until their extinction in the Pliocene 
(Ashworth and Kuschel 2003, Ashworth and Preece 2003). This extinct continental 
fauna evolved during or before the Jurassic, with most achieving global distributions 
(including Antarctica) by the Cretaceous (Ashworth and Preece 2003). Accordingly, 
the present-day invertebrate taxa may be relics of this once more abundant and 
widespread fauna present on the Gondwanan supercontinent.  

On the Antarctic continent the terrestrial invertebrate fauna is taxonomically 
limited and consists largely of arthropods, particularly the springtails (Collembola) 
and mites (Acari) (Hogg and Stevens 2002). However, various flies (Diptera), 
beetles (Coleoptera), aphids (Homoptera), copepods, isopods, amphipods, annelids 
and planarians have also been recorded from the maritime regions of the Antarctic 
Peninsula and subantarctic islands (Gressitt 1964, Balfour-Browne and Tilbrook 
1966, Wirth and Gressitt 1967, Gressitt 1970, Richardson and Jackson 1995, 
Convey and Block 1996, Vernon et al. 1997, Hullé et al. 2003, Winsor and Stevens 
2005). Exceptions to this generalisation particularly in limno-terrestrial (sensu

McInnes and Pugh 1998) and limnetic systems are the smaller protozoans, 
tardigrades, rotifers and nematodes (Gressitt 1965, Utsugi and Ohyama 1989, 
Bullini et al. 1994 Vincent 2000, Treonis et al. 2002, de la Torre et al. 2003, 
Moorhead et al. 2003, Lawley et al. 2004). Indeed, Wharton (2003) has suggested 
that nematodes may be the most diverse and abundant invertebrates in both the 
maritime and continental Antarctic regions. Much of the available information is 
based on studies documenting and/or describing new species (eg Womersley and 
Strandtmann 1963, Wise 1967, 1971, Dastych 1984, Greenslade and Wise 1984, 
1986, Miller et al. 1988, Greenslade 1995). From the earliest Antarctic expeditions, 
several reports have described, added to, and revised the inventories of terrestrial, 
limno-terrestrial and limnetic invertebrates (eg Carpenter 1902, Hunter 1967, 
Strandtmann 1967, Wise 1967, 1971, Jennings 1976, Miller et al. 1988, Shishida and 
Ohyama 1989, Utsugi and Ohyama 1989, Potapov 1991). Such inventories have 
relied on morphology-based taxonomy, which in many cases may not adequately 
reflect true levels of diversity, or fully scrutinize levels of endemicity, particularly 
since morphological conservatism is a prevalent feature among many invertebrate 
taxa (eg Witt et al. 2003). However, until recently these inventories remained the 
only approach to studying the diversity and taxonomic affinities of Antarctic 
invertebrates. Fortunately, with increased access to molecular techniques (Gaffney 
2000, Sunnucks 2000), the diversity of Antarctic invertebrates can now be assessed 
at levels previously unattainable. Furthermore, these same techniques can be used to 
test hypotheses related to connectivity (ie gene flow), and can reveal processes and 
historical events that shaped the pattern of genetic diversity among populations 
(phylogeography), in addition to their evolutionary history and relationships to other 
taxa (phylogeny). 
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This chapter discusses the application of molecular techniques for species 
identifications and the role of population genetic studies in assessing levels of gene 
flow/dispersal among habitats. We then continue with a discussion of the 
phylogenetic relationships of some of the Antarctic fauna and conclude with a 
summary of future research needs. In keeping with the theme of this volume, we 
include the terrestrial and limnetic environments. We consider the ‘ Antarctic’ to 
include the main continental landmass, the Antarctic Peninsula and associated 
islands and archipelagos (South Shetland, South Orkney, South Sandwich Islands, 
Bouvetøya), and the ring of ‘ subantarctic’ oceanic islands surrounding the continent 
at relatively high latitude in the Southern Ocean (Marion Island, Iles Crozet, Iles 
Kerguelen, Heard Island, Macquarie Island). Accordingly, three main 
biogeographical zones are recognized - continental, maritime and subantarctic 
(Huiskes et al. this volume). 

Molecular Techniques as an Aid to Taxonomic Identification 

The ability to accurately identify taxa has long been an arduous task, even on the 
Antarctic continent, which lacks the species richness found in other regions (Chown 
and Convey this volume, Gibson et al. this volume). However, this task may be 
revolutionised with the application of molecular approaches to taxonomy. Such 
approaches typically utilize short (400-700 base pair) sequences of mitochondrial or 
ribosomal DNA (mtDNA and rDNA, respectively), to discriminate among species. 
More recently, Hebert et al. (2003b) have suggested that DNA “barcoding” using the 
mitochondrial cytochrome c oxidase subunit I (COI) gene, could be used to provide 
accurate identifications for all animal life. This system would operate with DNA 
sequences from reference specimens (morphologically confirmed by an appropriate 
expert) being added to a global database. Any future specimens could then be 
‘ matched’ to confirm their taxonomic identities (eg Hebert et al. 2003a, Hogg and 
Hebert 2004). This system could provide an immediate and long-term solution to 
tackling the obvious logistical problems associated with species identifications 
(Hebert et al. 2003b). Although only limited COI data exist for Antarctic 
invertebrates (Stevens and Hogg 2003, in press, Stevens et al. 2006), additional 
analyses are ongoing (I.D. Hogg, M.I. Stevens unpubl. data). DNA barcoding may 
also assist in discriminating morphologically similar (cryptic) species and in 
determining if any morphological variation is the result of phenotypic plasticity 
(within-species variation) or genuine species-level differences. 

Other molecular approaches have used 16S rDNA to examine microbial 
diversity. For example, soil samples collected on Mt. Melbourne, Victoria Land 
revealed one new thermophilic species, in addition to a number of others with 
specific identities ranging up to 98% in comparison to other known species using
BLAST sequence similarity searches in the GenBank database (Bargagli et al. 
2004). Similarly, Lawley et al. (2004) examined soil sites along a latitudinal 
gradient from continental Antarctica (La Gorce Mts), through the Antarctic 
Peninsula, to Signy Island. They found a very limited overlap using the SSU rRNA 
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gene between the eukaryotic biota among six sites, with generally low relatedness to 
existing sequence databases. Lawley et al. (2004) found that most sequences were 
specific to a particular site, and that most of the sequences could be identified to the 
species or genus levels, while others could only be loosely identified at a family or 
order level. This comparison among sites suggests high levels of isolation and 
possibly endemicity. However, even bipolar gene flow has been inferred for 
microbial taxa (Darling et al. 2000), suggesting that unidentified DNA sequences 
may simply indicate a lack of known species sequences in such databases. 

Whilst Lawley et al. (2004) may have detected the presence of known Antarctic 
species it was not possible to match sequences to known morphologically 
characterised taxa. Vincent (2000) suggests that if microbial endemism is possible, 
Antarctica should be amongst the most likely places in which such organisms may 
be found. However, contrary to this notion, there is currently limited evidence for 
microbial endemism in Antarctic terrestrial, or indeed any, polar environment 
(Priscu et al. 1999, Vincent 2000, Finlay 2002, Lawley et al. 2004). Most surprising 
is that molecular (16S rDNA) profiling of microbes from accreted ice from cores 
taken above Lake Vostok (to a depth of 3603 m) show a close agreement with 
present-day surface microbiota (Priscu et al. 1999, Siegert et al. 2003), although 
their isolation (approx. 14 million years) is perhaps too recent to expect an 
evolutionarily distinct biota considering that species-level divergence in prokaryotes 
may require up to 100 million years (Lawrence and Ochman 1998). Regardless of 
whether sequence uniqueness is indicative of endemism, or simply a lack of 
molecular data in other environments, Lawley et al. (2004) have demonstrated that 
there is very little effective transfer of biota among the study sites they examined. 

Gordon et al. (2000) examined 16S rDNA from terrestrial cyanobacterial mats, 
and from lake ice communities in Taylor Valley, southern Victoria Land. They 
demonstrated the presence of a diverse microbial community dominated by 
cyanobacteria in both the terrestrial and lake samples. The lake ice microbial 
community appeared to be dominated by organisms that are not uniquely adapted to 
the lake ice ecosystem, but instead are species that originate elsewhere in the 
surrounding region and opportunistically colonise the unusual habitat provided in 
the lake (Gordon et al. 2000). Numerous studies (eg Taton et al. 2003, Hirsch et al. 
2004, Van Trappen et al. 2004) from a diverse range of environments (ie microbial 
mats in Lake Fryxell, Taylor Valley, maritime Antarctic lakes and Antarctic 
sandstone) have revealed several new genera and species. Furthermore, 
microbiological analyses of deep glacial ice cores above Lake Vostok have revealed 
the presence of viable species including an actinomycete (Nocardiopsis antarcticus)
not found elsewhere (Abyzov 1993). Even the lake ice contains viable bacteria (Karl 
et al. 1999), and 16S rDNA analysis has shown that this bottom assemblage is 
dominated by the genera Actinomyces, Acidovorax, Comomonas and Afipia (Priscu 
et al. 1999). Affinities to temperate organisms suggest that Antarctica has been open 
to colonisation by long range transport for a considerable period. However, 
problems associated with accurate identification have been demonstrated by Pearce 
et al. (2003) using the bacterioplankton community of a maritime Antarctic 
freshwater lake on Signy Island. These authors obtained significantly different 
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results using both cultivation-dependent versus cultivation-independent techniques. 
In particular, the phylogenetic diversity represented by the cultured bacteria differed 
from that of the 16S rDNA clone library. Nevertheless, they found no evidence of 
prokaryotes endemic to Antarctica. 

With the increasing use of molecular approaches for taxonomic identification of 
polar invertebrates, (eg Valbonesi et al. 1994, Hogg and Hebert 2004), faunal lists 
will undoubtedly prove incomplete and will continue to be modified. DNA-based 
identification systems will also allow for independent molecular verification of 
‘ new’ species and/or records that initially appear biogeographically unusual. For 
example, three species of springtails were recorded from King George Island in the 
South Shetland Islands (Yue and Tamura 2001). One of the species recorded was 
Tullbergia mediantarctica, previously recorded only from Shackleton Glacier, 
Queen Maud Mountains. However, the closely related congeneric Tullbergia mixta,
which has been previously recorded throughout the western Antarctic region, 
including King George Island (Wise 1967, Convey et al. 1996) was not mentioned. 
One new species was described, Cryptopygus nanjiensis, and again no record of the 
congeneric C. antarcticus, with previous records on King George Island (eg Wise 
1967, 1971, Weiner and Hajt 1994, Greenslade 1995, Convey et al. 1996). It has 
since been suggested that these newer records were erroneous and the record of 
Tullbergia mediantarctica from King George Island was T. mixta and Cryptopygus 

nanjiensis was in fact C. antarcticus (P. Greenslade unpubl. data). In addition, a 
study of springtail species distribution and abundance in northern Victoria Land 
details three previously known species, but also provides details of a new species, 
Folsomia antarctica (Frati et al. 1997). However, in later publications (eg Frati et al. 
2000, Frati et al. 2001, Fanciulli et al. 2001) this new species is not included and it 
would appear that Folsomia antarctica may be synonymous with Cryptopygus 

(P. Greenslade unpubl. data). 

Interhabitat Dispersal and Population Genetic Structure

Much of what is known of potential dispersal of Antarctic invertebrates is based on 
anecdotal evidence and/or casual observation. For example, air currents are thought 
to be one agent of passive dispersal (Pryor 1962, Strong 1967, Greenslade et al. 
1999, Muñoz et al. 2004). However, on the continent this mode of transport may not 
be particularly effective for larger invertebrates (eg springtails, mites, spiders, 
dipterans) due to a high risk of desiccation and lack of an anhydrobiotic dispersal 
stage (Marshall and Pugh 1996). By contrast, such dispersal may be more likely in 
maritime or subantarctic regions due to the relatively more humid environment 
(Pugh 2003, 2004). Alternative methods include “rafting” along melt-water streams, 
and subsequently on seawater (Gressitt 1967, Moore 2002, and see Nolan et al. in 
press for a molecular perspective), or ‘ hitchhiking’ on other animals (eg birds). For 
taxa that have a specialised dispersal life-stage, such as the nematodes, tardigrades 
and rotifers, they may possess a much greater potential for dispersal via wind and 
water that may act as a homogenising force over large distances. These taxa have 
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been recorded widely on the Antarctic continent and in the subantarctic and 
maritime regions, even though they appear to be restricted primarily to lakes, 
streams and areas of high moisture content (Pryor 1962, Tilbrook 1967, McInnes 
and Pugh 1998, Moorehead et al. 2003). For these organisms, geographic barriers 
may be of limited importance. Although these observations allow speculation on 
potential dispersal methods, they rarely provide information on the actual frequency 
or success of such events (Bilton et al. 2001). One method to address this issue is to 
evaluate population genetic structures to quantify rates of dispersal among habitats. 

Despite the usefulness of molecular studies in an Antarctic context (Gaffney 
2000), limited data exist for the Antarctic invertebrate fauna. Studies to date include 
work on springtails, Desoria klovstadi andGressittacantha terranova (Collembola, 
Isotomidae) in northern Victoria Land (eg Frati et al. 1997, 2000, 2001, Fanciulli et 
al. 2001, Stevens et al. in press) and Gomphiocephalus hodgsoni (Collembola, 
Hypogastruridae) in southern Victoria Land (Stevens and Hogg 2003, Nolan et al. in 
press). Work has also been undertaken on nematodes (Courtright et al. 2000), 
dipterans (Vernon et al. 1997), mites (Hayward 2002, Stevens and Hogg in press) 
and the microbiota (eg Vincent et al. 2000, Lawley et al. 2004). 

Courtright et al. (2000) examined the phylogeography of the nematode 
Scottnema lindsayae across southern Victoria Land (including Terra Nova Bay). 
They found 12 mitochondrial haplotypes from 188 nematodes, with only 11 
nucleotide substitutions identified over 10 positions. In addition, S. lindsayae

exhibited no phylogeographic pattern of mitochondrial or ribosomal haplotypes 
which were genetically homogeneous among six locations examined — their data 
did not support the existence of long-term barriers among populations (Courtright et 
al. 2000). Some geographic patterns were revealed when analyses focussed only on 
Taylor and Wright Valleys and may suggest local re-colonisation events. Similar 
patterns were identified in Taylor Valley for the springtail Gomphiocepahlus 

hodgsoni (Stevens and Hogg 2003, Nolan et al. in press), which may reflect the 
establishment of local populations by a low number of founding individuals from 
few glacial refuges since the last glacial maximum (<17 000 years). Similar levels of 
divergence were found throughout the same geographic region for G. hodgsoni.
However, unlike S.lindsayae, phylogeographic patterns across southern Victoria 
Land were identified for G. hodgsoni (Stevens and Hogg 2003). Across 45 G. 

hodgsoni sequences, there were 14 mtDNA haplotypes, with 22 variable nucleotide 
substitutions. The number of nucleotide substitutions between each G. hodgsoni

haplotype ranged from 1 to 12. Stevens and Hogg (2003) utilised both allozymes 
and mitochondrial data to reveal likely refuges and local colonisation events. 

The patterns found for G. hodgsoni are supported by a comparative 
phylogeographic study using the mtDNA (COI) gene for the prostigmatic mite 
Stereotydeus mollis (Stevens and Hogg in press). This work has revealed concordant 
phylogeographic patterning, and suggests that G. hodgsoni, S. mollis, and S. 

lindsayae have shared a common, local geological history, although long distance 
dispersal has been far more effective in the latter species. In particular, all three 
studies in southern Victoria Land indicate that Taylor Valley not only harbours 
unique genetic haplotypes, but also accounts for much of the haplotype diversity for 
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each species found elsewhere in southern Victoria Land. Interestingly, the most 
divergent mitochondrial haplotypes identified for G. hodgsoni (Taylor Valley and 
Beaufort Island, see Stevens and Hogg 2003) were also identified as the most 
divergent for S. mollis (Stevens and Hogg in press). Such phylogeographic 
concordance suggests that these terrestrial arthropods have been exposed to common 
geological and glacial effects that have dominated the Victoria Land terrestrial 
landscape since the Pliocene. 

Northern Victoria Land has also been the site of two recent population genetic 
studies. The northern Victoria Land springtail Desoria klovstadi revealed 18 
different haplotypes from 40 individuals, ranging from three to seven haplotypes 
among each of four continental populations surveyed (Frati et al. 2001). Although 
Frati et al. (2001) found only a single mtDNA (COII) haplotype in more than one 
population, other similarities to G. hodgsoni and S. lindsayae are notable. These 
species are geographically separated along the Trans-Antarctic Mountains, yet D.

klovstadi was found to have a similar number of variable nucleotide substitutions 
(26), with 1 to 13 nucleotide substitutions between each haplotype (Frati et al. 
2001). Fanciulli et al. (2001) found a similar pattern with high levels of 
differentiation and heterozygosity among 22 populations for the northern Victoria 
Land springtail Gressittacantha terranova. These populations appeared to be 
reproductively isolated from one another, as indicated by a high level of genetic 
differentiation (FST = 0.31). The populations grouped into three main geographical 
regions divided by the Aviator and Campbell Glaciers, which appeared the most 
likely primary physical barriers to dispersal, with the exception of one population 
which has probably been influenced by immigrants from others. Fanciulli et al. 
(2001) showed fixed allelic differences (non-shared alleles) at sites within 100km 
suggesting that no current gene flow was occurring among these locations. 

Our results too, have suggested limited gene flow among sites on Ross Island 
and those of southern Victoria Land on the Antarctic continent where we found 
fixed allelic differences at two of the 10 allozyme loci examined (Stevens and Hogg 
2003). Furthermore, Gomphiocephalus hodgsoni populations were characterised by 
high levels of allelic diversity throughout the continental sites but lower levels for 
populations on Ross Island (Stevens and Hogg 2003). Limited gene flow (FST = 
0.55) was found across all populations for G. hodgsoni. However, a moderate level 
of differentiation for the continental populations (FST = 0.27) contrasted with the low 
level found across the island populations (FST = 0.05). Lower allelic variability, and 
high genetic similarity for the island populations (in contrast to continental 
populations), may indicate that the consequences of bottleneck and/or founder 
effects (recent or historic) have been more pronounced for the island populations. 
Accordingly, these data suggest that gene flow and hence dispersal for Antarctic 
taxa may be limited to local events and that species distributions were restricted to 
very few refugia during the last glacial maximum. Such patterns of isolation among 
fragmented habitats and subsequent re-colonisation following availability of habitat 
may be a common feature for the Antarctic continental terrestrial and limno-
terrestrial faunas. 



184

In the maritime Antarctic, Hayward (2002) examined population genetic 
structure using allozymes for seven populations of the terrestrial mite Alaskozetes 

antarcticus. Levels of polymorphic loci (across eight loci), heterozygosity, and FST

(0.105), from populations ranging in geographic distance from 1.8km (Signy Island) 
to 1300km (Ryder Bay, Antarctic Peninsula), suggest limited genetic differentiation 
likely resulting from dispersal and/or recent colonisation (<6000yr bp). Comparisons 
to allozyme studies on other terrestrial invertebrates in Antarctica 
(Gomphiocephalus hodgsoni and Gressittacantha terranova) indicate that within 
and among population variability was lower in A. antarcticus populations. 

Work on the subantarctic islands is limited to two studies, one on Diptera from 
Iles Crozet (Vernon et al. 1997), and one on Coleoptera, introduced to South 
Georgia from the Falkland Islands (Ernsting et al. 1995). Ernsting et al. (1995) 
analysed eight allozyme loci for Trechisibus antarcticus (Coleoptera: Carabidae), 
collected on South Georgia and the Falkland Islands. These data showed an absence 
of rare alleles in the South Georgia population, with a high similarity compared to 
the Falkland Islands population, which supports the recent arrival of this species on 
South Georgia. Vernon et al. (1997) found that the Ile aux Pingouins population was 
clearly separated from all Ile de la Possession populations. Heterozygosity levels 
were also found to be slightly lower among the subantarctic populations, compared 
to those reported for Diptera elsewhere. However, Vernon et al. (1997) have 
questioned whether this may be confounded by the taxonomic status of the two 
morphologically recognised species. Specifically, morphologically distinct 
individuals were found to be genetically similar (based on an allozyme analysis), 
whereas morphologically similar individuals were found to be genetically distinct. 
This study highlights the discrepancies which can exist between biochemical and 
morphological features. Collectively, studies on the endemic fauna suggest that the 
extensive climate change during the Pleistocene, in conjunction with limited 
dispersal opportunities, appear to have promoted isolation and divergence among 
Antarctica’s fragmented habitats. 

Phylogenetic Relationships of Southern Hemisphere Fauna 

To date, only a single study has the Gondwanan relationships of terrestrial 
invertebrates in Antarctica (Stevens et al. 2006). This is unfortunate as they are the 
only extant animals to have survived the glaciation of the Antarctic continent (see 
Lawver and Gahagan 2003 for a review of the glacial evolution of Antarctica). The 
recolonisation of Antarctica is possible for species that can disperse over vast 
oceanic distances. However, springtails (Wise 1971, Hogg and Stevens 2002, 
Stevens and Hogg 2003, Stevens et al. 2006), free-living mites (Pugh 2003), 
dipterans (Vernon et al. 1997) and spiders (Pugh 2004) in Antarctica do not have 
these capabilities and therefore their origins are likely to be pre-Pliocene. 
Accordingly, testing phylogenetic hypotheses on the continental Antarctic 
springtails and mites should provide an unparalleled contribution to our 
understanding of the evolutionary basis of species’ distributions and genetic 
diversity. 
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From the Devonian period, these taxa have followed the geological evolution of 
continents, with great adaptive capacity to different climates/environments and 
without undergoing any great morphological changes. The proportion of endemic 
genera and species is high in Antarctica, although the majority occur in one region, 
the Trans-Antarctic Mountains. This region including Victoria Land and the more 
southern Queen Maud Mountains contains a unique springtail assemblage where six 
of 10 genera are endemic, and nine of 10 species are endemic (Wise 1967, 
Greenslade 1995). Some, like Biscoia sudpolaris (Hypogastruridae), found only in 
some of the most southerly isolated soils of the Trans-Antarctic Mountains (Wise 
1967), may be relics of once widespread taxa on the supercontinent Gondwana 
(Rapoport 1971). Other endemic springtails (eg Antarctophorus subpolaris,
Antarcticinella monoculata, Neocryptopygus nivicolus, Gressittacantha terranova, 

and Isotoma klovstadi) and mites (eg Stereotydeus spp.) are now forming the basis 
of Southern Hemisphere phylogenetic comparisons to examine the relationships and 
evolutionary history of the Antarctic terrestrial invertebrates (eg Stevens et al. 
2006). 

Frati and Carapelli (1999) assessed the usefulness of nuclear (large ribosomal 
RNA subunit (D3), and Elongation Factor-1) and mitochondrial (COII) genes in 
resolving phylogenetic relationships among springtails. They examined the 
phylogenetic position of Desoria klovstadi from northern Victoria Land, using three 
genera of Isotomidae and three Entomobryidae in their analyses. They found that 
mtDNA (COII) and nuclear EF-1 genes were the most informative, but their 
preliminary study lacked the relevant taxa that would have allowed an assessment of 
the evolutionary history of the Antarctic species. Frati et al. (2000) further examined 
the phylogenetic position of D. klovstadi, in comparison with Isotomurus maculatus

and Tetracanthella sp. and again found that mtDNA (COII) was the most 
informative for phylogenetic reconstructions. 

Using the COII gene Frati et al. (2000) also examined the morphological 
hypothesis that the subfamily Pseudachorutinae (represented by Anurida maritima)
is the next sister-group to the Neanurinae (12 taxa) and that Frieseinae (using 
Friesea grisea from northern Victoria Land) is their closest sister taxon. They found 
that a phylogenetic reconstruction contradicted morphological evidence among the 
Neanuridae, by suggesting that the subfamilies Frieseinae and Pseudachorutinae 
were sister taxa, with the third subfamily Neanurinae being their sister-group (Frati 
et al. 2000). D’Haese (2002) has perhaps provided the most extensive phylogenetic 
study that includes Antarctic species using the D1 and D2 regions of the 28S rDNA. 
Indeed, springtails are often one of the key taxa used to assess arthropod 
relationships, particularly among the hexapods (see also Delsuc et al. 2003). 
D’Haese (2002) included in his analyses three Antarctic springtail species from 
King George Island, South Shetland Islands (Cryptopygus antarcticus, Friesea 

grisea and Tillieria penai) and inferred relationships among the orders 
Symphypleona, Entomobryomorpha, and Poduromorpha and more specifically 
among the subfamilies within the Poduromorpha. Furthermore, D’Haese (2002) 
challenges morphological interpretations, in particular, that Podura aquatica has 
been regarded as ‘ primitive’, and thus representing ancestral characteristics. 
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D’Haese (2002) clearly shows that P. aquatica is not basal, or ‘ primitive’, but well 
nested in the Poduromorpha. 

Comparatively more work has been undertaken on the microbiota of Antarctica. 
However, interpreting these results is confounded by several issues. These issues 
appear to be centred on the assumption that classic taxonomic criteria do not provide 
an accurate guide to the extent of genetic divergence (Vincent 2000). Franzmann 
(1996) undertook the first detailed molecular analysis of Antarctic microbiota to 
address the question of prokaryotic divergence in the southern polar region. Ten 
Antarctic bacteria (mostly from saline lakes in the Vestfold Hills) were compared 
using 16S rDNA sequences relative to the most closely related bacteria available in 
culture from temperate latitudes. The Antarctic species sequence dissimilarity 
relative to the temperate strains was 4.5%. Assuming an evolutionary rate of 1% 
divergence in 16S rDNA in 25 million years (Franzmann 1996), this would equate to 
phylogenetic divergence of the Antarctic taxa from those in temperate latitudes 
beginning > 100 million years ago, well before the isolation and cooling of 
Antarctica (Vincent 2000). These results imply that Antarctica contains an unusual 
subset of prokaryotes that are poorly represented at lower latitudes. However, 
Franzmann et al. (1997) note the incompleteness of the database and that the 
branching patterns may change substantially as more microbiota are discovered and 
sequenced within and outside Antarctica. For example, the 4.5% dissimilarity value 
might reflect the possibility that more closely related strains from temperate regions 
have yet to be sequenced, a view shared by others (eg Lawley et al. 2004). An 
analysis of high latitude picocyanobacteria showed that there were considerable 
differences between Arctic and Antarctic strains (Vincent et al. 2000). Three 
Synechococcus isolates from saline lakes in the Vestfold Hills, East Antarctica, were 
mostly related (96% similar) to Prochlorococcus marinus and formed a distinct 
cluster relative to all other known picocyanobacteria (Vincent et al. 2000). 
Sequences of isolates from a much broader range of habitats are required to assess 
the evolutionary divergence of Antarctic cyanobacteria and this approach would be 
useful to examine other groups of microphototrophs such as diatoms and 
phytoflagellates. 

Many new species of bacteria and protozoa have been described from Antarctica 
(detailed in Vincent 2000), suggesting that the level of endemism could be 
considerable. Similarly, the application of 16s rDNA analysis to Antarctic bacteria 
implies not only the presence of unusual species, but also novel taxa at the genus, 
family and even higher levels (Vincent 2000). However, most critical to the 
interpretation of these results is whether the molecular marker is suitable for the 
time-scale being examined. The 16s rDNA sequences may be too highly conserved 
(Lawrence and Ochman 1998) to allow the identification of taxa that are endemic to 
Antarctica. Studies employing a “polyphasic” approach (eg Pearce et al. 2003), 
which combine several analytical techniques (eg morphological analysis, pigment 
analysis, rDNA gene sequencing), are likely to provide additional insights into the 
genetic diversity and evolutionary relationships of the Antarctic fauna. 
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Further Research 

Continental and maritime Antarctica, and the subantarctic islands, and their 
relationships to other Southern Hemisphere land-masses, provide a wealth of 
research opportunities including population genetics, phylogeography and 
phylogenetics. Here, we outline three research areas that would benefit from 
immediate attention and would greatly enhance our understanding: 

1) Several invertebrate groups have revealed large-scale biogeographic 
distributions across Antarctica and the subantarctic islands (including the lower 
latitude islands, for example, Campbell Island and Auckland Islands). This is true 
for the springtails (eg Friesea grisea, Cryptopygus antarcticus, Tullbergia bisetosa)
and mites (eg Alaskozetes antarcticus, Halozetes crozetensis, Halozetes belgicae,
Nanorchestes antarcticus, Globoppia intermedia longiseta, Austroppia crozetensis 

and Maudheimia spp.), which we assume have very little dispersal capability. 
Hence, an examination on a wider scale across Antarctica, including the subantarctic 
islands, would test assumptions of dispersal and widespread endemicity.  

2) Further allozyme work, in conjunction with other genetic markers (eg 
mtDNA, ncDNA), for dipteran species and populations from the Iles Crozet, Iles 
Kerguelen and Heard Island, would further our understanding of the historical 
processes by which these islands were colonised. Such studies would provide 
information on the long-term survival of terrestrial invertebrates on these 
subantarctic islands. For example, it seems extremely unlikely that terrestrial life 
would have continued to survive on Heard Island throughout the last glaciation in 
the absence of adequate terrestrial habitat. In fact, Gressitt and Temple (1970) have 
suggested that much of the Heard Island terrestrial fauna were colonisers from Iles 
Kerguelen since the glacial maximum. Furthermore, Gressitt (1970) has suggested 
air dispersal across the southern seas providing colonisation of many of the 
subantarctic islands. Molecular markers have only recently been applied to address 
such relationships on vertebrates and plants (eg Muñoz et al. 2004, Ritchie et al. 
2004, Sanmartin and Ronquist 2004). 

3) Studies testing the utility of DNA barcoding methods (sensu Hebert et al. 
2003a), for the Antarctic fauna would allow accurate assessment of true levels of 
(reproductively isolated) species diversity within and among habitats. These data in 
conjunction with further allozyme (or other nuclear markers) will also provide 
estimates of gene flow among populations, thus allowing assessment of interhabitat 
dispersal, in addition to providing data on levels of genetic variability within and 
among populations. This in turn will be important for targeting management 
decisions towards the conservation of Antarctica’s unique fauna. Multidisciplinary 
studies in continental, maritime and subantarctic regions would be useful for 
assessing local dispersal dynamics and evolutionary persistence of Antarctic taxa. 
No region is more suited for such studies than the Trans-Antarctic Mountains with 
high species richness and generic endemicity for springtails and mites. Studies so far 
are revealing much higher levels of endemism than previously thought and have 
conservation implications in addition to better understanding of the extent and 
persistence of glacial refugia. 
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In this chapter, we have presented an overview of molecular studies on the 
terrestrial and limno-terrestrial invertebrates from the maritime and continental 
Antarctic regions. It is clear that knowledge of this important component of the 
Antarctic fauna is incomplete and ongoing research will no doubt enhance our 
understanding considerably.  
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non-indigenous (alien) species. It is geographically isolated from other Southern 
Hemisphere continents and smaller landmasses, historically lacks indigenous human 
populations or contact, and presents extreme environmental challenges that must be 
survived both during any transfer process and after establishment at an Antarctic 
location. Despite this, it is clear that biological invasions have taken place, and have 
led to serious impacts on indigenous biota, ecosystems, and ecosystem functions, 
posing a serious risk to the Antarctic region (Dingwall 1995, Smith 1996, Chown et 
al. 2001, Greenslade 2002, Frenot et al. 2005).  

In common with elsewhere, parts of the Antarctic have been experiencing a 
period of very rapid environmental change, relating to a number of significant 
variables, over the last 50 or more years (Huiskes et al. this volume, Convey this 
volume, Lyons et al. this volume). In addition to confirming the significant influence 
of some existing biological invasions, Frenot et al. (2005) have identified that rapid 
climate change, in combination with increased human activity, is likely to increase 
the frequency and significance of future invasions, and increase the impacts of alien 
biota that are already established.  

Worldwide, biological invasions are one of the most important threats to 
biodiversity (McKinney and Lockwood 1999, Sala et al. 2000, Courchamp et al. 
2003) and ecosystem processes (Heywood 1989, d'Antonio and Dudley 1995, Mack 
et al. 2000). In an Antarctic context, these threats are serious. The subantarctic 
islands, continental margin, packice and surrounding seas are home to spectacular 
concentrations of marine megafauna, including a large proportion of the world’s 
seabird species and marine mammals. Life on land, while species poor and less 
visually spectacular (Gressitt 1970, Chown et al. 1998, Vernon et al. 1998, Convey 
2001) is no less significant, and terrestrial biotas often include a particularly high 
proportion of endemic taxa (as illustrated by lichens, liverworts, flowering plants, 
arthropods and nematodes).  

Antarctic terrestrial habitats are typified by low species richness and the absence 
of many functional groups that are present elsewhere. This itself may be sufficient to 
render the sub- and maritime Antarctic islands, and the ice-free islands of exposed 
land on the continent, susceptible to alien invasion (Bergstrom and Chown 1999, 
Chown et al. 2000). Furthermore, island biotas may be more susceptible to invasion 
as indigenous species are less able to cope with the associated change (d'Antonio 
and Dudley 1995, Vermeij 1996, Williamson 1996, Bowen and van Vuren 1997). 

Although human contact with the Antarctic has occurred only over the last two 
centuries, our influence has increased rapidly. Initially, effort was almost 
exclusively focused on economic activity. On land, this related to the support 
requirements that were necessary to allow the excessive commercial exploitation of 
marine resources (whales, seals, penguins) from the Southern Ocean. In parallel, 
some farming, social and recreational development also occurred, resulting in many 
of the introductions of grazing and predatory vertebrates that remain on most of the 
subantarctic islands today. Throughout this period, concerns over human impact on 
indigenous Antarctic biota received scant attention, even in the context of the virtual 
extermination of successive target industrial species.  
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The second phase of human impact in the Antarctic became apparent through the 
importance attached to scientific research as being integral to the expeditions of the 
‘ heroic age’ of exploration of the early 20th Century. The initially piecemeal and 
competitive development of scientific activities eventually led to a large and 
coordinated Antarctic contribution to the International Geophysical Year (1958) and, 
soon after, to the development of the Antarctic Treaty System (Hull and Bergstrom 
2006). Subsequently, research stations have been established by over 30 nations 
across the Antarctic and approximately 45 are now signatories to the Treaty. In 
recognition of the need to protect the Antarctic environment in a comprehensive and 
legally binding form, in 1991 the Madrid Protocol was established. Within the 
protocol, in the context of this paper, are included the prohibition of introduction of 
fauna or flora and the establishment of protected areas in Antarctica.  

A third phase of human impact on the continent – tourism – developed during 
the latter decades of the 20th Century, with tourists (mostly arriving on specially 
designed cruise ships) now numerically outnumbering the scientific and associated 
logistical operations of national operators by a factor of four to five, and numbers 
continuing to increase rapidly (Frenot et al. 2005). In the austral summer season of 
2004/05 just under 50 000 people (tourists and crew) visited the region with 27 950 
tourists on expeditions that included a landing component (http://www.IAATO.org).

Current significance of invasive species in the Antarctic 

Chown et al. (1998) studied the correlates of successful invasions on Southern 
Ocean islands by investigating the relationships among several abiotic and biotic 
variables and the richness of alien vascular plants, insects, birds and mammals. 
Their data were subsequently re-analysed by Selmi and Boulinier (2001) to take into 
account spatial auto-correlations, resulting in similar conclusions. Island size was a 
significant contributing factor, with larger islands having more alien vascular plants 
because of both greater habitat heterogeneity and human populations. Temperature 
was also important, with cold islands being less susceptible than warm ones. Similar 
relationships were found for insects, with the additional contributing factor of 
indigenous plant species richness. Human occupancy and temperature were the main 
correlates for alien mammals. Studies on Marion Island (Chown et al. 1998, Gabriel 
et al. 2001) suggest that the interactions of alien invertebrates with indigenous biota 
are less important to the success of the invasion process than the direct impacts of 
local (micro) climate. These findings support the proposal that climate matching 
rather than biotic resistance (competition) (Lee 2002) is a major determinant of 
invasion success, although this remains a subject of considerable debate.  

Frenot et al. (2005) provide an up-to-date and comprehensive review and 
literature resource of the current status of invasive species across the Antarctic 
continent and subantarctic islands. Here, we do not seek simply to repeat the detail 
of this review, rather drawing upon it to provide a concise overview of the current 
and likely future significance of biological invasions in this region (Table 1).  
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Table 1. Total number of alien species currently established on the main subantarctic islands. 

‘nd’ indicates no data available

Vertebrates: 
Island Plants Invertebrates

mammals fishes birds 
Iles Crozet:      

Cochons 
46.10°S 50.23°E nd nd 3 0 0 
Possession 
46.42°S 51.50°E 59 14 1 2 0 
Est
46.43°S 52.20°E nd nd 1 0 0 
Pingouins 
46.50°S 50.40°E 0 0 0 0 0 

Prince Edward I 
46.63°S 37.95°E 3 1 0 0 0 

Marion I 
46.90°S 36.75°E 12 18 1 0 0 

Iles Kerguelen 
49.37°S 69.50°E 69 30 7 5 0 

McDonald I 
53.03°S 72.60°E 0 0 0 0 0 

Heard I 
53.10°S 73.50°E 1 3 0 0 0 

South Georgia 
54.25°S 37.00°W 33 12 3 0 0 

Macquarie I 
54.62°S 158.90°E 3 28 3 0 3 

PLANTS

Virtually all non-indigenous plant species known in the Antarctic are found on the 
subantarctic islands (Table 1, Fig. 1a, b). To date, all are higher plants, with no 
confirmed examples of cryptogams (bryophytes, lichens), despite these being the 
dominant native vegetation type across most of Antarctica, including large parts of 
some subantarctic islands. This dichotomy is unlikely to reflect the true situation, 
rather being a function of the focus of past scientific research efforts - partly through 
poor knowledge of the worldwide distribution for many species, while Antarctic 
data are also patchy. Little is known about invasive bryophytes, diatoms and other 
lower plant groups. Thus, there is insufficient basis to assess whether an occurrence 
on a single island is a true disjunctive distribution, indicating the possibility of 
introduction, or simply the first record in a very incompletely surveyed area. 
Furthermore, the local (within-island) distribution patterns of most Antarctic 
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cryptogams are also hardly known. A distribution centering on a locality of human 
occupation and spreading out from there can be interpreted as a strong indication of 
introduction, but such data are generally lacking. Lindsay (1973) considered a 
number of lichens on South Georgia to be probably introduced and Ochyra et al. 
(2003) suggest that the moss Thuidium delicatulum (Hedw.) Schimp. may have been 
introduced to Marion Island. 

Figure 1. Examples of highly visible invasive plants and vertebrates on the subantarctic 

islands. (a) Large stand of the alien grass Agrostis stolonifera in an area originally covered 

by Acaena magellanica dominated vegetation, Marion Island, 1998 (photo: N. Gremmen), (b) 

Well-drained slope on Ile Australia, Golfe du Morbihan, Iles Kerguelen, invaded by 

Taraxacum spp. and Senecio vulgaris, January 2004 (photo: N. Gremmen), (c) Mouflon on Ile 

Haute, Iles Kerguelen, during winter 1991 (photo: D. Réale), (d) Reindeer grazing on a 

sward of the introduced grass Poa annua, South Georgia (Photo: D. Bone).

Frenot et al. (2005) list 108 species of non-indigenous vascular plant currently 
present in the subantarctic, providing a striking comparison with the two species 
known from single locations in the maritime zone (Smith 1996) and none from the 
continental Antarctic (although in the late 1990s, a flowering grass and a daisy were 
found growing and removed from the vicinity of Progress Station, in addition to 
seeds of many angiosperm species being found within the station, M. Riddle, pers. 
comm.). It is clear that a range of plants from lower southern latitudes, and from the 
Northern Hemisphere, can survive and in some cases reproduce under the conditions 
of the sub- and even maritime Antarctic and that the challenges of long-distance 
dispersal and establishment are greater than survival alone.  
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Most of the higher plants established in the Antarctic belong to common and 
widely distributed families that are often invasive at a global scale (Pyšek 1998). 
These include Poaceae (39 species), Asteraceae (20), Brassicaceae (8) and 
Juncaceae (7) (Frenot et al. 2005). In terms of simple species numbers, alien plants 
contribute a considerable proportion of the contemporary biodiversity on some 
subantarctic islands – approaching 50% on South Georgia and 70% on Iles 
Kerguelen. However, there is little commonality at the species level among the 
different islands, with only one species (the grass Poa annua) present on all major 
islands, and a further five with wide distributions. Indeed, most alien plant species 
are found only on one or at most two islands. 

 The contemporary impacts of most species are also small, as they can be 
classified as persistent rather than invasive (as defined by Frenot et al. 2005), with 
very restricted distributions (in some cases even limited to single plants). For 
instance, only 7/69 alien species on Iles Kerguelen and 7/59 on Possession are 
invasive and more widely distributed away from sites of human activity (Frenot et 
al. 2001). The impact of these low numbers of species can be severe, with native 
species being displaced (Fig. 1).  

Established alien species are generally long-lived, with 75% of species being 
perennial. Possession of obligate annual or biennial life cycles may not be a viable 
strategy for plants with the opportunity of colonising the subantarctic, with data 
indicating that two-thirds of transient species recorded on Iles Kerguelen and 
Possession were of this type (Frenot et al. 2001). Even the normally annual Poa

annua can adopt a perennial life cycle in certain habitats or circumstances in the 
subantarctic (Frenot and Gloaguen 1994, Smith and Steenkamp 2001).  

VERTEBRATES

No alien vertebrates (other than the permanent human presence) have become 
established in the maritime or continental Antarctic. Historically, commercial 
concerns, research stations and exploring expeditions have imported a range of 
mammals and birds for logistic (dogs, ponies), food (cattle, reindeer, mouflon, pigs, 
rabbits, hens) or companionship or pest control (cats) purposes. Such activities are 
no longer permitted on the continent or Antarctic Peninsula under the terms of the 
Madrid Protocol. Alien mammals have received considerable study on several of the 
subantarctic islands and receive the highest profile in public awareness. It is 
important to realise that a unique feature of Antarctic terrestrial ecosystems is that 
they naturally lack terrestrial mammalian herbivores or carnivores. Various 
introductions of these groups (both deliberate and accidental) clearly have had and 
continue to have considerable impacts on native ecosystems (Bonner 1984, Leader-
Williams 1988, Chapuis et al. 1994, Bester et al. 2002). Large and visible 
vertebrates that are present in spatially defined locations are, in principle at least, 
potential targets for effective eradication measures and some such have been 
attempted or completed (Micol and Jouventin 1995, Myers et al. 2000, Bester et al. 
2002, Chapuis et al. 2001, Copson and Whinam 2001, Whinam et al. this volume). 
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Eight invasive mammals are currently established on subantarctic islands (Frenot 
et al. 2005) (Table 1, Fig. 1c, d). Other than rodents, the remainder were originally 
deliberately introduced by humans. The Iles Kerguelen hosts the highest number of 
alien mammals (7), and a number of alien freshwater fish. Mice and rats are the 
most widespread species (Cumpston 1968, Chapuis et al. 1994, Pye et al. 1999). The 
selective herbivorous nature of rabbits has resulted in significant ecosystem 
modification on all islands where they have been released (Copson and Whinam 
2001). However, alien predators have had the greatest impacts on the native fauna – 
cats are responsible for drastic reductions in some seabird populations and local 
extinctions of several species (Pascal 1980, van Aarde 1980, Bonner 1984, Brothers 
1984), while rats have also had major impacts on burrow-nesting bird species 
(Jouventin et al. 1984) and the endemic South Georgia pipit (Pye and Bonner 1980), 
the only passerine occurring naturally anywhere in the Antarctic. Rats and mice also 
have considerable impacts on endemic invertebrate (Pye and Bonner 1980, Chown 
and Smith 1993, Smith et al. 2002) and plant populations (Shaw et al. 2005). Cats 
have been the target of successful eradication programmes on Marion and 
Macquarie Islands (Copson and Whinam 2001, Bester et al. 2002). No concerted 
efforts have yet been attempted to eradicate rats from any large subantarctic island, 
although trials have commenced on some small coastal islets off South Georgia in 
addition to on two islands of Iles Kerguelen. Successful eradication of rodents has 
been achieved on some of the more northerly cold temperate Southern Ocean Islands 
including St Paul Island (Micol and Jouventin 2002), and Campbell and Enderby 
Islands (Torr 2002, see also http://www.doc.govt.nz/Conservation/Offshore-
Islands/Campbell-Island-Rat-Eradication.asp). 

Few alien birds are established on the subantarctic islands (Table 1) and little is 
known about their biology and impact. None are established on the continent. Those 
in the subantarctic are representatives of families with the highest success of 
introduction globally (Lockwood 1999) and include the Palaearctic mallard (Anas 

platyrhynchos), redpoll (Carduelis flammea) and starling (Sturnus vulgaris) on 
Macquarie Island. Species such as the starling (originally of European origin) can 
probably reach the subantarctic relatively frequently, and without human assistance, 
from southern temperate locations where they have been long established. Indeed, 
the subantarctic islands and more southerly locations record vagrant birds regularly 
(eg Burger et al. 1980, Gauthier-Clerc et al. 2002). Humans did however introduce 
wekas (Gallirallus australis scotti), flightless birds native to New Zealand, as a food 
source on Macquarie Island in the 1870s (Copson and Whinam 2001). Taylor (1979) 
credited the extinction of the endemic subspecies of the Macquarie Island rail 
(Rallus phillipensis macquariensis) and the Macquarie Island parakeet 
(Cyanoramphus novaezelandiae erythrotis) to predation from both wekas and cats. 
Wekas have subsequently died out on Macquarie Island, partly resulting from the 
efforts of an eradication program, but more importantly through increased predation 
by cats, a secondary impact of a rabbit eradication program (Copson and Whinam 
2001). 
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INVERTEBRATES 

Our ability to provide an overview of the current status or impacts of non-
indigenous invertebrates in the Antarctic is compromised by considerable variation 
in the level of knowledge available, both among taxonomic groups and across 
locations. The highest numbers (Table 1) are known from the subantarctic Iles 
Kerguelen (30 species) and Macquarie Island (28 species) (Frenot et al. 2005). Some 
islands, notably McDonald, Pingouins and Apôtres Islands, are largely non-
impacted, while Macquarie, Iles Kerguelen, Possession, Marion Islands and South 
Georgia are those with the highest numbers. However, even on these much larger 
islands, the distribution of alien species is very patchy, with sometimes considerable 
areas (eg between glaciers, offshore islands) currently remaining pristine. Only two 
species of invertebrate (a dipteran and an enchytraeid worm) are confirmed to have 
established and remain persistent in the maritime Antarctic, with both introductions 
associated with human activity on Signy Island in the South Orkney Islands (Block 
et al. 1984) and none are proved to be resident in the continental Antarctic. A small 
fly (Lycoriella sp.) has been known from within station buildings at the continental 
station Casey (Hughes et al. 2005), illustrating a frequently observed feature of alien 
species being able to co-exist synanthropically but (currently at least) unable to 
expand beyond the confines of such situations. An eradication program on this fly 
was conducted at Casey station in April 2005, and at the beginning of 2006 appeared 
to have been successful.  

Most studies of alien invertebrates in the Antarctic have focused on the 
physically larger groups of molluscs and arthropods, with little attention yet paid to 
smaller microscopic groups or the soil fauna. For instance, the tardigrade, rotifer and 
nematode species known from subantarctic islands generally are thought to have 
cosmopolitan distributions, but both detailed taxonomic studies and distributional 
data are lacking.  

Most aliens are drawn from three groups of insects - Diptera, Hemiptera and 
Coleoptera. It is no coincidence that the two most widely distributed species are both 
capable of parthenogenetic reproduction (see Crafford et al. 1986) and very 
commonly associated with horticultural activities and food transport, these being 
Psychoda parthenogenetica (Diptera, Psychodidae) and Rhopalosiphum padi

(Hemiptera, Aphididae). Indeed, many of the alien invertebrates recorded both as 
being established on subantarctic islands (Frenot et al. 2005) and anecdotally from 
maritime and continental Antarctic research stations (Hughes et al. 2005) are known 
to have been imported amongst general and food stores. As concluded by Pugh 
(1994) for mites (Acari), many species introduced to the region will have been 
imported with live vegetation, litter or soil.  

Even though well documented for some islands (eg Ile de la Possession and Iles 
Kerguelen, Bouché 1982, Frenot 1985), some large and visible groups such as 
earthworms have not been well surveyed elsewhere. Likewise, although alien 
species of slug are known from three subantarctic islands (Iles Kerguelen, 
Macquarie Island, Marion Island), little is known of their biology or impacts. Other 
groups, such as non-marine Crustacea, while small in representation, have the 
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potential for considerable impacts. The single species established on Marion Island 
(Porcelio scaber) is also already an invasive species on the South Atlantic cold 
temperate Gough Island (Jones et al. 2003). If the same situation were to develop on 
Marion Island the species could substantially alter nutrient cycling by reducing the 
bottleneck currently imposed by native lepidopteran larvae and earthworms (Slabber 
and Chown 2002, see Smith and Steenkamp 1992a,b).  

Alien springtails (Collembola) are known from several subantarctic islands. The 
only major island from which none are known is Heard Island, and the group 
contributes 10% of the springtail fauna on South Georgia, >15% on Macquarie, 17% 
on Iles Kerguelen, 21% on Iles Crozet and 38% on Marion Island (Frenot et al. 
2005). The alien faunas include several widespread invasives, particularly in the 
genus Hypogastrura. A member of this genus, Hypogastrura viatica, has been 
reported from the northern maritime Antarctic South Shetland Islands (Wise 1971) 
and from Léonie Island in the southern maritime Antarctic (Greenslade 1995), 
although the current status at either location is unconfirmed. Also in the South 
Shetland Islands, the presence of geothermal activity and heated ground on 
Deception Island may provide assistance for any alien species accidentally imported, 
such as the records of Folsomia candida and Protaphorura sp. reported by 
Greenslade and Wise (1984). Extensive geothermal activity on the maritime 
Antarctic South Sandwich Islands is also proposed to explain the presence of a range 
of subantarctic bryophytes and arthropods (Convey et al. 2000a,b), although human 
influence at this most isolated and extreme of locations remains so minimal that no 
evidence of anthropogenic introductions has been suggested. 

MICROBIAL GROUPS 

In much of the world, and despite the recognition that soil communities are key to 
the overall maintenance of ecosystem processes, remarkably little attention has been 
paid to their understanding. This is particularly true of the Antarctic, where many 
soils are relatively barren of both multicellular autotrophs and metazoans (Freckman 
and Virginia 1997, Convey and McInnes 2005), while decomposition pathways 
dominate nutrient and energy flows. Little is known about levels of endemism in 
most of the microbial flora (Lawley et al. 2004) or, alternatively, cosmopolitanism, 
although the algal flora is thought to be largely cosmopolitan (Broady 1996). 
However, if the ‘ global ubiquity hypothesis’ (Finlay and Clarke 1999) does apply 
even in part to the Antarctic microbial flora, it is clear that the constraints to 
microbial dispersal and biodiversity will be fundamentally different to those 
applying to multicellular organisms.  

There are virtually no data available on the presence of alien microbial species in the 
Antarctic, with the exception of a number of yeasts, fungi (see Wynn-Williams 1996a, 
Downes 2003) and algae (Broady and Smith 1994). The lack of detailed Antarctic 
studies is further complicated by a lack of comparable data from elsewhere including, in 
contemporary molecular studies, a lack of both Antarctic and non-Antarctic sequence 
data. However, there is evidence for at least some of the Antarctic prokaryote and 
eukaryote microbial floras being distinct (Franzmann 1996, Lawley et al. 2004).  
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Notwithstanding the overall lack of knowledge, the risk of importation into the 
Antarctic has been recognised (Smith 1996, Wynn-Williams 1996b). It is already 
clear, as with the macroscopic biota discussed above, that human-mediated imports 
play a significant role. Examples include the discovery of spores of a Penicillium

species at Mt. Howe, of human pathogens in soil close to McMurdo station (Wynn-
Williams 1996b), the isolation of fungi from historic sites on Ross Island (Minasaki 
et al. 2001) and, in the subantarctic, the infection of stands of Pringlea 

antiscorbutica by Botryotinia fuckeliana on Marion Island (Kloppers and Smith 
1998) and Albugo candida on Iles Kerguelen (Y. Frenot and F. Hennion unpubl. 
data, Fig. 2a), both fungus species probably transferred from fresh vegetables. 
Circumstantial evidence of human introduction is also provided by diversity studies 
that report a proportion of taxa restricted to sites of human activity, as found by 
Azmi and Seppelt (1998) near Casey Station in the Windmill Islands and Kerry 
(1990) in the Vestfold Hills and Mac.Robertson Land. 

Figure 2. Consequential impacts of some invasive species. (a) Infection of Pringlea
antiscorbutica by the fungus Albugo candida on Ile Australia, Iles Kerguelen, February 2000 

(Photo: Y. Frenot), (b) Damage to P. antiscorbutica caused by rats on Ilôt Colbeck, Iles 

Kerguelen (Photo: J.-L. Chapuis), (c) Cat in a king penguin colony, Iles Kerguelen (Photo: 

J.-L. Chapuis), (d) The predatory carabid beetle Trechisibus antarcticus introduced to South 

Georgia (Photo: P. Bucktrout/British Antarctic Survey).

A potentially significant, and certainly widely publicised, risk associated with 
human activity in Antarctica lies in the potential introduction or activation of 
diseases to which regional wildlife are susceptible (Kerry et al. 1999). Although the 
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risk is clear, such a causal link has yet to be documented, and categorical proof is 
confounded by the fact that many Antarctic birds and mammals interact with 
humans well beyond the boundaries of the region. Nevertheless, there is 
considerable evidence of exposure to various pathogens (see reviews by Clarke and 
Kerry 1993, Kerry et al. 1999, Frenot et al. 2005). Furthermore, mass mortality 
events, such as the deaths of hundreds of chinstrap penguins from what is believed 
to be avian cholera (Pasturella multocida) at a tourist visitation locality on South 
Georgia, have now been reported (S. Harvey pers. comm. http://www.sgisland.org/ 
pages/main/news16.htm). 

Some human activities carry with them a virtual certainty of some form of 
contamination of the Antarctic environment which, while they can be controlled by 
reasonable measures (eg Hughes and Blenkharn 2003), could realistically only be 
removed completely by ending human contact with the continent. One such is the 
introduction of microorganisms associated with sewage. Although, again, few 
detailed studies have been completed, these organisms have been located in the 
marine and sea-ice environments near to McMurdo Station (Ross Sea) (Smith and 
McFeters 1999, Edwards et al. 1998) and in nearshore and coastal locations near to 
Rothera Station (Adelaide Island) (Hughes 2003a,b), in the continental and maritime 
Antarctic, respectively. Smith and McFeters (1999) further identified a risk that 
indigenous microbiota may be susceptible to the transfer of harmful genetic features 
from pathogenic microorganisms in untreated sewage, with potential knock-on 
consequences for other wildlife.  

FRESHWATER AND MARINE HABITATS 

There have been no reports of non-indigenous species in freshwater habitats (lakes, 
pools, streams) of the continental and maritime Antarctic. Pugh et al. (2002) 
conclude that anthropogenic dispersal is a likely explanation for at least some 
records of non-marine (ie terrestrial and freshwater) Crustacea on subantarctic 
islands. However, their suggestion that the presence of the copepod Boeckella

poppei in Beaver Lake and adjacent lakes (Amery Oasis, continental Antarctica) is 
linked with human transfer is now known to be incorrect, as the species is found in 
sediment cores from these lakes dating back at least several thousand years (see 
Gibson et al. this volume).

Antarctica has no native freshwater fish. Several salmonids were introduced and 
survive on the subantarctic Iles Kerguelen and Iles Crozet (Davaine and Beall 1997), 
but their current status has not been researched in detail. Brown trout introduced to 
Marion Island were restricted to a single river system and are now considered to be 
extinct (Cooper et al. 1992), as are rainbow trout introduced to some pools. 
Although these probably have had substantial local impact on invertebrate 
populations no detailed studies are available. Trout were also introduced to some 
lakes on South Georgia near to occupied whaling stations (Headland 1984), but have 
long been extinct, with no information available on any impacts on these 
ecosystems. The subantarctic islands also have few native freshwater birds, these 
being restricted to two species of duck on South Georgia and Iles Kerguelen. 
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Palaearctic mallard (Anas platyrhynchos) is a non-indigenous species of duck first 
recorded on Macquarie Island in 1950s. The species is to be expected to have 
impacted the freshwater ecosystems of this island, though no specific data appear to 
exist.  

Although marine ecosystems do not fall within the scope of this volume, brief 
mention is warranted given the acknowledged significance of human activity in 
dispersal and alien colonisation in marine habitats worldwide. Despite this attention, 
there are few studies or even anecdotal observations of alien marine taxa in the 
Antarctic region. Two clear records have been published, both from the South 
Shetland Islands. Mats of a non-indigenous green alga (Enteromorpha intestinalis)
have been found in the intertidal zone at Half Moon Island (62°37'W 59°57'S), 
which Clayton et al. (1997) suggested may have been introduced on the hulls of 
ships or yachts. Most recently, Tavares and de Melo (2004) reported a North 
Atlantic species of spider crab from a trawl collection off the Antarctic Peninsula, to 
date the only record of a non-indigenous marine species in Antarctic seas.  

Human activity again presents clear opportunities for transport of alien marine 
species into the Antarctic. The most direct route (Lewis et al. 2003) involves the 
ships used in Antarctic science and tourism activities, with opportunities presented 
by the transport of ballast water and by hull fouling assemblages. Lewis et al. (in 
press) reported how a barge loaded onto a supply ship had the potential to introduce 
an entire temperate epibenthic community to Macquarie Island (the barge’s 
deployment was stopped once the biosecurity hazard had been identified). A second, 
more indirect, route exists through the potential for transfer on anthropogenic marine 
debris (Barnes 2002, Barnes and Fraser 2003), a route that also may provide 
opportunities for transfer of terrestrial and intertidal taxa (Hughes et al. this volume).  

Case studies 

PLANT COMMUNITIES  

Prince Edward Islands 

The recorded vascular flora of Marion Island consists of 23 native, 18 alien and 
three species of uncertain status. Of the 18 introductions, six have died out or have 
been eradicated. Despite the imposition of strict quarantine measures, even in recent 
years new species have reached the islands, with four becoming established the 
1990s (Gremmen and Smith 1999). Several of the alien species introduced to 
Marion Island at the time of construction of the weather station in 1948 have spread 
rapidly. Gremmen and Smith (1999) and Ryan et al. (2003) estimated continuous 
rates of spread of 200 - 600 m.year-1. These rates exclude occasional ‘ jumps’ of 
several kilometres by some species. Of the alien species that have become 
established on Marion Island, two (Cerastium fontanum and Sagina procumbens)
have subsequently spread to Prince Edward Island without apparent human 
assistance (Bergstrom and Smith 1990, Gremmen and Smith 1999, Ryan et al. 
2003).  
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Of the 12 alien species presently occurring on Marion Island, eight are grasses. 
Nine species are able to become dominant in the communities they invade, of which 
seven are grasses (Gremmen 1997, Gremmen and Smith 1999, Fig. 1a). One other 
species,Rumex acetosella, may locally also become dominant, but not in the sense 
that it crowds out many native species. Six species are presently widespread, three 
of which are grasses, and at least one other grass, the recently introduced Agrostis

gigantea, is expected to become widespread if unchecked. A program to eradicate 
this latter species is presently underway.  

The impact of Agrostis stolonifera, which now dominates many plant 
communities of slope drainage lines and riverbanks, has been studied in detail by 
Gremmen et al. (1998). This species has invaded 19 of 22 major plant communities 
on Marion Island, and in seven of these, it has become dominant, at least locally. In 
the drainage line communities it has invaded, vegetation structure and community 
species composition and species richness have been significantly affected. The 
vegetation has changed from a deciduous Acaena magellanica dwarf-shrub 
dominated community into a permanent dense sward of high grass. Total standing 
crop has not changed significantly, but the percentage of bryophyte matter in the 
standing crop has diminished from 15% to 1%, and the total number of native plant 
species (vascular plants and bryophytes) from 7.4 to 3.6 per 4m2 sample plot. A 
comparison of estimated total species richness of all invaded vs. unaffected drainage 
lines led to a prediction of a reduction in total species richness in this habitat by 
some 20%, once A. stolonifera has spread throughout the island. The impacts of A.

stolonifera also extended to soil macro- and meso-invertebrates, with significant 
consequences detected in terms of overall species composition and population 
densities of individual species. Changes of a similar magnitude are also associated 
with invasion by a number of other alien species, including Poa annua, Poa 

pratensis and Sagina procumbens, although rigorous studies have not been 
completed (Gremmen 1997). On South Georgia, the different nutritional qualities of 
alien (P. annua) over native grasses have been shown to impact the biology of 
endemic herbivorous/detritivorous beetles (Chown and Block 1997). 

The impacts of alien plants on their host indigenous plant communities appears 
to be related to their ability to spread vegetatively, thus forming dense colonies, 
rather than simply to their ability to disperse rapidly. For instance, some grasses 
with a very restricted distribution on Marion Island have a massive impact on the 
original communities of the sites they have invaded. Examples include Agropyron 

repens (1 site) and Festuca rubra (2 sites), both of which have almost totally 
replaced the native species at the locations they have invaded. The impact of alien 
species can be measured in different ways. In addition, as above, to quantifying the 
changes introduced in individual invaded communities, an alternative or 
complementary approach is to consider the total invaded area. A combination of 
both approaches can then be used to provide a better overall assessment of impacts. 
Following this approach it can be seen that, although several alien plants on Marion 
and Prince Edward Islands have large impacts at a local scale, it is also the case that, 
at present, only a low percentage of the total area of the islands has been invaded. 
Most alien plants are patchily distributed, relating to their mode of reproduction and 
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dispersal (often vegetative) and to the patchiness of occurrence of suitable habitats. 
This contrasts markedly with distribution patterns of some invasive animals (eg 
mice), which rapidly become much more ubiquitous. 

Heard Island 

On Heard Island until recently, only a single alien vascular species was known to 
occur, Poa annua, with the first report in 1987. Subsequent to this, the species’ 
density and abundance have increased (Scott and Kirkpatrick 2005). Its mode of 
introduction or arrival is unknown, and its centre of distribution is not related to the 
main areas of human activities on the island, although the fact that it is a Northern 
Hemisphere species, widely introduced to most of the Southern Hemisphere, makes 
its alien status unequivocal. On Heard Island, P. annua is most common in open 
communities on moraine soils, where it usually achieves low cover but can reach 
75% over small areas (measured in 1m2 sample plots). It is not clear if P. annua

simply occupies open space in these communities, or replaces any of the native 
species, as the total native species richness of sample plots in invaded areas is 
identical to comparable, non-invaded areas (N.J.M. Gremmen unpubl. data). 
Quadrat survey data obtained in February 2001 indicated an average density of 
18 908 ± 880 plants.m-2 and a mean of 10 502 ± 825 inflorescences.m-2 (D.M.
Bergstrom unpubl. data).

Iles Kerguelen 

A number of alien vascular plants are widespread on Iles Kerguelen and locally 
reach dominance in the vegetation. In a study of islands in the Golfe du Morbihan, 
aliens were found to invade mainly well-drained lowland slopes and other well-
drained lowland habitats (Fig. 1b). Again, some grasses reach local dominance, 
spreading vegetatively and replacing most of the native plants in the areas they 
invade. Several non-graminoid species, however, notably Taraxacum officinale, T. 

erythrophyllum andSenecio vulgaris, also reach high cover values, assisted by the 
abundant production of wind-borne seeds. In general, sites in which alien species 
have reached high cover values contain fewer native species than comparable 
pristine sites (N. Gremmen unpubl. data).  

One of the notable ecosystem interactions of alien plant species on islands of the 
Iles Kerguelen is that with native seabirds and alien rats. On Ile Australia, rats have 
had a negative impact on burrowing bird populations. The stature and cover of alien 
plant species such as Poa pratensis, Vulpia bromoides and Taraxacum officinale is 
substantially less on Ile Australia than on the rat free Ile Mayes, which thus supports 
substantial burrowing bird populations. It is believed that the alien plants are 
responding to increased levels of nutrient input from bird guano on Ile Mayes, 
although further research to substantiate this hypothesis is needed. 

Pattern of colonisation along tracks on Iles Crozet 

On Possession Island, the last six years have been marked by significant increases in 
the distribution of the dominant alien plant species established away from the 
immediate vicinity of the research station (M. Lebouvier and Y. Frenot, unpubl. 



BIOLOGICAL INVASIONS 207

data). Sagina procumbens, for example, was first recorded in 1978 at Alfred Faure 
Station. By the mid 1990s, it was present in the vicinity of all the field huts on the 
island and, by 2002, its distribution had expanded considerably, not only around 
sites of most human activity, but also along the tracks linking these sites. Similar 
trends are apparent in Taraxacum erythrospermum, a species located only at the 
research station until 1996. These two examples demonstrate the obvious role of 
humans in the spread of alien species in the subantarctic islands and the significance 
of tracks used by walkers in assisting alien establishment and spread. 

VERTEBRATES

The house mouse (Mus musculus domesticus) is the most widespread alien 
vertebrate species, introduced to several subantarctic islands. On Iles Kerguelen (Le 
Roux et al. 2002) and Marion Island (Smith et al. 2002) this opportunistic rodent 
includes a variety of items in its diet: earthworms, larvae of a flightless and endemic 
moth, weevil adults and larvae, seeds of grasses and Acaena magellanica and floral 
parts of the alien dandelion (Taraxacum officinale). At Iles Kerguelen, Le Roux et 
al. (2002) showed that mice had a marked preference for plants in the summer 
months (January and February), whereas invertebrates formed nearly 100% of the 
prey items taken in winter (July). Pye and Bonner (1980) reported analogous 
sequential changes in dietary composition of rats (plant material, invertebrates, 
vertebrates) over the seasonal cycle on South Georgia. On Marion Island mice have 
a significant impact on Azorella cushions, which they destroy by burrowing into 
them, often eating through the main roots. Mice also selectively collect Uncinia 

compacta seedheads. As a result, ripe Uncinia seeds are now rarely seen on Marion 
Island, in contrast with the situation on Prince Edward Island, which is mouse-free 
and where ripe seeds are produced in abundance (Smith and Steenkamp 1990). Rats 
were seen to destroy Azorella cushions in a similar fashion on Ile Australia and Iles 
Kerguelen (D.M. Bergstrom, pers. obs., Fig. 2b). It is clear that alien rodents can 
affect several different components of subantarctic terrestrial food webs. 
Furthermore, on Marion Island Huyser et al. (2000) identified mice as playing an 
important role in the decrease in lesser sheathbill (Chionis minor) populations, an 
indigenous bird that relies on terrestrial invertebrates for winter survival. 

The cat is the only mammalian predator present on some subantarctic islands, 
introduced as a pet or for the control of alien rodent populations. Food sources 
include other alien mammals (rats, mice and rabbits) and native birds. Say et al. 
(2002) estimated that the population of cats at Iles Kerguelen approached 7000 
individuals on the main island, while Pontier et al. (2002) showed that the diet of 
feral cats varied markedly among different sites. Rabbits were the most common 
dietary item (about 90% throughout the year) in sites remote from bird colonies, 
whereas near a king penguin colony (Fig. 2c) and a large black-browed albatross 
colony rabbits, mice and birds were similarly represented (about 30%). These results 
contrast strongly with those of an earlier study (Derenne 1976): in 1976, 66.3% of 
stomachs examined contained birds and 35.0% contained rabbits whereas in 
1998/99, scats consisted of 7.3% bird remains and 84.2% rabbits. While the 
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methodologies used differed, it is known that rabbit populations did not fluctuate 
significantly between the two studies and, therefore, the large difference is 
interpreted as strongly suggesting that bird availability is now lower than in 1976 
and that cats have had a major impact on the Kerguelen avifauna over a time period 
of less than 50 years (Pontier et al. 2002). 

The impact of rabbits has been disastrous for most of the sensitive subantarctic 
islands to which the species has been introduced, causing soil erosion and rapid 
decreases in the native vegetation. At Iles Kerguelen, some plant species normally 
dominant in native communities, such as the Kerguelen cabbage Pringlea

antiscorbutica and the cushion plant Azorella selago have became rare, replaced by 
almost monospecific communities of Acaena magellanica (Chapuis et al. 1994). 
Changes in plant cover have indirect consequential impacts on invertebrate 
communities (Chapuis et al. 1991) and the breeding potential of some burrow-
nesting birds (Weimerskirch et al. 1989). Rabbits were also the main winter food 
resource for cats and ensured their survival during the less favourable months 
(Chapuis et al. 2004). Consequently, the rabbit can now be considered as a keystone 
species at Iles Kerguelen. 

Similar ecosystem damage and impacts have occurred on Macquarie Island, 
where rabbits have demonstrated selective grazing of approximately 50% of native 
vascular plant species as well altering habitat for burrowing birds (Copson and 
Whinam 1998). Modifications to the plant communities and bird habitats may also 
have impacted on the invertebrate fauna and caused alterations to edaphic processes 
(Copson and Whinam 2001). Recent analysis of native plant species with restricted 
populations on the island suggests that rabbits may be limiting the potential 
expansion of the tussock grass Poa littorosa, with grazing observed at all four 
known populations. Rabbits may therefore be affecting ecosystem evolution 
(Bergstrom et al. in press). 

Norwegian reindeer were introduced to South Georgia on three occasions 
between 1911 and 1925, in the vicinity of whaling stations. Archival information is 
summarized by Leader-Williams (1988). There are currently two genetic stocks and 
the total number of reindeer is estimated to about 2 - 4000. Population densities are 
far greater than those typical for the source locations in Scandinavia. Ten animals 
from Sweden were introduced to Iles Kerguelen in 1955/56 (Lésel 1967). In 1972, 
Pascal (1982) estimated the population at 2000 and there is no indication of any 
subsequent decrease (J.-L. Chapuis, pers. comm.). Reindeer on the Iles Kerguelen 
are restricted to Grande Terre, with the reported presence on the pristine Ile Foch 
(Chapuis et al. 1994) now appearing doubtful. On South Georgia (Leader-Williams 
1988), snow cover limits the choice of forage available for reindeer to tussock grass 
(Paradiochloa flabellata) for up to three months of winter and other forage species 
(Deschampsia antarctica, Acaena magellanica) remain unavailable for up to six 
months. This dependence upon a single grass species in winter is mainly responsible 
for the overgrazing of the tussock grassland and to a lesser extent, of mesic meadow, 
dwarf-shrub sward and dry meadow. Overgrazing has also resulted in soil erosion. 
In addition to altering the structure and composition of plant communities (Leader-
Williams et al. 1987), a further consequence of the activities of reindeer on South 
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Georgia lies in their assisting the rapid spread of the alien grass Poa annua (Fig. 1d), 
whose nutritional characteristics are different to those of native grasses, leading to 
impacts on invertebrate communities (Vogel et al. 1984, Chown and Block 1997). 
No accurate study on the impact of reindeer on the vegetation of Iles Kerguelen has 
been carried out but some effects are obvious, for example, many cushions of 
Azorella selago are turned over (Chapuis et al. 1994) and trampling causes severe 
damage in wet areas (Y. Frenot, pers. obs.). 

The eradication of alien vertebrates is likely to be practicable, at least for the 
larger mammals. At first sight, such action provides a visible and probably useful 
response limiting or mitigating the damage caused by certain alien species. 
However, management approaches must be carefully planned and executed and 
require a multidisciplinary approach. There is no doubt that eradication campaigns 
removing rabbits from Macquarie Island (Copson and Whinam 2001) or cats from 
Marion Island (Bloomer and Bester 1991) have been successful and have led to 
positive consequences for native ecosystems. However, several examples are 
available in the literature demonstrating that undesirable cascade or consequential 
effects may ensue. For instance, van Aarde et al. (1996) pointed out the significance 
of the regulatory role of cats on mouse populations on Marion Island. Similarly, 
eradication of rats on St. Paul Island led to a large increase in the abundance of 
mice, most probably with an increase in their impact on native invertebrate 
communities. The eradication of rabbits on three islands of the Iles Kerguelen also 
produced unexpected results. Chapuis et al. (2004) observed a consequential 
decrease in cover of some plant species (primarily A. magellanica) and an increase 
in the abundance of other alien species such as Taraxacum officinale. While this 
trend is most closely linked to the removal of grazing, recent changes in climatic 
conditions (warming and increased drought stress) are also influential in the 
decrease or slow recovery of native species and the success of alien species (Convey 
this volume). In these contexts, the decisions over whether to attempt eradication are 
not trivial and, as emphasized by Myers et al. (2000), alternative approaches may be 
preferable.  

INVERTEBRATES 

In comparison with vertebrates, the consequences of most invertebrate introductions 
have received scant attention, indeed it is likely that many more examples exist than 
are currently recognised, at least on the subantarctic islands. Where terrestrial 
vertebrates are lacking, invertebrates play a correspondingly greater role in 
ecosystem processes. Ecosystems of the subantarctic and more extreme Antarctic 
regions are also simple in terms of both biodiversity and trophic complexity, 
featuring reduction in the number of higher taxonomic groups and trophic levels 
present. In the maritime and continental Antarctic, it is doubtful whether true 
herbivory is currently sustainable on energetic grounds and a large majority of the 
invertebrates present are regarded as detrivores or microbivores. While some 
predatory invertebrates are present (mites, springtails, nematodes, tardigrades), their 
impact currently appears to be low or undetectable (Lister et al. 1988, Convey 
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1996a), although few studies have been attempted. The two invertebrates known to 
have been introduced to the maritime Antarctic by human activity (Block et al. 
1984) are both detritivores. Although they have local distributions that are gradually 
expanding, they have not been the subjects of detailed investigation and any impacts 
on indigenous communities remain unknown. 

Some invertebrates introduced to the subantarctic islands have the potential to 
markedly accelerate the rate at which ecological processes related to nutrient cycling 
can take place. Thus, on Marion Island, the woodlouse Porcelio scaber may in 
future remove a bottleneck in decomposition processes as discussed above (Slabber 
and Chown 2002). On the same island, the alien midge Limnophyes minimus may 
have comparable trophic impact as an indigenous and endemic lepidopteran (Hänel 
and Chown 1998). Others, such as the fly Calliphora vicina introduced to Iles 
Kerguelen, are thought likely to compete strongly with native dipterans (in this 
example, Anatalanta aptera) (Chevrier et al. 1997). 

Particularly significant introductions are likely to be those that involve new 
feeding guilds or trophic levels. In this context, the introductions of two predatory 
carabid beetles (Trechisibus antarcticus and Oopterus soledadinus) to South 
Georgia and one (O. soledadinus) to Iles Kerguelen have been studied in detail 
(Ernsting 1993, Ernsting et al. 1995, 1999, Todd 1996, Chevrier et al. 1997, 
Brandjes et al. 1999) (Fig. 2d). These introductions are relatively unusual, involving 
Southern Hemisphere species and most likely taking place during the mid to late 20th

Century (Ernsting 1993, Chevrier et al. 1997) and provide an illustration of the 
potentially rapid consequential changes experienced in ecosystems. They also 
provide a form of ‘ natural experiment’ that would otherwise be impossible 
elsewhere in the world, in which fundamental ecological questions and theories can 
be tested relating to the consequences of introducing new trophic levels into pre-
existing natural ecosystems. On South Georgia, where the most detailed studies have 
been completed, major consequences include considerable reductions in populations 
of endemic herbivorous perimylopid beetles, whose larvae form a major prey item, 
combined with accelerated rates of development of prey larvae permitting a less 
vulnerable size to be reached more rapidly. On both islands, the two carabids are 
also thought to be restricted (to different extents) by the low temperatures of their 
habitats and hence to be sensitive to any increase in availability of thermal energy 
brought about by climate warming. 

The introduction of alien earthworms to many of the major subantarctic islands 
provides a further example of the potential impacts of a new functional group within 
an existing ecosystem. The native earthworms of the subantarctic islands belong to 
the family Acanthodrilisae and the genus Microscolex. However, earthworms of the 
family Lumbricidae originating from the Northern Hemisphere are now present. 
Their introduction is generally related to the importation of soil for use in 
glasshouses or to the rinsing of water barrels by sealers during the 19th Century. 
Until recently, all alien Lumbricidae known from the subantarctic were epigeous and 
humus feeders, as are the native Microscolex species. The most widespread alien 
species,Dendrodrilus rubidus tenuis, has similar digestive capabilities to the 
indigenous M. kerguelensis (Prat et al. 2002), characterized by a low cellulose 
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decomposition capacity, a feature that largely reduces their role to the fragmentation 
of soil organic matter. In February 2004, a new lumbricid species (Allolobophora 

chlorotica chlorotica, albinic form) was found at Iles Kerguelen, in a location close 
to the glasshouses at Port-aux-Français (M. Lebouvier and Y. Frenot unpubl. data). 
This observation is significant because this species shares ecological characteristics 
of the anecic and endogeous earthworms (as defined by Bouché 1972), meaning that 
A. chlorotica chlorotica is not only detritivorous and a litter feeder, but also 
geophagous. It contributes, therefore, to the burying of organic matter in soil and its 
presence in a subantarctic location could drastically alter the processes of 
pedogenesis in this region. 

Future scenarios 

The term ‘ climate change’ is often equated with ‘ climatic amelioration’ – thereby 
carrying an implicit assumption that change will automatically lead to less stressful 
and hence ‘ better’ conditions for biota. This is a particularly tempting assumption in 
the context of Antarctic biology, where change is often perceived simply as an 
increase in temperature, hence in availability of thermal energy and a reduction in 
the risks and costs of freezing stress. In many locations and circumstances, this 
simplistic interpretation does carry some weight, but it is also clear that patterns and 
consequences of climate change are far more complex and, particularly if changes in 
patterns of water availability are seen, can result in considerable increases in stress 
(Kennedy 1995, Block and Convey 2001, Convey et al. 2002, Convey this volume).  

Where climate amelioration occurs, it is likely to enhance the ability of both 
natural long-distance colonists and human-assisted aliens to complete successfully 
the two key stages of long distance transport and establishment, particularly in the 
subantarctic (Kennedy 1995, Bergstrom and Chown 1999, Frenot et al. 2005). 
Whinam et al. (2005) has identified transport routes for propagules in association 
with national logistic programs. However, to date there are only a few documented 
instances of long-distance colonization of new sites within the Antarctic even by 
indigenous species and no new records of alien species that can be linked clearly 
with climate amelioration as distinct from direct human intervention. Founder 
populations of four flowering plant species (two species on each island) have been 
identified as being less that 200 years old on subantarctic Macquarie and Heard 
Islands (Bergstrom et al. in press) and another single plant found on Heard Island in 
2004 (Leptinella plumosa) provides a very recent possible example (Turner et al. 
2006). Local colonisation and rapid population expansion has been well documented 
in the two native plant species in the maritime Antarctic (Fowbert and Smith 1994, 
Smith 1994) and linked with regional climate warming. Similar effects might be 
predicted for plant species across the Antarctic, but no rigorous studies of other 
species over time have yet been attempted. 

In the subantarctic, where many alien plant and animal species are already 
established, climatic amelioration is likely to have two main effects. First, species 
already established but only of persistent status may be able to switch to a more 
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aggressively invasive status. Recent changes in status of some alien plants on 
Marion Island (Gremmen and Smith 1999) might already illustrate such a response. 
In this context, it has also been proposed that indigenous subantarctic invertebrates 
have inherently slower life cycles and less ability to respond to temperature increase 
than their alien competitors (Barendse and Chown 2000). However, some 
indigenous species may be able to respond more rapidly. This seems to be true 
across the region. The diving beetle Lancetes angusticollis is the top predator in lake 
ecosystems on South Georgia. It currently undergoes a typically biennial life cycle, 
with its development limited by the thermal energy currently available in its habitats 
and the possession of a temperature mediated larval diapause stage (Nicolai and 
Droste 1984). This species may show a very rapid response to warming, with an 
increase of only 1°C in lake temperature providing enough additional thermal 
energy to allow development to be completed on an annual rather than a biennial 
timescale. Such a change in population dynamics of the top predator is likely to have 
considerable impacts on the trophic dynamics of these lake food webs (Arnold and 
Convey 1998).  

Changes in colonisation patterns may also be facilitated by alterations in the 
relative success of asexual and sexual reproduction. Studies of the two native 
maritime Antarctic flowering plants have indicated a greater frequency of successful 
seed maturation with climate warming (Convey 1996b), leading to greater 
opportunities for more rapid and distant dispersal. Such a process may also allow an 
established alien species to colonize nearby locations by natural means, as appears 
to have occurred at the carefully protected Prince Edward Islands (Gremmen and 
Smith 1999). A general consequence of increasing success in sexual reproduction 
will be to generate increased genetic diversity, with the attendant possibility of 
offspring better capable of surviving the environmental extremes of Antarctic 
habitats. Although untested, such an explanation may underpin the success of the 
invasive microlepidopteran Plutella xylostella on Marion Island (Chown and 
Avenant 1992, Chown and Language 1994), as wider literature on this otherwise 
cosmopolitan pest species suggests it does not possess appropriate ecophysiological 
abilities to survive the subantarctic climate (Convey 2005).  

Summary

A wide range of non-indigenous plants, invertebrates and vertebrates occur on most 
of the subantarctic islands and on some much more restricted parts of the Antarctic 
continent. The same is likely to hold true for microbial groups, although as yet there 
are few explicit demonstrations or even ongoing studies. Their arrival in the 
Antarctic region has been closely linked with human activity, which commenced 
only two centuries ago and exerts ever increasing pressure today. To date, despite 
the Southern Hemisphere location of the Antarctic, a large majority of the alien 
species known are European in origin. Their impacts on the functioning of Antarctic 
terrestrial ecosystems are diverse, but include examples of substantial loss of local 
biodiversity and changes to ecosystem processes.  
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Human activity essentially circumvents one of the key stages required for 
successful colonisation of Antarctic terrestrial habitats by biota from lower latitudes 
– that of long distance transport of organisms or propagules from source locations 
and the associated requirement for survival of the stresses experienced en route.

Given this assistance, it is already known that a range of biota possess appropriate 
life history and ecophysiological capabilities to allow longer term establishment in 
the Antarctic. On their own, the rapid climate changes that are occurring in some 
parts of Antarctica are likely to reduce the barriers to successful survival of long 
distance transport by propagules and to increase the chance of successful 
establishment on arrival at an Antarctic location. However, such natural colonisation 
events are likely to be far outweighed in frequency by instances of human-assisted 
transport. Thus, climate change and human assistance in tandem are expected to 
result in an elevated frequency of introduction and establishment events.  

Consequent increases in impacts on ecosystems are hard to forecast in detail, or 
for specific locations. The large majority of examples existing today are drawn from 
the subantarctic, where most islands already host a range of non-indigenous species. 
The most obvious impacts of these include (i) extensive habitat modification or 
destruction by grazing vertebrates, (ii) local population reduction or extinction of 
indigenous bird species by alien predatory vertebrates, (iii) the introduction of new 
trophic levels (vertebrate and invertebrate predators) into invertebrate communities 
where they were previously not present, with consequential impacts on prey, and 
(iv) alterations in the levels of competition faced in plant and invertebrate 
communities. Of course, the true picture is far more complex, with many direct, 
indirect and synergistic effects implicated across different communities and 
ecosystems. 

Acknowledgements 

The authors acknowledge the research resources of the Australian Antarctic 
Division, the British Antarctic Survey (BIRESA Project), the French Polar Institute 
(Programmes 136 and 272) and the CNRS (Zone-atelier de recherches sur 
l’environnement antarctique et subantarctique). Fieldwork on Heard Island and 
Macquarie Island was supported by the Australian Antarctic Program (Project 
1015), Australian Government, Department of Environment and Heritage.  

References

van Aarde, R.J. (1980) The diet and feeding behaviour of feral cats Felis catus on Marion Island, South 

African Journal of Wildlife Research 10, 123-128. 
van Aarde, R., Ferreira, S., Wassenaar, T. and Erasmus, D.G. (1996) With the cats away the mice may 

play, South African Journal of Science 92, 357-358. 
d'Antonio, C.M. and Dudley, T.L. (1995) Biological invasions as agents of change on islands versus 

mainlands, in P.M. Vitousek, L.L. Loope and H. Adsersen (eds.), Islands. Biological diversity and 

ecosystem function, Springer, Berlin, pp. 103-121. 



CONVEY ET AL.214

Arnold, R.J. and Convey P. (1998) The life history of the diving beetle, Lancetes angusticollis (Curtis) 
(Coleoptera: Dytiscidae), on subantarctic South Georgia, Polar Biology 20, 153-160.  

Azmi, O.R. and Seppelt, R.D. (1998) The broad-scale distribution of microfungi in the Windmill Islands 
region, Antarctica, Polar Biology 19, 92-100. 

Barendse, J. and Chown, S.L. (2000) The biology of Bothrometopus elongatus (Coleoptera, 
Curculionidae) in a mid-altitude fellfield on sub-Antarctic Marion Island, Polar Biology 23, 346-351. 

Barnes, D.K.A. (2002) Invasions by marine life on plastic debris, Nature 416, 808-809. 
Barnes, D.K.A. and Fraser, K.P.P. (2003) Rafting by five phyla on man-made flotsam in the Southern 

Ocean,Marine Ecology Progress Series 262, 289-291. 
Bergstrom, D.M. and Chown, S.L. (1999) Life at the front: history, ecology and change on southern 

ocean islands, Trends in Ecology and Evolution 14, 472-477. 
Bergstrom, D.M. and Smith, V.R. (1990), Alien vascular flora of Marion and Prince Edward Islands: new 

species, present distribution and status, Antarctic Science 2, 301-308. 
Bergstrom, D.M., Turner, P.A.M., Scott, J.J. Copson G. and Shaw J. (in press) Restricted plant species on 

subantarctic Macquarie and Heard Islands, Polar Biology, DOI 10.1007/s00300-005-0085-2. 
Bester, M.N., Bloomer, J.P., Van Aarde, R.J., Erasmus, B.H., Van Rensburg, P.J.J., Skinner, J.D., 

Howell, P.G. and Naude, T.W. (2002) A review of the successful eradication of feral cats from sub-
Antarctic Marion Island, Southern Indian Ocean, South African Journal of Wildlife Research 32, 65- 
73.  

Block, W. and Convey, P. (2001) Seasonal and long-term variation in body water content of an Antarctic 
springtail - a response to climate change? Polar Biology 24, 764-770. 

Block, W., Burn, A.J. and Richard, K.J. (1984) An insect introduction to the maritime Antarctic, 
Biological Journal of the Linnean Society 23, 33-39. 

Bloomer, J.P. and Bester, M.N. (1991) Effects of hunting on population characteristics of feral cats on 
Marion Island, South African Journal of Wildlife Research 21, 97-102. 

Bonner, W.N. (1984) Introduced mammals, in R.M. Laws (ed.), Antarctic Ecology Vol. 1., Academic 
Press, London, pp. 237-278. 

Bouché, M.B. (1972) Lombriciens de France. Ecologie et Systématique, I.N.R.A. (Ann. Zool.- écol. 
anim. numéro hors série 72/2), Paris, 671pp. 

Bouché, M.B. (1982) Les Lombriciens (Oligochaeta) des Terres Australes Françaises, Comité National 

Français des Recherches Antarctiques 51, 175-180. 
Bowen, L. and van Vuren, D. (1997) Insular endemic plants lack defenses against herbivores, 

Conservation Biology 11, 1249-1254. 
Brandjes, G.J. Block, W. and Ernsting, G. (1999) Spatial dynamics of two introduced species of carabid 

beetles on the sub-Antarctic island of South Georgia, Polar Biology 21, 326-334. 
Broady, P.A. (1996) Diversity, distribution and dispersal of Antarctic terrestrial algae, Biodiversity and 

Conservation 5, 307-1335. 
Broady, P.A. and Smith, R.A. (1994) A preliminary investigation of the diversity, survivability and 

dispersal of algae introduced into Antarctica by human activity, Proceedings of the NIPR Symposium 

on Polar Biology 7, 185-197. 
Brothers, N.P. (1984) Breeding distribution and status of burrow-nesting petrels on Macquarie Island, 

Australian Wildlife Research 11, 113-131. 
Burger, A.E., Williams, A.J. and Sinclair, J.C. (1980) Vagrants and the paucity of land bird species at the 

Prince Edward Islands, Journal of Biogeography 7, 305-310.  
Chapuis, J.L., Boussès, P. and Barnaud, G. (1994) Alien mammals, impact and management in the French 

subantarctic islands, Biological Conservation 67, 97-104. 
Chapuis J.-L., Frenot Y. and Lebouvier M. (2004) Recovery of native plant communities after eradication 

of rabbits from the subantarctic Kerguelen Islands, and influence of climate change, Biological 

Conservation 117, 167–179. 
Chapuis, J.-L., Vernon, P. and Frenot, Y. (1991) Fragilité des peuplements insulaires: exemple des îles 

Kerguelen, archipel subantarctique, in Z. Massoud (ed.), Réactions des êtres vivants aux 

changements de l'environnement, Actes des Journées de l'Environnement du Centre National de la 
Recherche Scientifique, 30 nov.-1er déc. 1989, Paris, pp. 235-248. 

Chapuis, J.-L., Le Roux, V., Asseline, J., Lefèvre, L. and Kerleau, F. (2001) Eradication of rabbits 
(Oryctolagus cuniculus) by poisoning on three islands of the subantarctic Kerguelen Archipelago, 
Wildlife Research 28:323-331. 



BIOLOGICAL INVASIONS 215

Chevrier, M., Vernon, P. and Frenot, Y. (1997) Potential effects of two alien insects on a subantarctic 
wingless fly in the Kerguelen islands, in B. Battaglia, J. Valencia and D.W.H. Walton (eds.), 
Antarctic Communities: Species, Structure and Survival, Cambridge University Press, Cambridge, 
UK, pp. 424-431. 

Chown, S.L. and Avenant, N. (1992) Status of Plutella xylostella at Marion Island six years after its 
colonisation, South African Journal of Antarctic Research 22, 37-40. 

Chown, S.L. and Block, W. (1997) Comparative nutritional ecology of grass-feeding in a sub-Antarctic 
beetle: the impact of introduced species on Hydromedion sparsutum from South Georgia, Oecologia

111, 216-224. 
Chown, S.L. and Language, K. (1994) Recently established Diptera and Lepidoptera on sub-Antarctic 

Marion Island, African Entomology 2, 57-60. 
Chown S.L. and Smith, V.R. (1993) Climate change and the short-term impact of feral house mice at the 

sub-Antarctic Prince Edward Islands, Oecologia 96, 508-516.  
Chown, S.L., Gaston, K.J. and Gremmen, N.J.M. (2000), Including the Antarctic: Insights for ecologists 

everywhere, in W. Davison, C. Howard-Williams and P.A. Broady (eds.), Antarctic Ecosystems: 

Models for Wider Ecological Understanding, New Zealand Natural Sciences, Christchurch, pp. 1-15. 
Chown, S.L., Gremmen, N.J.M. and Gaston, K.J. (1998) Ecological biogeography of Southern Ocean 

islands: Species-area relationships, human impacts, and conservation, American Naturalist 152, 562-
575. 

Chown, S.L., Rodrigues, A.S., Gremmen, N.J.M. and Gaston, K.J. (2001) World Heritage status and the 
conservation of Southern Ocean islands, Conservation Biology 15, 550-557. 

Clarke, J.R. and Kerry, K.R. (1993) Diseases and parasites of penguins, Korean Journal of Polar 

Research 4, 79-86.  
Clayton, M.N., Wiencke, C. and Klöser, H. (1997) New records and sub-Antarctic marine benthic 

macroalgae from Antarctica, Polar Biology 17, 141-149. 
Convey, P. (1996a) The influence of environmental characteristics on life history attributes of Antarctic 

terrestrial biota, Biological Reviews 71, 191-225. 
Convey, P. (1996b) Reproduction of Antarctic flowering plants, Antarctic Science 8, 127-134. 
Convey, P. (2001) Antarctic Ecosystems, in S.A. Levin (ed.), Encyclopaedia of Biodiversity, Vol. 1, 

Academic Press, San Diego, pp. 171-184. 
Convey, P. (2005) Recent lepidopteran records from sub-Antarctic South Georgia, Polar Biology 28, 108-

110. 
Convey, P. (2006) Antarctic climate change and its influences on terrestrial ecosystems, in D.M. 

Bergstrom, P. Convey, and A.H.L. Huiskes (eds.), Trends in Antarctic Terrestrial and Limnetic 

Ecosystems: Antarctica as a Global Indicator, Springer, Dordrecht (this volume). 
Convey, P. and McInnes, S.J. (2005) Exceptional, tardigrade dominated, ecosystems from Ellsworth 

Land, Antarctica, Ecology 86, 519-527.
Convey, P., Greenslade, P. and Pugh, P.J.A. (2000a) Terrestrial fauna of the South Sandwich Islands, 

Journal of Natural History 34, 597-609. 
Convey, P., Smith, R.I.L., Hodgson, D.A and Peat, H.J. (2000b) The flora of the South Sandwich Islands, 

with particular reference to the influence of geothermal heating, Journal of Biogeography 27, 1279-
1295. 

Convey, P., Pugh, P.J.A., Jackson, C., Murray, A.W., Ruhland, C.T., Xiong, F.S. and Day, T.A. (2002) 
Response of Antarctic terrestrial arthropods to multifactorial climate manipulation over a four year 
period, Ecology 83, 3130-3140. 

Cooper, J., Crafford, J.E. and Hecht, T. (1992) Introduction and extinction of brown trout (Salmo trutta

L.) in an impoverished sub-Antarctic stream, Antarctic Science 4, 9-14. 
Copson, G.R. and Whinam, J. (1998) Response of vegetation on Subantarctic Macquarie Island to 

reduced rabbit grazing, Australian Journal of Botany 46, 15-24. 
Copson, G. and Whinam, J. (2001) Review of ecological restoration programme on subantarctic 

Macquarie Island: Pest management progress and future directions, Ecological Management and 

Restoration 2, 129-138. 
Courchamp F., Chapuis, J.-L. and Pascal, M. (2003) Mammal invaders on islands: impact, control and 

control impact, Biological Reviews 78, 347-383. 
Crafford, J.E., Scholtz, C.H. and Chown, S.L. (1986) The insects of subantarctic Marion and Prince 

Edward Islands, with a bibliography of entomology of the Kerguelen biogeographical province, 
South African Journal of Antarctic Research 16, 41-84.  



CONVEY ET AL.216

Cumpston, J.S. (1968) Macquarie Island. Antarctic Division, Department of External Affairs, Melbourne 
Australia. 380 pp. 

Davaine, P. and Beall, E. (1997) Salmonid introductions into virgin ecosystems (Kerguelen Islands, 
Subantarctic): Stakes, results, prospects, Bulletin Francais de la Pêche et de la Pisciculture 344-345,
93-110. 

Derenne, P. (1976) Notes sur la biologie du chat haret de Kerguelen, Mammalia 40, 531–595. 
Dingwall, P.R. (Ed) (1995) Progress in conservation of the Subantarctic Islands. Proceedings of the 

SCAR/IUCN Workshop on Protection, Research and Management of Subantarctic Islands, Paimpont, 
France, 27-29 April, 1992. Gland: World Conservation Union. 

Downes, J. (2003) Factors affecting the introduction and distribution of fungi in the Vestfold Hills, 
Antarctica, PhD Thesis, University of Nottingham, 213 pp. 

Edwards, D.D., McFeters, G.A. and Venkatesan, M.I. (1998) Distribution of Clostridium perfringens and 
fecal sterols in a benthic coastal marine environment influenced by the sewage outfall from 
McMurdo Station, Antarctica, Applied and Environmental Microbiology 64, 2596- 2600. 

Ernsting, G. (1993) Observations on life cycle and feeding ecology of two recently introduced predatory 
beetle species at South Georgia, sub-Antarctic, Polar Biology 13, 423-428. 

Ernsting, G., Block, W., MacAlister, H., and Todd, C. (1995) The invasion of the carnivorous carabid 
beetle Trechisibus antarcticus on South Georgia (sub-Antarctic) and its effect on the endemic 
herbivorous beetle Hydromedion sparsutum, Oecologia 103 34-42. 

Ernsting, G., Brandjes, G.J., Block, W. and Isaaks, J.A. (1999) Life-history consequences of predation for 
a subantarctic beetle: evaluating the contribution of direct and indirect effects, Journal of Animal 

Ecology 68, 741-752. 
Finlay, B.J. and Clarke, K.J. (1999) Ubiquitous dispersal of microbial species, Nature 400, 828.  
Fowbert, J.A. and Smith, R.I.L. (1994) Rapid population increases in native vascular plants in the 

Argentine Islands, Antarctic Peninsula, Arctic and Alpine Research 26, 290-296.
Franzmann, P.D. (1996) Examination of Antarctic prokaryotic diversity through molecular comparisons, 

Biodiversity and Conservation 5, 1295-1305. 
Freckman, D.W. and Virginia, R.A. (1997) Low-diversity Antarctic soil nematode communities: 

Distribution and response to disturbance, Ecology 78, 363-369. 
Frenot, Y. (1985) Etude de l'introduction accidentelle de Dendrobaena rubida tenuis (Oligochaeta, 

Lumbricidae) à l'Ile de la Possession, Bulletin d' Ecologie 16, 47-53. 
Frenot, Y. and Gloaguen, J.-C. (1994) Reproductive performance of native and alien colonising 

phanerogams on a glacier foreland, Îles Kerguelen, Polar Biology 14, 473-481. 
Frenot, Y., Gloaguen, J.C., Massé, L. and Lebouvier, M. (2001) Human activities, ecosystem disturbance 

and plant invasions in subantarctic Crozet, Kerguelen and Amsterdam Islands, Biological 

Conservation 101, 33-50. 
Frenot, Y., Chown, S.L., Whinam, J., Selkirk, P., Convey, P., Skotnicki, M. and Bergstrom, D. (2005) 

Biological invasions in the Antarctic: extent, impacts and implications, Biological Reviews 80, 45-72.
Gabriel, A.G.A., Chown, S.L., Barendse, J., Marshall, D.J., Mercer, R.D., Pugh, P.J.A. and Smith, V.R. 

(2001) Biological invasions on Southern Ocean islands: the Collembola of Marion Island as a test of 
generalities,Ecography 24, 421-430. 

Gauthier-Clerc, M., Jiguet, F. and Lambert, N. (2002) Vagrant birds at Possession Island, Crozet Islands 
and Kerguelen Island from December 1995 to December 1997, Marine Ornithology 30, 38-39. 

Gibson, J.A.E., Wilmotte, A., Taton, A., Van De Vijver, B., Beyens, L. and Dartnall, H.J.G. (2006) 
Biogeographic trends in Antarctic lake communities, in D.M. Bergstrom, P. Convey, and A.H.L. 
Huiskes (eds.), Trends in Antarctic Terrestrial and Limnetic Ecosystems: Antarctica as a Global 

Indicator, Springer, Dordrecht (this volume). 
Greenslade, P. (1995) Collembola from the Scotia Arc and Antarctic Peninsula including descriptions of 

two new species and notes on biogeography, Polskie Pismo Entomologiczne 64, 305-319. 
Greenslade, P. (2002) Assessing the risk of exotic Collembola invading subantarctic islands: prioritizing 

quarantine management, Pedobiologia 46, 338-344. 
Greenslade, P. and Wise, K.A.J. (1984) Additions to the collembolan fauna of the Antarctic, Transactions 

of the Royal Society of South Australia 108, 203-205. 
Gremmen, NJM (1997) Changes in the vegetation of sub-Antarctic Marion Island resulting from 

introduced vascular plants, in B. Bataglia, J. Valencia and D.W.H. Walton (eds.), Antarctic 

communities: species, structure and survival, Cambridge, Cambridge University Press, pp. 417-423. 



BIOLOGICAL INVASIONS 217

Gremmen, N.J.M. and Smith, V.R. (1999) New records of alien vascular plants from Marion and Prince 
Edward Islands, sub-Antarctic, Polar Biology 21, 401-409. 

Gremmen, N.J.M., S.L. Chown and D.M. Marshal (1998) Impact of the introduced grass Agrostis 
stolonifera on vegetation and soil fauna communities at Marion Island, sub-Antarctic, Biological 

Conservation 85, 223-231 
Gressitt, J.L. (ed.) (1970) Subantarctic entomology, particularly of South Georgia and Heard Island, 

Pacific Insects Monograph 23, 1-374. 
Hänel, C. and Chown, S.L. (1998) The impact of a small, alien invertebrate on a sub-Antarctic terrestrial 

ecosystem: Limnophyes minimus (Diptera, Chironomidae) at Marion Island, Polar Biology 20, 99-
106. 

Headland, R.K. (1984). The Island of South Georgia. Cambridge University Press, Cambridge, 293 pp. 
Heywood, V.H. (1989) Patterns, extents and modes of invasions by terrestrial plants, in J.A. Drake, H.A. 

Mooney, F. di Castri, R.H. Groves, F.J. Kruger, M. Rejmanek, and M. Williamson (eds.), Biological 

Invasions: A Global Perspective, John Wiley, Chichester, UK, pp. 31-60.  
Hughes, K.A. (2003a) Aerial dispersal and survival of sewage-derived faecal coliforms in Antarctica, 

Atmospheric Environment 37, 3147-3155. 
Hughes, K.A. (2003b) The influence of seasonal environmental variables on the distribution of 

presumptive fecal coliforms around an Antarctic research station, Applied and Environmental 

Microbiology 5, 555-565. 
Hughes, K.A. and Blenkharn, N. (2003) A simple method to reduce discharge of sewage microorganisms 

from an Antarctic research station, Marine Pollution Bulletin 46, 353-357. 
Hughes, K.A., Ott, S., Bölter, M. and Convey, P. (2006) Colonisation processes, in D.M. Bergstrom, P. 

Convey, and A.H.L. Huiskes (eds.), Trends in Antarctic Terrestrial and Limnetic Ecosystems: 

Antarctica as a Global Indicator, Springer, Dordrecht (this volume). 
Hughes, K.A., Walsh, S., Convey, P., Richards, S.and Bergstrom, D. (2005) Alien fly populations 

established at two Antarctic research stations, Polar Biology 28, 568-570.  
Huiskes, A.H.L., Convey, P. and Bergstrom, D.M. (2006) Trends in Antarctic terrestrial and limnetic 

ecosystems: Antarctica as a global indicator, in D.M. Bergstrom, P. Convey, and A.H.L. Huiskes 
(eds.), Trends in Antarctic Terrestrial and Limnetic Ecosystems: Antarctica as a Global Indicator,
Springer, Dordrecht (this volume). 

Hull, B.B. and Bergstrom, D.M. (2006) Antarctic terrestrial and limnetic conservation and management, 
in D.M. Bergstrom, P. Convey, and A.H.L. Huiskes (eds.), Trends in Antarctic Terrestrial and 

Limnetic Ecosystems: Antarctica as a Global Indicator, Springer, Dordrecht (this volume). 
Huyser, O., Ryan, P.G. and Cooper, J. (2000) Changes in population size, habitat use and breeding 

biology of lesser sheathbills (Chionis minor) at Marion Island: impacts of cats, mice and climate 
change? Biological Conservation 92, 299-310. 

Jones, A.G., Chown, S.L. and Gaston, K.J. (2003) The free living pterygote insects of Gough Island, 
Systematics and Biodiversity 1, 213-273. 

Jouventin, P., Stahl, J.C., Weimerskirch, H. and Mougin, J.L. (1984) The seabirds of the French 
subantarctic islands and Adelie land, their status and conservation, in J.P. Croxall, P.G.H. Evans and 
R.W. Schreiber (eds.), Status and Conservation of the World's Seabirds, International Council for 
Bird Preservation, Cambridge, Technical Publication No. 2, pp. 609-625.  

Kennedy, A.D. (1995) Antarctic terrestrial ecosystem response to global environmental change, Annual 

Review of Ecology and Systematics 26, 683-704. 
Kerry, E. (1990) Microorganisms colonising plants and soil subjected to different degrees of human 

activity, including petroleum contamination, in the Vestfold Hills and Mac.Robertson land, Polar 

Biology 10, 423-430. 
Kerry, K., Riddle, M. and Clarke, J. (1999) Diseases of Antarctic Wildlife, A Report for The Scientific 

Committee on Antarctic Research (SCAR) and The Council of Managers of National Antarctic 
Programs (COMNAP), 104pp. 

Kloppers, F.J. and Smith, V.R. (1998) First report of Botryotinia fuckeliana on Kerguelen Cabbage on the 
Sub-Antarctic Marion Island, Plant Disease 82, 710.  

Lawley, B., Ripley, S., Bridge, P. and Convey, P. (2004) Molecular analysis of geographic patterns of 
eukaryotic diversity in Antarctic soils, Applied and Environmental Microbiology 70, 5963-5972.  

Leader-Williams, N. (1988) Reindeer on South Georgia: The Ecology of an Introduced Population,
Cambridge University Press, Cambridge, 319 pp. 



CONVEY ET AL.218

Leader-Williams, N., Smith, R.I.L. and Rothery, P. (1987) Influence of introduced reindeer on the 
vegetation of South Georgia: results from a long-term exclusion experiment, Journal of Applied 

Ecology 24, 801-822. 
Lee, C.E. (2002) Evolutionary genetics of invasive species, Trends in Ecology and Evolution 17, 386-

391. 
Le Roux, V., Chapuis, J.L., Frenot, Y. and Vernon, P. (2002) Diet of the House Mouse (Mus musculus L.) 

at Guillou Island, Kerguelen archipelago, subantarctic, Polar Biology 25, 49-57. 
Lésel, R. (1967) Contribution à l’étude écologique de quelques mammifères importés aux îles Kerguelen, 

Terres Australes et Antarctiques Françaises 38, 3-40. 
Lewis, P.N., Bergstrom, D.M. and Whinam, J. (in press) Barging in: a temperate marine community 

travels to Macquarie Island, Biological Invasions.
Lewis, P.N., Hewitt, C.L., Riddle, M. and McMinn, A. (2003) Marine introductions in the Southern 

Ocean: an unrecognised hazard to biodiversity, Marine Pollution Bulletin 46, 213-223. 
Lindsay D.C. (1973) Probable introductions of lichens to South Georgia, British Antarctic Survey Bulletin

33 and 34, 169-172. 
Lister, A., Block, W. and Usher, M.B. (1988) Arthropod predation in an Antarctic terrestrial community, 

Journal of Animal Ecology 57, 957-971. 
Lockwood, J.L. (1999) Using taxonomy to predict success among introduced avifauna: relative 

importance of transport and establishment, Conservation Biology 13, 560-567. 
Lyons, W.B., Laybourn-Parry, J., Welch, K.A. and Priscu, J.C. (2006) Antarctic lake systems and climate 

change, in D.M. Bergstrom, P. Convey, and A.H.L. Huiskes (eds.), Trends in Antarctic Terrestrial 

and Limnetic Ecosystems: Antarctica as a Global Indicator, Springer, Dordrecht (this volume). 
Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout, M. and Bazzaz, F.A. (2000) Biotic 

invasions: causes, epidemiology, global consequences, and control, Ecological Applications 10, 689-
710. 

McKinney, M.L. and Lockwood, J. (1999) Biotic homogenization: a few winners replacing many losers 
in the next mass extinction, Trends in Ecology and Evolution 14, 450-453. 

Micol, T. and Jouventin P. (1995) Restoration of Amsterdam Island, South Indian Ocean, following 
control of feral cattle, Biological Conservation 73, 199-206. 

Micol, T. and Jouventin, P. (2002) Eradication of rats and rabbits from Saint-Paul Island, French 
Southern Territories, in C.R. Veitch and M.N. Clout (eds.), Turning the tide: the eradication of 

invasive species, IUCN SSC Invasive Species Specialist Group. IUCN, Gland, Switzerland, pp. 199-
205. 

Minasaki, R., Farrell, R.L., Duncan, S., Held, B.W. and Blanchette, R.A. (2001) Mycological biodiversity 
associated with historic huts and artefacts of the heroic period in the Ross Sea region. Antarctic

Biology in a Global Context, Abstracts of VIII SCAR International Biology Symposium, 
Amsterdam. Abstract S5P28. 

Myers, J.H., Simberloff, D., Kuris, A.M. and Carey, J.R. (2000) Eradication revisited: dealing with exotic 
species,Trends in Ecology and Evolution 15, 216-320. 

Nicolai, V. and Droste, M. (1984) The ecology of Lancetes claussi (Müller) (Coleoptera, Dytiscidae), the 
subantarctic water beetle of South Georgia, Polar Biology 3, 39-44. 

Ochyra, R., Smith, V.R. and Gremmen, N.J.M. (2003) Thuidium delicatulum (Hedw.) Schimp. 
(Thuidiaceae) - another bipolar moss disjunct from Subantarctic Marion Island, Cryptogamie,

Bryologie 24, 253-263  
Pascal, M. (1980) Structure et dynamique de la population de chats harets de l'archipel des Kerguelen, 

Mammalia 44, 171-182 
Pascal, M. (1982) Les espèces mammaliennes introduites dans l’archipel de Kerguelen (Territoire des 

TAAF). Bilan des recherches entreprises sur ces espèces, Comité National Français des Recherches 

Antarctiques 51, 333-343. 
Pontier D., Say L., Debias F., Bried J., Thioulouse J., Micol T. and Natoli E. (2002) The diet of feral cats 

(Felis catus L.) at five sites on the Grande Terre, Kerguelen archipelago, Polar Biology 25, 833–837.  
Prat P., Charrier M., Deleporte S. and Frenot Y. (2002) Digestive carbohydrases in two epigeic 

earthworm of the Kerguelen Islands (Subantarctic), Pedobiologia 46, 417-427. 
Pugh, P.J.A. (1994) Non-indigenous Acari of Antarctica and the sub-Antarctic islands, Zoological

Journal of the Linnean Society 110, 207-217. 



BIOLOGICAL INVASIONS 219

Pugh, P.J.A., Dartnall, H.J.G. and McInnes, S.J. (2002) The non-marine Crustacea of Antarctica and the 
islands of the Southern Ocean: biodiversity and biogeography, Journal of Natural History 36, 1047-
1103. 

Pye, T. and Bonner, W.N. (1980) Feral brown rats, Rattus norvegicus, in South Georgia (South Atlantic 
Ocean), Journal of Zoology 192, 237-255. 

Pye, T., Swain, R. and Seppelt, R.D. (1999) Distribution and habitat use of the feral black rat (Rattus 

rattus) on subantarctic Macquarie Island, Journal of Zoology 247, 429-438. 
Pyšek, P. (1998) Is there a taxonomic pattern to plant invasions? Oikos 82, 282-294. 
Ryan, P.G., Smith, V.R. and Gremmen, N.J.M. (2003) The distribution and spread of alien vascular plants 

on Prince Edward Island, African Journal of Marine Science 25, 555-562. 
Sala, O.E., Chapin, F.S., Armesto, J.J., Berlow, E., Bloomfield, J., Dirzo, R., Huber-Sanwald, E., 

Huenneke, L.F., Jackson, R.B., Kinzig, A., Leemans, R., Lodge, D.M., Mooney, H.A., Oesterheld, 
M., Poff, N.L., Sykes, M.T., Walker, B.H., Walker, M. and Wall, D.H. (2000) Global biodiversity 
scenarios for the year 2100, Science 287, 1770-1774. 

Say L., Gaillard J.-M. and Pontier D. (2002) Spatio-temporal variation in cat population size in a sub-
antarctic environment, Polar Biology 25, 90-95. 

Selmi, S. and Boulinier, T. (2001), Ecological biogeography of Southern Ocean Islands: The importance 
of considering spatial issues, American Naturalist 158, 426-437. 

Scott, J.J. and Kirkpatrick, J.B. (2005) Changes in subantarctic Heard Island vegetation at sites occupied 
by Poa annua, 1987-2000, Arctic, Antarctic and Alpine Research 37, 366-371. 

Shaw J.D, Bergstrom, D.M and Hovenden, M. (2005) The impact of feral rats (Rattus rattus) on 
populations of subantarctic megaherb (Pleurophylum hookeri), Austral Ecology 30, 118-125.

Slabber, S. and Chown, S.L. (2002) The first record of a terrestrial crustacean, Porcellio scaber (Isopoda, 
Porcellionidae), from sub-Antarctic Marion Island, Polar Biology 25, 855-858. 

Smith, J.J. and McFeters, G.A. (1999) Microbial issues of sewage disposal from Antarctic bases: 
dispersion, persistence, pathogens and “genetic pollution”, in K.M. Kerry, M. Riddle and J. Clarke 
(eds.), Disease of Antarctic Wildlife. A report for the Scientific Committee on Antarctic Research 

(SCAR) and the Council of Managers of National Antarctic Programs (CONMAP), Australian 
Antarctic Division, Kingston, pp. 56-57.  

Smith, R.I.L. (1994) Vascular plants as indicators of regional warming in Antarctica, Oecologia 99, 322-
328. 

Smith, R.I.L. (1996) Introduced plants in Antarctica: potential impacts and conservation issues, 
Biological Conservation 76, 135-146. 

Smith V.R. and Steenkamp M (1990) Climate change and its ecological implications at a sub-Antarctic 
island.Oecologia 85, 14-24 

Smith, V.R. and Steenkamp, M. (1992a) Macroinvertebrates and litter nutrient release on a sub-Antarctic 
island,South African Journal of Botany 58, 105-116. 

Smith, V.R. and Steenkamp, M. (1992b) Soil macrofauna and nitrogen on a sub-Antarctic island, 
Oecologia 92, 201-206. 

Smith, V.R. and Steenkamp, M. (2001) Classification of the terrestrial habitats on sub-Antarctic Marion 
Island based on vegetation and soil chemistry, Journal of Vegetation Science 12, 181-198. 

Smith, V.R., Avenant, N.L. and Chown, S.L. (2002) The diet and impact of house mice on a sub-
Antarctic island, Polar Biology 25, 703-715 

Tavares, M. and de Melo, G.A.S. (2004) Discovery of the first known benthic invasive species in the 
Southern Ocean: the North American spider crab Hyas araneus found in the Antarctic Peninsula, 
Antarctic Science 16, 129-131. 

Taylor, R.H. (1979) How the Macquarie Island Parakeet became extinct, New Zealand Journal of 

Ecology 2, 42-45. 
Todd, C.M. (1996) Body size, prey size and herbivory in Coleoptera from the sub-Antarctic island of 

South Georgia, Pedobiologia 40, 557-569. 
Torr, N. (2002) Eradication of rabbits and mice from subantarctic Enderby and Rose Islands, in C.R. 

Veitch and M.N. Clout (eds.), Turning the Tide: The Eradication of Invasive Species, Occasional 
Paper IUCN Species Survival Commission 27, 319-328. 

Turner P.A.M., Scott J.J. and Rozefelds A. (2006) Probable long distance dispersal of Leptinella plumosa 
Hook. f. to Heard Island: habitat, status and discussion of its arrival, Polar Biology, 29, 160-168. 

Vermeij, G.J. (1996) An agenda for invasion biology, Biological Conservation 78, 3-9. 



CONVEY ET AL.220

Vernon, P., Vannier, G. and Tréhen, P. (1998) A comparative approach to the entomological diversity of 
polar regions, Acta Oecologica 19, 303-308.  

Vogel, M., Remmert, H. and Smith, R.I.L. (1984) Introduced reindeer and their effects on the vegetation 
and the epigeic invertebrate fauna of South Georgia (subantarctic), Oecologia 62, 102-109. 

Weimerskirch, H., Zotier, R. and Jouventin, P. (1989) The avifauna of the Kerguelen Islands, Emu 89,
15-29. 

Williamson, M. (1996) Biological Invasions. Chapman and Hall, London, UK. 
Wise, K.A.J. (1971) The Collembola of Antarctica, Pacific Insects Monograph 25, 57-74. 
Whinam J., Chilcott, N., Bergstrom, D.M. (2005) Subantarctic hitchhikers: expeditioners as vectors for 

the introduction of alien organisms, Biological Conservation 121, 207-219. 
Whinam, J. Copson, G. and Chapuis, J.-L. (2006) Subantarctic terrestrial conservation and management, 

in D.M. Bergstrom, P. Convey, and A.H.L. Huiskes (eds.), Trends in Antarctic Terrestrial and 

Limnetic Ecosystems: Antarctica as a Global Indicator, Springer, Dordrecht (this volume). 
Wynn-Williams, D.D. (1996a) Antarctic microbial diversity: the basis of polar ecosystem processes, 

Biodiversity and Conservation 5, 1271-1293. 
Wynn-Williams, D.D. (1996b) Response of pioneer soil microalgal colonists to environmental change in 

Antarctica, Microbial Ecology 31, 177-188. 



221 

D.M. Bergstrom et al. (eds.), Trends in Antarctic Terrestrial and Limnetic

 © 2006Springer.

11. LANDSCAPE CONTROL OF HIGH LATITUDE 

LAKES IN A CHANGING CLIMATE 

A. QUESADA 
Departamento de Biología, Universidad Autónoma de Madrid,  

28049 Madrid, Spain 

antonio.quesada@uam.es 

W. F. VINCENT 
Département de Biologie and Centre d’études nordiques, 

Université Laval, Sainte-Foy, Québec, G1K 7P4, Canada 

warwick.vincent@bio.ulaval.ca 

E. KAUP 
Institute of Geology at Tallinn University of Technology 

Estonia pst 7, 10143 Tallinn, Estonia 

kaup@gi.ee

J. E. HOBBIE 
The Ecosystems Center, Marine Biological Laboratory Woods Hole,

MA 02543, USA 

jhobbie@mbl.edu 

I. LAURION 
Institut national de la recherche scientifique, Centre Eau, Terre et 

Environnement and Centre d’études nordiques 

490 de la Couronne, Québec, G1K 9A9 Canada 

Isabelle_Laurion@ete.inrs.ca 

Ecosystems, 221 252.



QUESADA ET AL.222

R. PIENITZ 
Département de Géographie and Centre d’études nordiques

Université Laval, Sainte-Foy, Québec, G1K 7P4, Canada 

reinhard.pienitz@cen.ulaval.ca 

J. LÓPEZ-MARTÍNEZ 
Departamento de Geología y Geoquímica, 

Universidad Autónoma de Madrid, 28049 Madrid, Spain 

jeronimo.lopez@uam.es 

J.-J. DURÁN 
Instituto Geológico y Minero de España, 

Ríos Rosas, 23, 28003 Madrid, Spain 

jj.duran@igme.es 

Introduction 

Lakes are the downstream integrators of their surrounding catchments and are 
therefore highly responsive to variations in landscape properties. High latitude lakes 
share many characteristics with those of temperate latitudes and are subject to many 
of the same landscape controls. However, polar lakes and their catchments also 
experience persistent low temperatures, extreme seasonality and severe freeze-thaw 
cycles and these distinguishing features are likely to amplify their responsiveness to 
landscape and climate change. 

General circulation models vary in their prediction of the future magnitude of 
regional climate change, but almost all converge on the conclusion that the polar 
regions will experience greater temperature increases than elsewhere and that these 
changes are likely to occur ever faster because of the positive feedback effects of 
melting snow and ice. Observations in the north polar region have shown that there 
have been significant rises in temperature throughout much of the area in recent 
decades, with effects on permafrost, lake ice cover, glacial extent and ice shelf 
break-up (Serreze et al. 2000, Mueller et al. 2003, ACIA 2004). Recent analysis of 
long term monitoring data from maritime Antarctic Signy Island (South Orkney 
Islands) and the McMurdo Dry Valleys in continental Antarctica has provided 
evidence of large regional variations in climate change and has shown that south 
polar lakes respond strongly to warming and cooling trends (Doran et al. 2002, 
Quayle et al. 2002, 2003). 

In this review, we take a two-step approach towards examining climate-
landscape-lake interactions in high latitude environments. First, we examine the 
general effects of landscapes on lake ecosystems through factors such as 
geomorphology, solute transport, vegetation and hydrology. We then examine how 
these properties are linked to climate, resulting in a set of mechanisms whereby 
climate change can have pronounced impacts on lakes. Throughout this review, we 
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have drawn on examples from both polar regions. Lake ecosystems are an important 
part of the Arctic landscape and there are limnological similarities to Antarctica. In 
both regions permanently frozen soils exert a strong influence on catchment 
properties such as hydrological processes and geochemical interactions. Similarly in 
both regions, snow and ice cover are major controls on the structure and functioning 
of aquatic ecosystems. There is a long history of limnological research in high 
northern latitudes and much of this information is directly relevant to Antarctica. 
Current observations and model predictions indicate that the Arctic is much more 
sensitive to climate change and will continue to experience more rapid shifts in its 
temperature regime than Antarctica (Overland et al. 2004a, b). Much of the 
Subarctic and Arctic became ice-free in the early Holocene and the limnology and 
paleolimnology of northern lakes therefore provide a window into the potential 
future states of Antarctic lakes undergoing climate change.  

Landscape Controls on Lakes 

In this section we describe and illustrate the variety of ways in which landscape can 
exert control on the structure and dynamics of lake ecosystems. These effects take 
place at multiple time-scales: from pre-Holocene and Holocene (thousands of years), 
to recent changes observed over the last few decades. We have placed emphasis on 
examples from lakes in the polar regions to illustrate their distinctive properties and 
features that may make them particularly sensitive to climate change. 

GEOMORPHOLOGY 

Geomorphology exerts the most fundamental control on lakes and their surrounding 
catchments by dictating the shape of the landscape and the size and morphometry of 
basins that can receive, transport and store water. These properties also influence the 
geochemical weathering of substrates, the relative importance of hydrological flow 
pathways above and below soils and the transfer of solutes from land to water. A 
wide range of limnological characteristics are affected by the ratio of catchment to 
lake area, and by the area-volume and volume-depth relationships of lakes, 
including temperature, light availability for photobiological and photochemical 
processes, oxygen levels, nutrient retention times and habitat availability (Wetzel 
2001, Kalff 2001). The geomorphological controls on lakes include not only surface 
effects, but also underground processes where lithology and geological structure 
play an important role in the water and solute supply. Lakes can be classified 
according to their geomorphological origins such as tectonic (eg folds, fractures), 
lithological (eg volcanics, karst), differential erosion (eg rock bars, dykes), glacial 
erosion (eg excavation, moraines), ice dynamics (eg thermokarst), coastal processes 
(eg lagoons) and slope processes (eg rotational slumps, avalanches). 

In the polar regions, many geomorphological features of the landscape have been 
shaped by glacial processes and continue to respond to ice dynamics. In the most 
extreme systems, ice dams the outlet of lakes. Some of the most impressive of these 
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proglacial lakes (eg lakes Agassiz and Barlow-Ojibway) formed during the last 
deglaciation in the Northern Hemisphere, especially in areas surrounding Hudson 
Bay, Canada. Glacial retreat beyond certain threshold areas often resulted in 
catastrophic floods (eg the 8.2 ka event, Barber et al. 1999) that had global impacts 
on climate. There are many examples of proglacial lakes today in Antarctica (eg 
Lake Hoare, McMurdo Dry Valleys, Lake Untersee, Dronning Maud Land). Ice and 
snowpack can also act as a temporary dam to lakes (eg Lake Limnopolar on Byers 
Peninsula, Livingston Island and Boeckella Lake on Hope Bay, both in the Antarctic 
Peninsula region) and such effects are also well known for northern rivers (Prowse 
and Culp 2003).  

Epishelf lakes are a form of proglacial lake in which ice dams retain freshwater 
over the sea. This lake type is now rare in the Arctic, and one of the few examples 
was recently lost by climate change and break-up of the ice shelf at its mouth, with 
subsequent draining of the freshwater into the sea (Mueller et al. 2003). Many 
examples are known from Antarctica, including Moutonnée and Ablation lakes on 
the coast of Alexander Island (Heywood 1977, Hodgson et al. 2004), epishelf lakes 
in the Schirmacher Oasis (Korotkevich 1960) and Bunger Hills (Korotkevich 1972, 
Doran et al. 2000, Gibson and Andersen 2002, Verkulich et al. 2002) and Beaver 
Lake associated with the Amery ice shelf (Adamson et al. 1997, Laybourn-Parry et 
al. 2001). In some cases, the sea ice can be folded by the thrusting of glaciers and 
forms a series of synclinal troughs and anticlinal ridges roughly parallel to the edge 
of the glacier. Freshwater lakes of a few hundreds of meters long, tens of meters 
wide and a few meters deep can occupy the synclinal troughs during the summer 
months before the break-out of the sea ice, as in the Marguerite Bay area in 
Antarctica (Nichols 1960). Most of these systems formed during earlier periods of 
relative sea-level rise, lifting grounded ice masses and allowing sea water to 
penetrate into the lower part of the water column, or by connection to marine waters 
during periods of reduced freshwater input (Gibson and Andersen 2002, Gibson et 
al. this volume). A review of the formation and dynamics of Antarctic lake 
ecosystems (including epishelf lakes, epiglacial, subglacial and supra-glacial lakes) 
and their paleolimnology is provided by Hodgson et al. (2004). 

Extensive flat terrains corresponding to erosive raised platforms of marine origin 
are relatively common in Antarctic coastal areas, due to glacioisostatic uplift and 
often contain numerous lakes. Examples include many ice-free peninsulas of the 
South Shetland Islands such as Fildes Peninsula on King George Island and Byers 
Peninsula on Livingston Island. In the Byers Peninsula, raised surfaces are extensive 
and contain more than 60 lakes and 50 pools, some of them up to 50 000m2 in 
surface area and 9m deep. The flat, raised platforms show recent glacial erosion and 
absence of well-defined divides. There are diffuse boundaries and small differences 
in altitude between drainage basins, and this favours recent capture of meltwaters 
and precipitation, and sporadic connections between basins (López-Martínez et al. 
1996). 

Lithology and the geological structure exert a strong influence on high latitude 
lakes. Some lakes are located in craters (eg on Deception and Penguin Islands, South 
Shetland Islands) or in tectonic troughs. In many cases, faults and diaclases control 
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the location of the lakes and the characteristics of the basins and the drainage 
network. Many lakes are located in glacial over-deepened, tectonically controlled 
sites. Lakes most strongly influenced by fractures are, in general, more elongate and 
commonly aligned parallel to each other, for example on Byers Peninsula, 
Livingston Island (López-Martínez et al. 1996).  

Coastal lakes of lagoon origin are very common in the lower beaches of the 
maritime Antarctica. They have gently sloping edges and are either subcircular or 
elongate in plan (Jones et al. 1993, Cuchi et al. 2004). Their salinities tend to be 
high because of intermittent exchange with the sea (see below). 

Igneous rocks often show abundant ‘ roches moutonnées’ and the development of 
‘ rock bars’ and ‘ riegels’ that act as dams for lakes in many cases. Lakes of karstic 
origin are rare in high latitudes due to the scarcity of limestone and other rocks 
suitable for karst development, in addition to the lack of water. However, 
thermokarst lakes of permafrost origin, are common in the polar regions (see 
below). 

Under certain circumstances, liquid water masses can be maintained beneath the 
Antarctic ice sheet by geothermal heat fluxes to produce subglacial lakes. These 
lakes are likely to have been isolated for very long periods of time from the above-
ice communities (over 15 million years, Bulat et al. 2004) and the potential for life 
in these waters is presently an intriguing frontier of research in polar microbial 
ecology.

Ice dams or other geomorphological features such as moraines or rock bars and 
riegels may produce arheic lakes in which there is no flushing and outflow, with the 
only loss of water via evaporation or ice ablation. This type of landscape effect 
results in hypersaline environments in which the solutes in the inflowing waters are 
concentrated by evaporation or freeze-concentration. This produces a stratified 
dense brine at the bottom layer of deeper lakes, or extreme salinities throughout the 
water column of shallower lakes. Winter freeze-up of shallow waters may impose a 
severe constraint on biodiversity in some high latitude environments by exposing 
organisms to extreme osmotic stress and sub-zero liquid water temperatures (Hawes 
et al. 1999).  

A well studied example of geomorphological evolution and its effects on lakes is 
in the Toolik Long Term Ecological Research (LTER) site, Alaska. In this region, 
the broad retreat of ice sheets has left behind landscapes in which the glacial activity 
in the past has a strong effect on modern-day surface waters. In fact, three different 
glacial advances have left a legacy of different ecologies of lakes and streams. 
During the Pleistocene, most of northern Alaska was unglaciated except for 
mountain glaciers that flowed north from the peaks and valleys of the Brooks Range 
and spread out over the foothills. In the Toolik region, the till of the earliest 
glaciation, from the early Pleistocene, has been overlapped by till from three 
advances (Hamilton 2003). Lakes and streams on these three glacial surfaces have 
been studied: a ~10 000 year old surface (10ka), a ~60 000 year old surface (60ka) 
and a greater than 300 000 year old surface (300ka). The youngest surface (~10ka) 
has numerous kettle lakes, many isolated from streams. Flanking slopes are steep 
and may have slumps along the banks. Soils are well drained but surface drainage is 
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poorly integrated. On the next surface (60ka) kettle lakes are still present but many 
have grassy slopes and marshy shores where solifluction has deposited silt. Drainage 
networks are well integrated and lakes are connected by small streams. The oldest 
surface (>300ka) is a subdued landscape that reflects a long period of postglacial 
modification. Moraines have broad crests and gentle flanking slopes. Crests and 
upper slopes have a cover of windblown silt (loess). Solifluction has redistributed 
much of the loess from upper to lower parts of moraine flanks. Soils are fine-grained 
and hold more moisture than those on the younger surfaces. Slopes are drained 
primarily by water tracks rather than by incised stream channels. Kettle lakes are 
rare but small thaw ponds have developed in swales. Drainages have silty channels 
with beaded thaw ponds. Even the hydrology is somewhat different in older 
terrestrial landscapes as there is better development of water tracks, narrow troughs 
that run downslope every few 10s of metres. The differences among landscapes are 
shown in Table 1. Similar studies are required in Antarctica 

Hobbie et al. (2003) hypothesized that younger surfaces support more varied 
biotic communities because there are more types of habitat. On the younger surface, 
more lakes lead to greater buffering of stream hydrology, longer residence times of 
water in the aquatic systems and less stream disturbance. More lakes lead to more 
trapping of nutrients in sediments and to accumulation of nutrients in photosynthetic 
algae and secondary consumers. Downstream, the stream biota are more abundant 
because of the material from lakes. Isolated lakes in the youngest surfaces may lack 
fish, which drastically changes the food web, and have a very small drainage basin. 
The evolution of stream network structure is important because watershed 
disturbance interacts with stream network structure to create a distribution of 
habitats that affects the function of the entire stream network (Benda et al. 2004). 

HYDROLOGY  

The hydrologic properties of high latitude catchments are especially complex given 
the importance of freeze-thaw cycles and the influence of permafrost on surface and 
subsurface flow. Seasonal freezing and thawing processes play a major role by 
altering the amount of liquid water in the catchment and the pathways of flow to 
downstream lakes.  

Table 1. Lake and stream averages for landscape of different ages in Alaska.  

Conductivity includes ranges. Assembled by W.J. O’Brien.

Landscape age 

Lake depth  
(m)

Number of lakes
(#/km2)

Lake area 
(ha)

Stream length
(km)

Conductivity 
(µS/cm) and 

range

Young <10ka 16 1.24 3.1 0.65 80 (45-105) 

Intermediate ~60ka 11.3 0.77 5.7 0.74 40 (28-70) 

Old >300ka 9.1 0.18 1.6 1.03 20 (8-35) 
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The heterogeneity of the permafrost and the active layer makes it very difficult 
to predict hydrological pathways in high latitude landscapes. Permafrost acts as a 
non-permeable layer, restricting the water exchange or movement to the active layer 
that thaws on a seasonal basis. Although groundwater is mostly frozen and immobile 
within permafrost, some groundwater movement can occur there by two 
mechanisms. First, ice within permafrost retains a small percentage of liquid water 
in films that can potentially exist at temperatures down to -50°C. This water may 
creep through the tortuous pore channels that pervade all frozen ground. There may 
be also salt brines in soils that are not flushed by precipitation. These brines are 
sufficiently concentrated to remain liquid to very low temperatures and can migrate 
as groundwater. These reservoirs of liquid water occur at different levels and can be 
interconnected (Woo 2000). 

In spring, the soil is still frozen and infiltration from snowmelt only takes place 
through cracks or interstices through coarse elements of the soil. In Arctic soils, 
infiltration represents only 5-20% of the snowmelt (Marsh and Hey 1989). This 
infiltrated water may refreeze, further increasing the impervious nature of the soils. 
The spring flows may be very intense (up to 70% of the snow cover, Landals and 
Gill 1972) and largely restricted to the surface, washing the first centimetres of the 
soil and transporting moderate amounts of solutes. This spring flow is especially 
important for organisms inhabiting the soil surface, for example cyanobacterial mats 
and moss turfs that commonly grow on gentle slopes without permanent water 
supply. The active layer starts thawing after disappearance of the snow-cover and 
subsurface infiltration and flow pathways become more important at that time. Some 
groundwater flow may occur into lakes via taliks, unfrozen substrata that underlie 
lakes in permafrost regions. At some sites in the polar regions, groundwater fed by 
snowmelt and rainfall comes to the surface as springs that then flow into streams 
and lakes (Andersen et al. 2002).  

The low albedo of barren high latitude soils causes surface heating and 
evaporation to be important features in the hydrological cycle of the polar regions 
(Woo 2000). Evaporative losses are highly variable, for example accounting for 
15% of the 300-350mm precipitation in northern Alaska (Hobbie 1973, cited by 
Schindler et al. 1974) and a potential 165% of the 350-400mm precipitation in the 
Schirmacher Oasis, Antarctica (Haendel 1995). In polar desert catchments where 
precipitation is extremely low, the scarce snowmelt water is readily absorbed by the 
uppermost centimetres of unfrozen soil and then largely evaporated because of the 
dryness of the air and high winds. This results in an extreme negative water balance, 
for example an annual loss of ice of 305mm at Lake Vanda compared with only 
10mm annual precipitation (Chinn 1993). Thus, groundwater contributes only 
sporadically to surface water bodies in permafrost regions (Fig. 1).  

In certain areas of low-lying ground, snowmelt or precipitation can saturate the 
active layer and accumulate at the surface, producing extensive wetlands. This type 
of landscape is found throughout both polar regions, for example on Livingston 
Island in Antarctica and in the Canadian High Arctic. These polar wetlands provide 
persistent liquid water ‘ oases’ in summer, and they are typically highly productive, 
well developed ecosystems with a diverse biota (Woo and Young 2000). The 
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thawing of permafrost and the resulting decrease of soil volume and even slumping 
of shorelines gives rise to thermokarst lakes, small, shallow water bodies that are 
especially abundant throughout the Subarctic and Arctic (see below).  

In continuous permafrost areas, the streams and rivers have little subsurface 
exchange and therefore respond rapidly to variations in precipitation (Woo 2000). 
Maximum runoff is recorded during the spring snowpack and glacial melt period 
and diurnal variations in discharge may occur associated with the daily melt cycle. 
The interannual variations in flow in the Onyx River, feeding Lake Vanda in the 
McMurdo Dry Valleys, have been related to the number of positive °C days on the 
surface of the glaciers that feed it with meltwater (Chinn 1993). In discontinuous 
permafrost areas, the streams and rivers are fed by subsurface water via the active 
layer, taliks or subpermafrost springs and so there is much less of a direct coupling 
with precipitation and melt cycles. 

The nature and length of the transport pathway, from the water source to the 
lake, also influences the extent of solute accumulation and transfer. For example, 
glaciers and snow in the McMurdo Dry Valleys provide most of the hydrological 
input to the lakes, but contain only low solute concentrations (Lyons et al. 1998). 
Much of the dissolved content of these inflows is derived from the inflows picking 
up salts that have been deposited by wind or solid precipitation, or released by 
weathering. Thus, stream length has a strong influence on the ultimate downstream 
concentrations of solutes and hence chemical loading into the receiving lakewaters.  

Figure 1. Water flows and relative position of the ice and water tables in a typical slope, 

under different meteorological conditions. The size of the arrows represents the difference in 

magnitude of the flow. The arrows above and inside the diagram represent the surface and 

the subsurface flow, respectively (redrawn from Woo 2000). 

Subsurface flows are known in Antarctica, for example of increased salinity 
groundwaters in the Larsemann Hills. Widely fluctuating concentrations of 
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subsurface nutrients have indicated patchily distributed soil brines and decaying 
buried organic matter as sources of salts (Kaup and Burgess 2002). Enriched by 
these sources, inflows have substantially increased the nutrient levels of lakes that 
they discharge into (Kaup et al. 2001). In dry soils, however, the subsurface 
transport of elements may be minimal. For example, in the McMurdo Dry Valleys 
region, Campbell et al. (1998) found that solute mobility ranged from 1m in very 
arid soils to 5m in wetter soils. With less soluble metals (Pb, Cu and Zn), movement 
was 0.5m or less in 30 years.  

LITHOLOGY 

Differences in geological substrates affect the extent of rock weathering and the 
chemical composition of soil water that ultimately discharges into lakes. This can be 
seen in lakes distributed across major geological boundaries, for example from 
highly alkaline sedimentary to acidic granite-gneiss formations in the region 
northeast of Yellowknife in the Canadian Arctic (Pienitz et al. 1997). As noted 
above, differences in glacial history can lead to different substrate types that in turn 
affect the solute chemistry of river and lake waters. 

Geological differences also affect the type and productivity of vegetation that in 
turn will influence lakes through a variety of mechanisms (see below). For example, 
in their analysis of vegetation on the Arctic Slope, Alaska, Walker et al. (2003) 
found a significant statistical relationship between above ground phytobiomass and 
a summer temperature index (sum of mean monthly temperatures above 0°C). One 
conspicuous outlier, however, was at Atqasuk, where biomass was lower than at 
Barrow despite a more than two-fold higher temperature index. This anomaly was 
attributed to the sandy, nutrient-poor soils at Atqasuk. Similarly there are major 
differences in soil characteristics including pH and nutrients among glacial 
landscapes of different ages in the Toolik Lake LTER site, Alaska. This translates 
into differences in soil mineralization rates, foliar nutrient levels and plant 
community structure and biomass (Hobbie and Gough 2002).  

On the Byers Peninsula, as an example of maritime Antarctic conditions, water 
conductivity shows a broad range of values from 4.8 - 1441μS cm-1. Lowest values 
of conductivity are related to snow melt (4μS cm-1) while rainfall varies between 
17.3 and 53.7μS cm-1, indicating the influence of marine aerosols. Groundwaters 
have conductivities from 246 to 715μS cm-1, indicating rock weathering reactions, 
with differences according to lithology. Lakes and pools have higher conductivity 
values than snow/rain and underground water. Coastline lagoons have particularly 
high values due to overwash of brackish water, probably of marine origin. An 
inverse relationship between discharge and conductivity has been suggested (Cuchí 
et al. 2004). The hydrologic cycle during the end of the summer at Byers Peninsula 
indicates favourable conditions for rock-water interactions that increase conductivity 
of water according to rock type, temperature and interaction time. Permafrost plays 
an important role in the recharge and water flow, especially in interior areas of the 
peninsula. 



QUESADA ET AL.230

weathering (Haendel 1995). However, the relative importance of freeze-thaw cycles 
is under discussion. Hall (1992) indicated that in Byers Peninsula (Livingston 
Island) wetting and drying, salt weathering and chemical weathering could be more 
important than freeze-thaw, but Navas et al. (2006) suggested that the main 
processes in the same area seem to be related to cryogenic effects resulting from 
freeze-thaw cycles that lead to rock disintegration and the supply of solutes to the 
lakes. The migration of sulphatic, carbonatic and bicarbonatic solutions in soils and 
rocks has been documented by ionic content of water and in some cases by salt
efflorescences in many ice-free areas (Simonov 1971, Wand et al. 1985). There is 
evidence of chemical weathering in the McMurdo Dry Valleys (Lyons and 
Mayewski 1993), although some authors argue that chemical weathering is reduced 
to negligible rates under conditions of extreme cold and dryness (Matsuoka 1995, 
Campbell and Claridge 1987). Chemical weathering is accelerated in aqueous 
environments, for example, silicate-based rocks in the stream beds of the McMurdo 
Dry Valleys (Lyons et al. 1998). Several studies (eg Conca and Malin 1986, Conca 
and Wright 1987) have shown that cations such as Fe3+, Sr2+, K+ and Ca2+ are being 
weathered from the bedrock in Southern Victoria Land. However, it has been 
demonstrated that only a small proportion of the Mg2+ entering into the lakes in 
Taylor Valley, McMurdo Dry Valleys, is of weathering origin (Green et al. 1988), 
and that most of the Na+, Cl- and SO4

2- enters as marine-derived aerosols. CO3
2- and 

HCO3
- may derive from dissolution of carbonate rocks in the drainage basins or via 

hydrolysis of silicate minerals. In less extreme areas, under higher humidity such as 
the Schirmacher Oasis, free water and temperatures above freezing are dominant in 
the soil for 2 to 3 months, causing release of K+, Ca2+ and SO4

2-. The residence time 
of water in the thawing zone has a strong influence on the extent of solute 
accumulation. As in the Taylor Valley, anorthosites contribute to a low Mg2+ and 
high Ca2+ content of waters in Antarctic Lakes Untersee and Obersee (Haendel 
1995). Alkaline solutes, released during weathering of anorthosites are also the most 
probable reason for pH values of up to 12 in these lakes (Haendel et al. 1995), 
combined with the low buffering capacity of the receiving waters. 

VEGETATION  

Plant biomass, productivity and community structure are features of the landscape 
that have a wide-ranging influence on rivers and lakes. Vegetation alters the wind 
regime, the extent of snow cover and albedo, and the hydrological balance between 
evaporation and precipitation. The root structures of the vegetation in subantarctic 
and Arctic environments greatly influence the physical stability of the catchment 
and its susceptibility to soil erosion and particle transfer into waterways. The extent 
of permafrost development is also affected by vegetation cover, as are leaf litter, soil 
properties and terrestrial biota, including microbiota that can be eventually washed 
into streams and lakes.  

One of the greatest controlling influences of terrestrial plants on aquatic 
ecosystems is through its effect on solutes in the waters that percolate through the 
leaf litter and root zones and eventually make their way into lakes via overland flow, 

Moisture and frequency of freeze-thaw cycles are key factors affecting chemical 
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streams and groundwater. Some nutrients and ions may be stripped out by biological 
uptake processes in the soil or by interactions with soil particles, while others may 
increase in concentration through decomposition, cation exchange and weathering. 
Dissolved organic matter (DOM) derived from vegetation breakdown in the soil has 
a particularly broad range of effects on lake and river ecosystems. Landscape 
processes control the quantity and quality of DOM entering the aquatic system 
(allochthonous DOM, ie that derived from outside the lake) with regional effects of 
climate, vegetation type and pH (acid rain) and strong gradients as a function of 
latitude and altitude (Schindler et al. 1990, Pienitz and Smol 1993, Vincent and 
Pienitz 1996, Lotter 1999, Laurion et al. 2000). 

Even in Antarctic polar desert lakes, there is transfer of solutes from their 
surrounding catchments, including organic materials from mosses, lichens, algae 
and their associated decomposition products. Given the absence of vascular plants in 
such environments, the inputs will contain little complex humic material, but may be 
rich in other organic compounds. On Signy Island for example, polyols (sugar 
alcohols) from the catchment mosses may enter the lakes and be a substrate for 
certain bacteria (Wynn-Williams 1980). In the McMurdo Dry Valleys, more 
extensive lakes in the past have left residuals of organic material derived from 
previously submerged microbial mats. These occur in large quantities in the soils of 
some parts of the valleys and they constitute a legacy of organic carbon that today 
provides a supplemental input to the present lakes (Priscu 1998).  

DOM derived from the breakdown of higher plants absorbs strongly in the 
ultraviolet as well visible (especially blue) wavebands. This coloured DOM 
(CDOM) therefore plays a central role in light availability and the underwater 
spectral regime of aquatic ecosystems (Williamson et al. 1996, Laurion et al. 2000, 
Markager and Vincent 2000), hence on photochemistry (Molot and Dillon 1997, 
Bertilsson and Tranvik 2000, Gibson et al. 2001) and photosynthesis (Carpenter et 
al. 1998, Williamson et al. 1999, Lehman et al. 2004). Absorption of solar energy by 
CDOM also has consequences for heat transfer in the water column and thermal 
stratification (Mazumder and Taylor 1994, Snucins and Gunn 2000). DOM is also a 
major energy source that can be used by bacteria and some of the energy of the 
bacteria may be eventually transferred to higher trophic levels (Schell 1983, 
Kirchman et al. 2004, del Giorgio and Davis 2003). DOM alters nutrient and 
micronutrient availability, for example phosphorus and iron, for autotrophic and 
heterotrophic communities and can thereby affect biological carbon and energy 
fluxes (Hessen 1992, Hobbie 1992, De Haan 1993). 

ANTHROPOGENIC EFFECTS 

Human activities are increasingly a major factor to consider in the landscape 
ecology of both polar regions, with consequences for downstream receiving waters. 
For example, construction and operational activities in addition to vehicle use at and 
near scientific stations in Antarctica are bringing about significant impacts upon the 
active layer and permafrost in the catchments of lakes. The damage to soils and 
vegetation from tracked vehicles has been evident or severe on King George Island, 
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South Shetland Islands, with slopes eroded and tracks that penetrate to a depth of 
0.5m. Drainage patterns have been altered and quagmires formed (Harris 1991). 
Land disturbances have resulted in considerable loss of water from permafrost soils 
and have caused channelled flows, soil shrinkage, land slumping and salinization in 
the McMurdo Sound region (Campbell et al. 1994). In the Larsemann Hills, 
Antarctica, four stations and a network of roads have been established in a relatively 
small area. The roads run predominantly through gneiss that breaks down to fine 
sand and silt and this substrate is readily mobilized by water. Meltwaters from 
snowpacks and exposed permafrost have resulted in the roads becoming 
watercourses that channel the flow and alter lakes by changes in water input, salt 
loading and turbidity (Burgess and Kaup 1997, Kaup and Burgess 2003). These 
physically disturbed landscapes may also be more vulnerable to increased thaw and 
runoff associated with climate warming. 

Human impacts are resulting also in chemical changes in surface and subsurface 
(active layer) waters of lake catchments. In the Larsemann Hills, these waters 
affected by anthropogenic inputs have order-of-magnitude higher conductivities 
than those in natural catchments. The origin of salts has been attributed to direct salt 
inputs from station activities (wastewater and urine, chemicals, building materials) 
and to intensive rock crushing by tracked vehicles and subsequent increased 
weathering, indicated by considerable silt increases in certain areas. The latter 
changes may be translated into increased nutrient loading on lakes (Kaup et al. 
2001), eutrophication and associated changes in limnological properties such as 
decreased lake water transparency (Ellis-Evans et al. 1997). There is evidence for 
changed trophic status of lakes brought about by human-generated nutrients in other 
Antarctic lake districts, including the Schirmacher Oasis (Haendel and Kaup 1995) 
and Thala Hills (Kaup 1998). These enriched systems may respond quite differently 
from pristine high latitude lakes to climate-dependent changes in their surrounding 
landscape.  

Effects of climate on landscape and lakes  

Lakes are transient features of the landscape and experience continuous evolution, 
from the first geological origins of a basin to its eventual infilling by biotic and 
abiotic sediments. Climate change has the potential to affect lake evolution through 
a variety of processes, especially in the polar regions where small changes in 
temperature can have a large impact on landscape properties such as snowpack, 
glacier melt, hydrological inputs, vegetation and soil stability. In this section, we 
illustrate some of the mechanisms whereby climate affects landscapes and lakes, at 
various timescales.  

GEOMORPHOLOGY  

The climate-induced recession of glaciers and ice caps has a wide ranging effect 
on landscape geomorphology that in turn affects the presence, distribution and form 
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of lake basins. Climate change can result in modifications of pre-existing 
geomorphological patterns, for example through the thawing of permafrost or 
changes in precipitation and water-induced erosion. Such erosion processes also 
affect the transport of sediment from land to lakes and therefore the extent of 
infilling. As noted in Geomorphology (above), the exposure of moraines of various 
ages after glacial retreat also has an influence on lake water chemistry. The isostatic 
adjustment of land following glacial retreat can also radically alter the influence of 
the sea on coastal lakes and lagoons (see below).  

Ice bound lakes are especially sensitive to small variations in climate. For 
example, the extensive Ellesmere Ice Shelf that once dammed the northern fiords of 
Ellesmere Island underwent considerable break-up and contraction during the 20th

Century (Vincent et al. 2001). This has resulted in the loss of ice-dammed epishelf 
lakes, most recently that of Disraeli Fiord in which the freshwater layer completely 
drained away as a result of the break-up of the Ward Hunt Ice Shelf in 2002 
(Mueller et al. 2003).  

MARINE CONNECTIONS 

Many Antarctic and Arctic lakes show a connection to some degree to the sea (see 
Gibson et al. this volume). For example, in the Vestfold Hills (Antarctica) some 
ends of paleoceanic bays became lakes (eg Peterson et al. 1988, Cromer et al. 2005) 
and the coastal aquatic ecosystems include meltwater influenced fjords (eg Ellis 
Fjord and Crooked Fjord) and lakes that are intermittently connected to the sea with 
seasonal marine inputs, including microbiota and fish. The latter includes Burton 
Lake that has an ice dam across its entrance sill, isolating it from the sea for up to 8 
months of the year (Bayly 1986). These connections are strongly affected by climate 
over long timescales (hundreds to thousand of years).  

More than 20 lakes in the Vestfold Hills contain relict seawater that was isolated 
by isostatic uplift of the land after the last deglaciation, about 10 000 years ago 
(Gibson 1999). This climate-dependant process has resulted in meromictic lakes 
(lakes that never fully mix) in which dilute, oxygenated meltwaters lie over the 
ancient, saline, anoxic bottom waters. In the early stages of evolution of such lakes 
the formation of sea ice and associated brine drainage is likely to have contributed to 
the high salinities of their present-day bottom waters (Gallagher et al. 1989). Some 
of the lakes (eg Watts Lake (Pickard et al. 1986), Lake Druzby at the end of Ellis 
Fjord) have been gradually flushed out with meltwater and are now well-mixed 
freshwater systems. Sediment cores from Ace Lake in this region show three distinct 
phases of salinity as indicated by analysis of the fossil diatom flora (Roberts and 
McMinn 1999): a freshwater phase, followed by a period of inundation resulting in 
marine and sea ice biota, followed by the present-day hypersaline conditions. In this 
process, the local sea level, as the balance between the eustatic and isostatic 
components, is relevant. In the Holocene the sea level rose and then fell resulting in 
flooding of initially freshwater lakes and subsequent re-isolation (Zwartz et al. 
1998)  
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with climate change at millennial timescales, deglaciation and isostatic rebound. 
One set of these systems lies along the northern coastline of Ellesmere Island in the 
Canadian High Arctic where a series of lakes and fjords forms a chronosequence 
illustrating the various stages in landscape evolution and degrees of connectivity to 
the sea: well mixed fjords, ice-dammed, meltwater-influenced, stratified fjords, 
saline, meromictic lakes and lakes that have been flushed out by meltwater and are 
entirely fresh (Fig. 2). 

Figure 2. Postulated evolutionary sequence for coastal, high latitude landscapes, 

embayments and lakes. Reproduced by permission from van Hove et al. (2006).

Paleolimnological analysis of coastal Arctic and Antarctic lakes further to the 
south also show that their evolution began with a submerged phase beneath the sea. 
For example, analyses of the sediments of ultra-oligotrophic, freshwater Char Lake 
at Resolute Bay in the Canadian High Arctic show that it emerged from the sea ca. 
6ka ago and subsequently became completely fresh ca. 4ka ago (Michelutti et al. 
2003). Similarly, subarctic Lake Kachishayoot in coastal Hudson Bay has sediments 
indicating a marine then brackish water phase before isolation from the sea and its 
shift to present-day freshwater conditions (Saulnier-Talbot et al. 2003). 

Small changes in sea level can produce important variations in the properties of 
small coastal lakes that are separated from sea level by barrier-beaches. Moreover, 
the fresh water/marine water interface will change over time, finding a new 
equilibrium with increased freshwater flow and sea level rise. 

Analogous effects are also known from the north polar region, again associated 
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reflection of the dynamic equilibrium between hydrological and thermal properties
of the soil and atmospheric conditions (Hinzman et al. 1991). Climate-related 
changes in this layer will have a wide-ranging influence on the transport of water, 
solutes and particulate materials to downstream receiving water bodies. No long-
term (several decades) records of the depth of the permafrost active layer are 
available in the polar regions, however, several models (Frauenfeld et al. 2004) 
based on air temperatures identify potentially large variations in its thickness, 
deepening by 20cm in the period 1956-1990 in Russia. There are predictions for a 
20-30% increase in the active layer thickness by the year 2050 in the Northern 
Hemisphere (Anisimov et al. 1997). This will expose upper permafrost to leaching 
with meltwater and also will produce shifts in the interconnections among 
subpermafrost, intrapermafrost and above-permafrost liquid water masses of 
unpredictable ecological consequences, since in many cases these groundwater 
masses are rich in solutes and only discharge on surface waters through permafrost 
discontinuities.  

Permafrost may contain considerable stocks of ancient organic matter that can be 
liberated during melting. For example, in the Larsemann Hills and on Signy Island 
extensive vegetation beds (mosses, cyanobacterial mats) occurred over the upper 
permafrost during warmer climates of the past (Burgess et al. 1994, Smith et al. 
2004). These can, by climate warming or other disturbances, increasingly contribute 
to the nutrients and DOM loads in the subsurface waters and, subsequently, in the 
lake inflows. In one case, gravel mining for road construction caused a drastic 
increase in permafrost thawing. Soil frozen for thousands of years began to weather 
and nutrients were released. The result was spring waters extremely rich in nutrients, 
mainly phosphorus, (Hobbie et al. 1999). Increased nutrient inflows will have a 
potential to alter trophic status in natural Antarctic lakes and such evidence has been 
indeed documented (eg Laybourn-Parry 2003).  

The active layer in the Dry Valleys is mostly dry because evaporation and 
sublimation far exceed the annual recharge into it (Campbell et al. 1998). The result 
is that the soils are barely leached and weathering products accumulate in the soil 
profile. In contrast, in oases such as Schirmacher, Thala, Larsemann and Bunger 
(coastal continental Antarctica) with more intensive recharge from increased 
meltwater supply, considerable subsurface flow of water occurs (Haendel 1995, 
Burgess and Kaup 1997). Each summer, the depth of the thaw layer depends on 
temperature, solar radiation conditions and the extent of snow cover. With a snow 
cover more than 10cm thick, the solar radiation reaching the ground surface became 
almost negligible on King George Island (maritime Antarctic) where the active layer 
thickness varied between 0.5 - 3.5m. These conditions are probably representative 
for the entire maritime Antarctic region (Cannone and Guglielmin 2003) and also 
for the coastal continental Antarctic to a lesser extent.  

The occurrence of many old soils at high inland elevation indicates that little 
response to global climatic change would be expected there. For the much younger 
soils in East Antarctica and the Antarctic Peninsula, when mean annual summer 
temperatures are higher, responses to global change and change in sea level may be 

PERMAFROST EFFECTS 

Permafrost is overlain by the active layer and the depth of this layer is a
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significant (Bockheim et al. 1999). In these regions, the process of increasing the 
temperature due to global warming can, as in the Arctic, result in thawing of 
permafrost and an increase in active layer thickness. For example, a rise of ca. 1°C 
in summer air temperatures during the last 50 years due to local climate change on 
Signy Island (maritime Antarctic) has markedly increased chlorophyll a and nutrient 
levels in lakes. This response may be linked to deglaciation and also reductions in 
lake snow and ice cover (Quayle et al. 2002). However, if the climate warming in 
Antarctica is accompanied by increased precipitation then its effect on the active 
layer and on the lakes can be complex. If the summer snow cover in the oases is 
extended by increased precipitation, then chemical weathering and nutrient release 
from the catchments may also decrease. 

Climate warming is likely to have pronounced effects on thermokarst 
landscapes. In these regions, surface melting and slumping affects the morphology 
of the landscape that in turn influences the hydrologic cycle and aquatic biota and is 
related to the movement of the tree line in the arctic tundra (Hinzman et al. 2004). 
These regions are abundant in parts of the Arctic and contain lakes and ponds in vast 
complexes that variously exchange water with each other and with rivers. The water 
bodies are typically shallow (< 1m depth) with low phytoplankton and stocks, but 
often with a productive, nutrient-rich benthic layer of cyanobacteria and other 
organisms. These luxuriant benthic mats appear to be a major food source for 
zooplankton that in turn supports other wildlife such as ducks and shorebirds. The 
formation processes and dynamics of the landscape in the thermokarst regions are 
illustrated in Fig. 3. The process of thermokarst formation starts by degradation of 
the ice wedge, then the subsidence of the surface and the presence of ice beneath the 
sunken area allow pond formation. The pond then increases the speed of thermokarst 
formation since the surface underneath does not freeze during winter. Eventually the 
reduction of permafrost can drain the pond, which may allow the colonization by 
terrestrial vegetation (shrubs in the Arctic). If the permafrost is completely 
destroyed the pond can dry up and the vegetation may disappear. If the atmospheric 
conditions are favourable, palsas may form after refreezing of the surface and new 
permafrost is formed. 

Variations in permafrost, and particularly in the active layer thickness, can be 
important for man-made constructions. The variation in the thickness of the active 
layer also affects the stability of the structures since much of the existing 
infrastructure erected in northern regions is located in areas of high hazard potential 
and could be affected by thaw subsidence under conditions of global warming 
(Nelson et al. 2001). These activities are in turn likely to influence the sediment 
transport to lakes. 

Human impacts are resulting also in chemical changes in surface and subsurface 
(active layer) waters of lake catchments. In the Larsemann Hills, waters subject to 
human impacts have up to an order of magnitude higher conductivity than those in 
natural catchments, the origin of salts being attributed to direct salt inputs from 
station activities (wastewater and urine, chemicals, building materials) and to 
intensive rock crushing by tracked vehicles and subsequent increased weathering, 
indicated by considerable silt increases in certain areas. The latter changes may 
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result in the eutrophication, loss of transparency in lakes and major shifts in their 
ecosystem properties (Ellis-Evans et al. 1997). 

Figure 3. Hypothetical landscape evolution through thermokarst formation. A. Initial 

situation, permafrost is continuous. B. Some disturbance weakens the permafrost that 

becomes thinner leading to surface subsidence. C. Permafrost becomes very much reduced, 

the surface sinks considerably and ponds are formed. D. Vegetation colonizes this more 

humid and protected area. The pond drains because permafrost degrades more deeply. E. 

Plant colonization, almost complete drainage of the ponds, refreezing of some areas (palsa 

formation). The size of the symbol represents the permafrost thickness (adapted from 

Hinzman et al. 2004). 

GLACIERS AND HYDROLOGY  

Increased temperatures in the polar regions will be accompanied by a reduction of 
ice thickness and snowpack extent, the retreat of glaciers and also a shift in 
precipitation from snow to rain in some months (see Convey this volume). These 
variations are likely to induce modifications in the hydrology of the catchment and 
so in receiving lakes and wetlands. 

Glacial retreat typically produces new lakes, when land depressions that 
originated from ice erosion are inundated with glacial meltwater. The glacial 
deposits left behind during retreat are prone to be eroded, weathered and transported 
by running waters. Moreover, the new land surfaces are also left open for running 
waters and wind erosion. Sediments are eventually carried to lakes that act as 
sediment traps. The amount and the size of the sediments in suspension will depend, 
apart from the water availability, upon the available energy in the ecosystem. In 
frozen systems, the available energy for transportation is very low and probably not 
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enough to mobilise the sediments since most particles will be glued and/or protected 
by ice and snow. In such situations sediment reaching the lake will be small in size 
and low in quantity. On the other hand, where increased temperature results in ice 
melt and glacial retreat, the available energy for transportation will be higher and the 
sediment transported will cover a range from fine to larger in size and will be more 
abundant. The sediment cores collected from lakes in polar areas demonstrate a shift 
from coarse to fine size of the particles, indicating different stages of available 
energy and thus probably different climatic conditions (Björck et al. 1991, 1993), 
such as alternating warm and cold periods.  

In shallow lakes fine sediments will remain in suspension during periods of open 
water since wind mixing will not allow the sedimentation of these inorganic 
particles. The presence of fine particles under open water conditions will increase 
the turbidity of the water reducing the available light for the photosynthetic 
organisms, both planktonic and benthic, likely limiting total autotrophic production 
in the ecosystem (see below).  

An important effect of age on the biogeochemistry of the landscapes arises from 
the weathering of the glacial till. In the Alaska LTER, the till from all glaciations 
originated in a limited area of the Brooks Range (Hamilton 2003) so all the parent 
tills have similar chemistry. The effect of weathering and other important soil 
processes connected to vegetation and moisture results in a soil chemistry that 
reflects a similarity of origin and an evolution with age on all three glacial surfaces. 
The basic till in the region contains carbonates, apatite (calcium phosphate) and 
some calcium sulphate. Over time, the carbonates leach out and soil waters become 
more acidic (eg pH of the 10ka = 5.5-7, 60ka = 3.5-5.0). In streams and lakes, the 
pH and base cation content vary across the region in a pattern reflecting landscape 
age. For example, conductivity varies strikingly with landscape age (Table 1) and 
calcium and bicarbonate are more abundant in the lakes and streams of the younger 
surfaces. Within a drainage basin, the headwater streams and lakes receive the 
lowest concentrations of major ions while downstream freshwaters receive higher 
concentrations (Kling et al. 2000). Soil mineral phosphorus content is much greater 
in soils on younger landscapes (Walker et al. 1989, Giblin et al. 1991), while N 
availability is greater in older soils. Hobbie and Gough (2004) compared nutrient 
availability on the 10ka and the 60ka soils while Gebauer et al. (1996) documented 
the nutrients in the 300ka soils in the detailed study of Imnavait Creek. However, 
nutrients do not move as freely downslope as water and major cations. The uptake of 
nutrients by plants is increased by the shallow runoff due to permafrost thereby 
limiting nutrient inputs to freshwaters. 

How do differences in biogeochemistry affect the functional aspects of aquatic 
ecology? Levine and Whalen (2001) found that the planktonic chlorophyll content (a 
proxy for algal biomass) was very similar in all of the numerous lakes they sampled 
in this region. Thus, pelagic production in lakes may not show a strong connection 
to landscape age but a stronger linkage appears to exist with benthic production 
(Fig. 4, Gettel 2006).  

In shallow oligotrophic lakes benthic processes are especially important, light 
reaches the bottom and water column production is low (Ramlal et al. 1994). In 
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lakes around Toolik Lake, shallow benthic primary production (< 6m) is similar to, 
or greater than water column production. The benthos also is important in nutrient 
cycling; benthic N2 fixation can contribute up to 1 mg N m-2 d-1 during the summer 
months (Gettel 2006). In a survey of 15 lakes, Gettel (2006) found that shallow 
benthic N fixation showed a pattern of decreasing N2 fixation among lakes on older 
landscapes (Fig. 4). However, Gettel (2006) also showed that fixation is controlled 
by a number of processes, including light and snail grazing, which co-vary with 
landscape age. In calcium rich lakes on the younger landscape, snail grazing can 
suppress N2 fixation, altering the expected pattern of decreasing lake N2 fixation 
with increasing landscape age. Benthic N2 fixation is clearly important in shallow 
arctic lakes where benthic primary productivity can dominate. 

Figure 4. Benthic N2 fixation and primary productivity on different landscape ages near 

Toolik Lake. 

While soil dissolved organic carbon (DOC) increases with landscape age, DOC 
concentrations in lakes are under more complex controls because of the intensive 
processing of DOC in streams and lakes (Bowden and Group 1999). There are more 
snails and clams in lakes on the younger landscapes because the calcium 
concentrations are high. There is also evidence of more N2 fixation in the younger 
networks possibly because of increased P (Fig. 4, Gettel 2006) and calcium. Position 
and morphometry also exert an important influence on primary production and these 
factors also vary with age. The older landscape has fewer, shallower lakes, which 
are less likely to be part of a network of lakes (Table 1). Lakes in a network tend to 
act as nutrient filters, so we expect that lake productivity will tend to decrease in 
long stream/lake sequences. For example, lakes at the headwaters of the Toolik inlet 
series of lakes (I-1 and I-2) have low primary productivity, but not as low as two 
lakes lower in the drainage (Kling et al. 2000). Lake I-8, which receives its water 
directly from streams, has higher productivity. Toolik Lake, which receives its water 
through nine intervening lakes, has the lowest primary productivity in the chain. 
This illustrates that the greater development of the stream-lake network on younger 
surfaces may serve to limit primary production in downstream freshwaters. 
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Lakes in both polar regions have undergone considerable changes in size 
associated with expansion and contraction of ice in their catchments. For example, 
Lake Vanda in the McMurdo Dry Valleys appears to have undergone major 
expansion 2000 - 3000 years ago, with evidence of ancient shorelines 64m above 
1970s lake levels. This has been attributed to a brief period of climatic warming that 
increased the volume of meltwater from glaciers, and raised the snowline, causing 
the tributary glaciers to move to higher elevations. This meant that when conditions 
subsequently cooled, the higher glaciers were unable to provide substantial 
meltwater and Lake Vanda almost evaporated to dryness. This desiccation event is 
believed to have been the primary cause of the hypersaline bottom waters that now 
characterize this meromictic lake (Smith and Friedman 1993).  

The long term water chemistry record at Toolik Lake has shown a doubling of 
the average acid neutralizing capacity (alkalinity) due primarily to changes in 
calcium and magnesium concentrations (Hobbie et al. 2003). There are no 
corresponding changes in the chemistry or amount of the precipitation that would 
account for these changes. It is suggested that dust from the road is causing the 
changes, but similar changes in alkalinity have been found in streams and lakes 
quite distant from the road (Hobbie et al. 2003). The most reasonable explanation is 
that alkalinity is an indicator of changes in soil and groundwater chemistry. For 
instance, it is possible that small, climate-dependent increases in active layer depth 
have exposed new soil material to weathering. Temperature however may not be the 
sole or even dominant factor affecting chemical weathering rates. For example, 
Lyons et al. (1997) compared weathering in Taylor Valley streams versus warm 
rivers in Alabama and found more than three times faster weathering rates in the 
former. In this comparison, lithology and water availability were likely to be the 
overriding controls on weathering. 

Variations in temperature also affect the precipitation regime in polar regions, 
causing the increasing likelihood of rain rather than snow in the summer period. 
This change will have a major effect on the soil and geomorphology of the polar 
landscapes, since precipitation in solid form (snow) typically shows more gentle 
erosion effects because of the slower water release during thawing. However, rain 
produces an immediate effect eroding unstable soils, as those typical from polar 
regions. This also will also affect soil organisms, since the slow water release from 
snow allows the biota to maintain an appropriate water content for survival during 
longer periods. However, the same amount of precipitation in the form of rain 
saturates the active layer of soil but disappears quickly because of flow or 
evaporation (see above), limiting water availability for biological processes. 

Temperature rise itself has direct effects on the lakes through several landscape 
processes. An increase in air temperature will produce a direct increase in water 
temperature but also will warm the rocks and soils of the catchment. These will 
transfer more heat to the lake via warmer water from the catchment entering the lake 
ecosystem. For instance, a physical model of Toolik Lake, Alaska, uses daily 
weather data as the input and simulates the annual thermal cycle (Hobbie et al. 
1999). Under a scenario of a 5°C air temperature increase, lake temperatures 
increased by 3°C while the ice-free season increased by seven weeks. This reduced 
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effect on water temperature could be critical, because in polar regions lake water 
temperature typically ranges between 0 and 6°C. If stream water that is warmer (less 
dense) and richer in solutes enters the lake after the spring runoff, it will float over 
the colder (more dense) lake water, triggering a stratification of the water column 
that will last until wind mixes the different density layers. In this potential 
stratification period surface waters will have higher growth rates of photosynthetic 
organisms due to higher nutrient concentrations. This change will have profound 
consequences on the lakes ecology.  

DISSOLVED ORGANIC MATTER 

As summarized in Vegetation (above), the transport of dissolved organic matter 
(DOM) is a primary mechanism coupling lakes to their surrounding landscapes, and 
it exerts a wide-ranging physical, chemical and biological influence on aquatic 
ecosystems. The export of DOM from land to water is affected by vegetation type, 
biomass and productivity, and by the mobilization of stored reserves of organic 
matter in the catchment. Each of these in turn is likely to be highly susceptible to 
climate change. 

The effect of climate on vegetation and DOM export has been illustrated in a 
series of paleoecological studies in northern high latitudes (reviewed in Pienitz et al. 
2004 and Vincent et al. 2005) including limnological changes accompanying the 
shift of the northern tree line during the Holocene (ca. last 10 ka) in the Canadian 
Northwest Territories (MacDonald et al. 1993, Pienitz et al. 1999, Pienitz and 
Vincent 2000, Lehmann et al. 2004), the succession of vegetation types during ice 
retreat and soil development at Glacier Bay Alaska (Engstrom et al. 2000, 
Williamson et al. 2001), and the isostatic uplift, isolation from the sea and plant 
colonisation of catchments in coastal subarctic Québec following deglaciation 
(Saulnier-Talbot et al. 2003). In the latter paleo-optical study (past underwater light 
regimes), the authors found that there had been abrupt increases in diatom-inferred 
DOC concentrations and water colour that coincided with the retreat of postglacial 
marine waters and the arrival of spruce trees within the surrounding landscape. Their 
investigation also revealed large changes in the underwater irradiance environment 
over the course of the postglacial period, from extremely high UV exposure 
following the initial formation of the lake and its isolation from the sea, to an order-
of-magnitude lower exposure associated with the development of spruce forests in 
the catchment. The use of additional macrofossil markers revealed that underwater 
UV penetration remained low even following forest retreat due to the development 
of alternate DOC sources in the catchment such as Sphagnum wetlands (Saulnier-
Talbot et al. 2003). 

These effects of vegetation on DOM loading in the past provide insights into 
how climate change may affect landscapes and lakes in the future. Regions such as 
the Canadian Arctic contain latitudinal bands of ecozones that differ in vegetation 
type and standing stocks (Gould et al. 2003), and there is evidence that the DOM 
content of lakes generally follow this vegetation gradient, with highest 
concentrations in waters of the boreal forest and lowest concentrations in lakes fed 
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by polar desert catchments with sparse, discontinuous plant communities (Pienitz 
and Smol 1993, Vincent and Pienitz 1996). However, there are exceptions to this 
general pattern associated with local oases of vegetation. Overall, there appears to 
be a statistical relationship between the density of phytobiomass and temperature, 
specifically the extent of summer warming (Walker et al. 2003) and thus in the 
future it is likely that these ecozones will move northwards. Already such effects are 
noticeable at some locations. There is evidence of increased densities of shrubs 
associated with recent warming of the Alaskan tundra (Sturm et al. 2001) and on the 
Seward Peninsula, Alaska, there is evidence of tree line advance (Lloyd et al. 2002). 
This arrival of larger plants with more lignin-containing tissues is likely to increase 
the amount of CDOM transferred to lakes, as has been inferred from the 
paleorecord.

In addition to affecting the above ground, living stocks of carbon and associated 
plant detritus, climate change may also cause the mobilization of stored organic 
carbon reserves in the catchment. This aspect is of major concern in the Arctic and 
Subarctic. Northern high latitude regions contain the largest peat-bog systems on 
Earth with as much as one third of global organic carbon stocks (Gorham 1991, 
McGuire et al. 2002, Smith et al. 2004). Changes in air temperature and 
precipitation could potentially mobilize part of the sequestered carbon of these 
systems (Agafonov et al. 2004, Christensen et al. 2004) through physical 
(hydrology, freeze-thaw cycles), chemical (photoreactions, oxidation) and biological 
mechanisms (respiration, biodegradation of DOM, energy transfer through the food 
web). The stability of the soil carbon pool appears sensitive to the depth and 
duration of thaw (Goulden et al. 1998). It has been shown that rising temperatures 
can stimulate the export of DOC from peatlands (Freeman et al. 2001). Since the 
Little Ice Age (ca. AD 1550-1850), permafrost degradation has resulted in the loss 
of forested lands and an increase in long-term net accumulation of organic matter 
(Vitt et al. 2000, Turetsky et al. 2002) that may eventually be mobilized.  

There is considerable interest at present in the influence of DOM on the 
inorganic carbon balance of high latitude aquatic ecosystems, and the potential role 
of rivers and lakes as systems that may decompose and ventilate organic matter from 
the tundra into the atmosphere. Work by Kling et al. (1991) illustrates how carbon 
movement through streams and lakes can change the carbon balance of an entire 
watershed. These authors found that Alaskan tundra lakes and streams are typically 
supersaturated in carbon dioxide. The CO2 concentration in 25 lakes averaged 
1162ppmv, with calculated positive fluxes of CO2 from water to the atmosphere 
averaging 20.9mmol m-2 d-1. These high amounts of CO2 came from groundwater 
that contained up to 46 500ppmv. Groundwater is likely confined by permafrost to 
shallow organic-rich soil layers where CO2 produced by plant and microbial 
respiration can accumulate. Carbon loss by this aquatic pathway could equal the 
terrestrial carbon accumulation. They estimated the global C loss from tundra lakes 
and rivers to be between 7 - 20% of the current estimated C sink for arctic tundra, 
this estimation being conservative since part of the carbon exported to the ocean 
(POC and DOC) can also be respired and lost to the atmosphere. Kling et al. (1991) 
also measured CH4 concentration in eight lakes and one river averaging 270ppmv, 
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some 150 times the concentration at atmospheric saturation. Supersaturation of 
methane, and thus net efflux of this potent greenhouse gas, has also been reported by 
Whalen and Reeburg (1990) in Alaskan freshwaters. 

BIOLOGICAL CYCLES AND BIODIVERSITY  

Most models predict that climate change will lead to an increase in temperature and 
precipitation regime in polar regions. Experimental increases of temperature in non-
aquatic ecosystems as Antarctic terrestrial soils have shown large variations such as 
an increase in cyanobacterial colonizers, and the size of the micro-arthropod and 
nematode populations (Kennedy 1994, Wynn-Williams 1996, Convey 2003, Convey 
this volume). These variations are already being detected in polar regions under 
natural conditions, since they are more sensitive to these changes than other 
ecosystems. The onset of these effects is now being observed, such as an increase in 
the distribution of the higher plant Deschampsia antarctica on King George Island 
from 1984 to 2001 (Gerighausen et al. 2003). Variations in the vegetation and 
edaphic communities of catchments are likely to have a large effect on the 
downstream receiving waters, shifting the amount and the type of DOC and POC 
entering into the lake (see above).  

In terms of non-marine aquatic ecosystems the predicted changes include 
variations in the physical and chemical characteristics of the ecosystems. An 
increase in the open water period is expected, making light available during more 
time to deeper layers. An expanded open waters period will also allow more active 
mixing and through this will make available, in shallow lakes, more nutrients 
released from the lake sediments, therefore increasing nutrient availability for 
primary producers in these typically ultra-oligotrophic waters. The consequences of 
the exponential increase of primary producers are unpredictable but most probably 
will imply important variations in further steps of the food web. Apparently simple 
food webs, such as those found in polar freshwaters, can be strongly impacted by 
variations in organism numbers in any of the trophic levels (A. Camacho et al. 
unpubl. data). It is also likely that there will be an increase in the solute 
concentration of waters incoming into the lakes due to hydrological variation (see 
above). Both processes will most probably result in increased eutrophication. 
Typically eutrophication processes are characterised by an increase in biomass but 
also a decrease in biodiversity.  

Another important factor is the increase of solids in suspension entering the lakes 
due to an increase of erosion in the catchments, or to higher discharge of streams 
into the lake. The effects of such an increase are unpredictable but most likely will 
reduce light availability in the water column shifting the biomass composition 
towards low light adapted primary producers (eg planktonic cyanobacteria). This 
increase in solids in suspension would also affect the benthic communities, which in 
some cases is the dominant biomass in some polar lakes (Imura et al. 1999). Most 
benthic communities are dominated by slow growing organisms so that rain of 
sediment on them may limit their survival (Imura et al. 1999). Any shifts in the 
underwater light regime will be a function of the balance between reduction caused 
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by solids in suspension and increase due to reduction in ice cover duration and 
thickness. How these two factors will counteract is unknown at the moment, but 
most likely they will affect aquatic biodiversity.  

After glacial retreat, milder conditions will make the new lands or aquatic 
ecosystems more suitable for invader species from non-polar latitudes. Clarke et al. 
(2005), as other authors suggested before (eg Ellis-Evans 1996), cast doubts on the 
biological isolation of Antarctica. In fact, redistribution and expansion of native 
populations and invaders have been documented for microalgal, invertebrate and 
plant taxa (Karentz 2003, Convey et al. this volume, Hughes et al. this volume). 
Several recent invasions have been documented, such as a carabid beetle at South 
Georgia (Ernsting et al. 1995). The subantarctic islands have been subject to the 
majority of recent introductions (Frenot et al. 2005), including taxa from many 
different phylogenetic groups. This topic is extensively treated by Gibson et al. 
(2006), in relation to the biogeographical distribution of the Antarctic organisms.  

Biodiversity change and species redistribution will be more conspicuous in the 
Arctic since there are no boundaries to limit the free distribution of organisms. 
However, landscape variations due to climate change could also strongly affect 
aquatic ecosystems if new connections are formed among different water masses. 
Fish are one group of organisms that would quickly move into the new habitats. 
Evidence from the Arctic indicates that any invasions triggered by climate change in 
Antarctica will have substantial impacts and will profoundly modify these simple 
ecosystems in terms of biodiversity and ecosystem functioning. 

Conclusions 

Landscape exerts a broad range of controls on the properties and dynamics of lakes 
in both polar regions. The primary effect over long time scales is on basin and 
catchment geomorphology, hydrological flow patterns and connections with the sea. 
Over shorter timescales, climate can have a strong effect on permafrost degradation, 
rock weathering, soil formation, erosion and vegetation development. Each of these 
processes in turn affects the chemical, physical and biological properties of 
downstream receiving waters. Most of the variations that have been observed over 
the last few decades are the result of slow or continuous change in climatic 
conditions. In the future, however, more rapid and pronounced alterations are likely. 
In high latitude landscapes where permafrost, glaciers, snowpack and other 
cryosperic features are so dependent upon persistent cold, small temperature 
changes are likely to have abrupt, threshold-dependent effects that in turn impact 
strongly on lakes.  
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Introduction 

Most global circulation models (GCMs) predict enhanced rates of climate change, 
particularly temperature increase, at higher latitudes. In the Antarctic terrestrial 
environment, the severe stresses experienced combined with geographical isolation 
and the relative youth of most habitats are generally accepted to underlie the low 
contemporary terrestrial biodiversity that is found. Currently faced with rates of 
regional climate change that are amongst the most rapid seen on the planet (Quayle 
et al. 2002, Vaughan et al. 2003), Antarctic terrestrial and freshwater ecosystems are 
expected to show particular sensitivity and rapid responses (Freckman and Virginia 
1997, Quayle et al. 2002, 2003). The Inter-governmental Panel on Climate Change 
(IPCC) Third Assessment (IPCC 2001) has singled out the polar regions as areas of 
special concern. 

Climate change is not a new challenge for Antarctic biota. During the 
Pleistocene and Holocene, systematic variations in climate and ice cover are well 
documented (eg Hjort et al. 2003). During recent centuries there is evidence of 
glacial advances analogous to those of the Little Ice Age experienced in Europe 
while, over the last 1-10 000 years, there have also been considerable fluctuations in 
glacial and ice shelf extent and thickness (Clapperton and Sugden 1982, 1988, 
Lorius et al. 1985, Smith 1990, Pudsey and Evans 2001). Although widely held, the 
perception that Antarctica has remained under a permanent and stable icecap is 
clearly inaccurate. 
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Four aspects of changing climate will have a direct influence on Antarctic 
terrestrial organisms: temperature, water (precipitation and melt), solar radiation 
(photosynthetically active and UV radiation) and atmospheric CO2 concentrations. 
The first three are considered here as, although increasing levels of CO2 are recorded 
across Antarctica, any consequences for Antarctic biota have not been directly 
addressed. The remaining areas form the focus of separate sections of this chapter. 
Finally, an overview is given of recent studies of terrestrial biological responses that 
have been linked with these processes of contemporary climate change. 

Temperature Trends 

Low thermal energy input is a feature of Antarctic terrestrial habitats. This is 
highlighted by the broad generalised summary of air temperature characteristics for 
each of the continent’s three major biogeographical zones presented in Table 1 (see 
also Convey 1996a, Danks 1999). While recognising that the link between standard 
air and small-scale microclimate temperature is complex and poorly characterised 
(see below), the relatively crude measure of physiological time (day degrees above 
0ºC) illustrates the lack of thermal energy even in comparison with the most extreme 
regions of the Arctic. The very low summer temperatures seen across the Antarctic 
are likely to result in microhabitat temperatures that are often near the minimum 
threshold for many physiological processes. A small temperature increment near to 
these threshold values may be expected to have a relatively greater biological impact 
than a similar increment well above the threshold, a factor underlying the prediction 
of extreme sensitivity to climate change in Antarctic biota. Furthermore it should 
also be noted that, other than for the very few meteorological stations in inland 
continental Antarctica, most temperature records are from coastal research stations 
at or very near to sea level. Macro and microclimatic conditions will become rapidly 
more extreme with increasing altitude relative to these values (eg Tweedie and 
Bergstrom 2000), as will climate-associated geomorphological processes such as 
periglacial activity. Finally, other features of temperature variation may also have 
considerable biological significance, including the upper and lower extremes and 
diurnal and annual ranges experienced and rates of change. 

AIR TEMPERATURE TRENDS 

Over the last half-century, temperature increases amongst the most rapid worldwide 
have been documented along the western Antarctic Peninsula and associated island 
archipelagos (Smith 1990, Fowbert and Smith 1994, King 1994, Harangozo et al. 
1997, King and Harangozo 1998, Skvarca et al. 1998, King et al. 2003, Vaughan et 
al. 2003). Particularly strong warming is apparent in the detailed record available 
from Faraday/Vernadsky Station (Argentine Islands, c.65ºS) and in records available 
from several other Stations on the Antarctic Peninsula and South Shetland and South 
Orkney Islands (Fig. 1). Here, mean annual temperature has risen at a rate of 
5.7±2.0°C per century over this period (Vaughan et al. 2003). Although the most 
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detailed records and strongest trends are obtained in the maritime Antarctic, 
warming trends have also been reported from a range of subantarctic sites (eg 
Marion Island - Smith and Steenkamp (1990), Smith (2002), Iles Kerguelen - Frenot
et al. (1997), Macquarie Island - Tweedie and Bergstrom (2000), see also Jacka and 
Budd 1998) and at locations along the coast of continental Antarctica (Adamson and 
Adamson 1992, Jacka and Budd 1998, Vaughan et al. 2001).  

Table 1. Generalised thermal characteristics of the major regions of Antarctica, in 

comparison with those of the High Arctic.

 Months with
positive
mean air 

temperatures 

Air temperature range (ºC) Days above 0°C 

 Mean winter to 
summer Extreme range 

High Arctic 2 to 4 -34 to + 5 -60 to +20 50-350 

Subantarctic 6 to 12 -2 to +8 -10 to +25 70-170 

Maritime Antarctic 1 to 4 -12 to +2 -45 to +15 6-100 

Continental Antarctic coast 0 to 1 -30 to -3 -40 to +10 0

Continental Antarctic inland 0 <-50 to -10 <-80 to -5 0

GCM simulations predict that some areas of continental Antarctica will 
experience cooling rather than warming trends, and there has been one report of 
general cooling, interpreted in the context of consequences for the ecosystems of the 
Dry Valleys region of Victoria Land (Doran et al. 2002). However, Turner et al. 
(2002) have suggested that this report is likely to be artefactual, being a consequence 
of the very low spatial density of data recording in this region. 

The rapid temperature increases seen along the western coast of the Antarctic 
Peninsula and maritime Antarctic archipelagos appear to be linked to decreasing 
winter sea ice extent and, by teleconnection, to El Niño Southern Oscillation 
(ENSO) events in the southern Pacific Ocean (Cullather et al. 1996, Harangozo 
2000). However, it must also be noted that, although many GCMs predict high rates 
of warming at polar latitudes, even the most recent and detailed spatial models (such 
as the Hadley Centre’s HadCM3) do not accurately represent the observed patterns 
of warming seen in this region (King et al. 2003). This may be a model limitation, 
through a combination of insufficient resolution of the oceanic components and a 
lack of representation of the impact of the Antarctic Peninsula’s topography on 
regional atmospheric circulation. Alternatively, Thompson and Solomon (2002), 
propose a link between Antarctic Peninsula warming and atmospheric circulation 
trends in the lower stratospheric polar vortex, and hence a link to photochemical 
ozone depletion. 
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TRENDS OVER THE ANNUAL CYCLE 

At some locations, warming trends are not constant throughout the year. The annual 
trend on the western Antarctic Peninsula (Fig. 2) is formed from strong warming 
during the winter months (11±9ºC per century), with much lower but still significant 
rates seen in summer (2.4±1.7ºC per century: King and Harangozo 1998, King et al. 
2003, Vaughan et al. 2003). These figures also illustrate the degree of between-year 
variability present in the data. The biological consequences of these differences in 
trend magnitude can be considerable, through extending the active season for 
terrestrial biota by shortening the winter period and releasing or maintaining liquid 
water in ecosystems through earlier spring thaws and later autumn freezing. At 
maritime Antarctic Signy Island (South Orkney Islands), a different pattern has been 
seen over the last three to four decades, with warming occurring during the summer 
months but little change noted in winter (Smith 1990, Convey et al. 2003). 

Figure 1. Time series of annual mean surface air temperature at selected stations in the 

vicinity of the Antarctic Peninsula, from Orcadas Station (Laurie Island, South Orkney 

Islands, c. 60ºS to Rothera Station (Adelaide Island, c. 68ºS). Records other than Orcadas 

have been offset by the amounts shown for clarity (from King et al. 2003). 

In the subantarctic, the limited numbers of analyses available do not indicate 
consistent seasonal patterns across the different (and widely separated) islands. On 
Macquarie Island, the strongest warming trends have been reported during late 
summer and early autumn, although the island cools during severe ENSO events 
(Adamson et al. 1988) and Tweedie and Bergstrom (2000) considered that there was 
no overall seasonal bias to the warming trend. Smith and Steenkamp (1990) 
documented higher warming rates on Marion Island during later winter and early 
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summer. On Iles Kerguelen, Frenot et al. (1997) reported no seasonal bias in data 
obtained between 1951 and 1993, while Allison and Keage (1986) found a bias 
towards summer warming in an analysis of a shorter dataset covering 1964 to 1984 
at Heard Island. 

Figure 2. Trends of monthly mean temperature increase at Faraday Station (now Vernadsky 

Station) (Argentine Islands, c. 65ºS), illustrating both greater magnitude and greater inter-

annual variability during the austral winter months (from King et al. 2003). 

TERRESTRIAL MICROCLIMATES 

The difficulties in describing or modelling the relationship between coarse 
macroclimatic and fine-scale microclimatic data are well known (eg Walton 1984, 
Smith 1988), with microclimatic characteristics being influenced by a range of other 
potentially confounding variables (including insolation/cloud cover, snow cover, 
hydration, wind speed, physical aspect, substratum, biotic habitat structure). These 
difficulties are further compounded by a lack of long term datasets and monitoring 
studies of microclimate, meaning that there are currently no data available linking 
macro- and microclimatic trends. Several short-term microclimatic data sets have 
been obtained around the Antarctic, which serve to highlight the large and rapid 
changes possible in microclimatic conditions (eg Walton 1982, Smith 1988, Davey 
et al. 1992, Kennedy 1994), while also illustrating the inherent ecophysiological 
flexibility of many Antarctic terrestrial organisms that allows them to cope well with 
natural environmental variation, which is of much greater magnitude than the 
warming trends superimposed through regional climate change (Convey 1997a, 
2001).  

In this context, the use of a measure of physiological time (day degrees above 
0ºC), derived from macroclimatic records of air temperature, provides an illustration 
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of the potential importance of relatively small increases in microhabitat temperature. 
Air temperature provides a poor indicator of microhabitat temperature in periods 
with significant insolation and in habitats under snow cover. However, it provides a 
more accurate estimate for shaded microhabitats and during periods of cloud cover 
(typical of much of the maritime and subantarctic). Trends of increase in the number 
of positive day degrees are again highly significant, with a 74% increase over the 
last 50 years recorded at Faraday/Vernadsky Station and the shorter records 
available from Rothera and Bellingshausen Stations generating trends of increase of 
14% and 18.5% per decade respectively (D.G. Vaughan, unpubl. data). The potential 
biological significance of trends of this magnitude becomes apparent when it is 
realised that it has been calculated or demonstrated that increases of the order of 
100-300 day degrees per season are sufficient to allow the completion of an annual 
rather than a biennial life cycle in a subantarctic beetle (Arnold and Convey 1998), 
and completion of an extra summer asexual generation in an Arctic aphid, resulting 
in an order of magnitude increase in the numbers of overwintering eggs (Strathdee et 
al. 1993). 

FRESHWATER HABITATS 

Limnetic ecosystems are discussed by Lyons et al. (this volume). There have been 
few extended or quantitative studies of the responses of Antarctic lakes or other 
freshwater ecosystems to climate change. A recent analysis of long-term 
macroclimatic (1947 – 1995) and limnological (1963 – 1996) datasets collected on 
maritime Antarctic Signy Island (South Orkney Islands) indicates that such 
ecosystems may magnify the macroclimatic trends already commented on above 
(Quayle et al. 2002, 2003). Thus, over the period 1980 – 1995, lake water 
temperatures were shown to have increased by 2-3 times the local air temperature 
increase (cf. Skvarca et al. 1998), while changes in the autumn freeze and spring ice 
break up dates have extended the open water period by up to four weeks. Given the 
significance of air temperature increases already discussed above, it is clear that 
increases of this magnitude may have a direct and large impact on lake biota, while 
the increased open water period has further knock-on impacts on diverse processes 
including water mixing, turbidity, nutrient concentrations, microbial population 
growth (primary and secondary productivity) and development of winter anoxia 
(Quayle et al. 2003).  

Precipitation and Water Availability 

The availability of liquid water is regarded as a key environmental variable 
controlling the distribution and activity of polar terrestrial biota, that may be even 
more important than temperature itself (Kennedy 1993, Sømme 1995, Block 1996). 
While GCMs lead to predictions of changes in precipitation patterns, as yet it is not 
possible to generate these at a fine enough spatial scale to be usefully applicable to 
biological systems. 
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PRECIPITATION 

Precipitation patterns are linked with a range of other environmental variables 
including insolation, cloud cover and wind speed. Thus, there is likely to be a strong 
link with temperature, especially when considered at the microclimatic scale 
relevant to most Antarctic terrestrial biota. Modelling approaches have predicted a 
general increase in precipitation in the Antarctic coastal zone (Budd and Simmonds 
1991) and data exist to support this prediction from the maritime Antarctic (Turner 
et al. 1997). This is another area of climate that may show teleconnection with 
ENSO events, in this case with a change in atmospheric circulation patterns leading 
to more depressions approaching the Antarctic Peninsula from the north. A further 
change in the detail of precipitation patterns has been noted in the maritime 
Antarctic, where it is increasingly likely that summer precipitation will fall as rain 
rather than snow (see also Noon et al. 2001, Quayle et al. 2003). An increase in 
precipitation is amongst a range of changes in environmental variables identified in 
analyses of 50 years of meteorological data from subantarctic Macquarie Island (C. 
Tweedie, D. Doley and D. Bergstrom, unpubl. data). Alternatively, decreases in 
precipitation are evident in some parts of Antarctica, including subantarctic Marion 
Island and Iles Kerguelen (Smith and Steenkamp 1990, Chown and Smith 1993, 
Frenot et al. 1997, Smith 2002, Chapuis et al. 2004). Winter precipitation has also 
decreased on maritime Antarctic Signy Island (Noon et al. 2001).  

GLACIAL AND SNOW MELT 

Over much of the Antarctic continent, precipitation rarely or never occurs as rain. 
Indeed, as measured by precipitation rates, large areas are described accurately as 
frigid deserts. In the maritime Antarctic, as noted above, regional warming has also 
been linked to an increasing probability of summer precipitation falling as rain 
rather than snow. On most subantarctic islands, the majority of precipitation falls as 
rain (snow at higher altitudes) and, with the exception of Iles Kerguelen, South 
Georgia and Heard Island, snow is short-lived and glaciers absent. In the absence of, 
or in addition to, direct precipitation, the pattern of availability of liquid water is, 
therefore, also governed by seasonal snow and glacial melt and is temporally and 
sometimes spatially, different to that of precipitation itself.  

Rapid rates of glacial thinning and retreat and loss of ‘ permanent’ snow cover 
observed at a range of maritime and subantarctic sites are particularly significant in 
this context (Smith 1990, Gordon and Timmis 1992, Fowbert and Smith 1994, 
Frenot et al. 1997, Pugh and Davenport 1997, Fox and Cooper 1998, Kiernan and 
McConnell 2002, Skvarca and De Angelis 2003). Melt will normally increase the 
availability of water to terrestrial ecosystems. However, as melt commences earlier 
and/or takes place at increased rates, there is also a possibility that spatially limited 
resources of ice or snow may become exhausted before the end of the summer 
season, imposing greater rather than reduced water stress on terrestrial organisms. A 
separate effect of warming may become apparent during winter as, through 
increasing the frequency of winter thaws, a sub-snow ice layer develops on the 
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ground surface. On Arctic Svalbard, Coulson et al. (2000) have demonstrated that 
this ice layer has negative effects on some soil faunal communities. Comparable ice 
layers are known to develop at Antarctic locations during winter, but their biological 
impacts have not been determined (Davey et al. 1992, Arnold et al. 2003). 

PERMAFROST 

To date, there appear to be no data available relating to trends in permafrost 
development or loss in the Antarctic (Cannone and Guglielmin 2003). In the 
subantarctic, although appearing superficially similar to the tundra of the Arctic, 
there are a number of important biological and physical differences, one of the more 
significant being that permafrost is not present at low altitudes in the habitats 
underlying subantarctic vegetation. However, permafrost is much more widespread 
in the maritime and continental Antarctic and might be expected to follow analogous 
trends to those predicted or seen in the Arctic in response to climate change. 
Principally, the area underlain by continuous or discontinuous permafrost is 
expected to decrease significantly in the Arctic (Kettles et al. 1997), although this 
may be partially buffered by existing vegetation (Camill and Clark 2000) – a factor 
likely to be insignificant in the Antarctic. It is also possible for the melting of 
permafrost to have an important impact on hydrology and vegetation, through the 
development of thermokarst topography. 

ICE SHEET FLUCTUATIONS 

Over recent decades, much attention has been given to the catastrophic collapse of 
coastal ice shelves around the Antarctic Peninsula and their links with regional 
climate warming (Vaughan and Doake 1996, Morris and Vaughan 2003, Scambos et 
al. 2003). The immediate terrestrial biological consequences of these collapses are 
probably minimal. However, variation in ice shelf extent and thickness has 
considerably greater implications for the understanding of Antarctic terrestrial 
biogeography and biodiversity. Over the timescale of the Pleistocene and Holocene, 
it is also clear that sea level has varied (Hall 2003). In the continental and maritime 
Antarctic, the majority of ice-free terrestrial ground and contemporary biota are 
restricted to low altitude coastal regions. Thus, their precise distribution is likely to 
have been directly affected by sea level changes, both increases and decreases. Hall 
(2003) concludes that the marine limit during the Holocene (as indicated by raised 
beaches) was a maximum of c. 22m above that presently existing, with further raised 
beaches up to c. 60m ASL being related to previous interglacial periods. In contrast, 
during periods of glacial maxima, while sea level would have been lower (possibly 
by up to 120m), it is now thought that ice shelves expanded away from the coastline 
to the point of continental shelf drop-off (Larter and Vanneste 1995, Ó Cofaigh et al. 
2002, COHIMAR/SEDANO Scientific Party 2003). Ice sheet depth over land was 
also considerably thicker than at present (eg Bentley and Anderson 1998), although 
there remains debate over the balance between thickness and flow rate of coastal ice 
shelves (Larter and Vanneste 1995). The combination of these findings is currently 
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interpreted as indicating that most maritime or continental Antarctic terrestrial biota 
could not have survived in situ throughout the periods of climate change involved in 
glacial cycles, requiring the existence of as yet unknown refugia as many groups 
show levels of endemism or diversity inconsistent with recent (post-Pleistocene) 
colonisation (Convey 2003, Convey and McInnes 2005, Lawley et al. 2004, Stevens 
and Hogg this volume). 

Ozone Depletion and Ultraviolet Radiation Climate 

The final element of climate that has undergone considerable recent change in 
Antarctica is that of solar radiation. One aspect of this, direct insolation, is 
inextricably linked with the suite of environmental variables already discussed, ie 
cloud cover, precipitation, wind speed and temperature. Changes in any or all of 
these variables can be expected to have clear implications for primary production.  

Second, over approximately the last 25 years, photochemical depletion during 
the austral spring of the protective ozone layer (the ‘ ozone hole’, Farman et al. 1985) 
has led to changes in exposure to damaging shorter wavelength ultra-violet-B 
radiation. This phenomenon is separate from the processes of climate change already 
described, though the pattern of depletion over recent years has also been caused by 
anthropogenic chemical pollution of the atmosphere. It is in theory possible that 
release of chemicals into the atmosphere during certain natural events, particularly 
volcanic eruptions, could also have led to analogous episodes of ozone destruction 
in the past. Although, as yet, no evidence for this has been reported, there are 
biological proxies in the form of degradation resistant pigments that have been 
proposed as possible indicators of the history of environmental UV-B exposure 
(Rozema et al. 2001). 

Spring ozone depletion allows greater penetration than would normally occur of 
short wavelength, potentially biologically damaging, UV-B radiation to terrestrial 
and shallow marine habitats (Fig. 3), but leaves levels of UV-A and photo-
synthetically active (visible) radiation (PAR) unaffected. As this alters the ratio of 
PAR or UV-A to UV-B (Fig. 4), which can have important influence on intracellular 
repair processes (Santas et al. 1997), there is potential for disproportionate levels of 
ozone-mediated UV-B damage to occur. At maximum, approximately two-thirds of 
the protective ozone layer is lost over high southern latitudes. 

Continental Antarctica is most consistently exposed to the ozone hole. However, 
the shape, extent and depth of the depleted zone change rapidly and, thus, much of 
the maritime Antarctic is routinely exposed to its effects and, as lobes circulate 
around the continent, the subantarctic islands, and southern South America, New 
Zealand and Australia may be exposed to depletion for shorter periods. 

While the ozone hole exists, maximum exposure to UV-B is similar to typical 
mid-summer values (Fig. 3). Rather than intensity of exposure per se, its importance 
lies in the fact that maxima occur earlier in the season than normal (when many 
organisms may not have resumed normal physiological activity) and with shorter 
and more damaging wavelengths penetrating to ground level at this time of year. 
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The potential impact of increased UV-B radiation is also modulated by other 
environmental conditions such as cloud cover and type, albedo and solar angle 
(Lubin and Frederick 1991, Gautier et al. 1994, Sabburg and Wong 2000), which 
can have further subtle effects on the ratio of PAR to UV-A and UV-B (as the 
different wavelengths are differentially absorbed or scattered). Finally, at the level 
of the microhabitat, the importance of even thin layers of snow in the protection of 
(micro)biota from radiation damage has been demonstrated (Cockell et al. 2002), 
illustrating a further potentially complex interaction among the different changing 
climatic and radiative variables. 

Figure 3. Daily doses of solar radiation measured using a Bentham scanning 

spectroradiometer at Rothera Station, Adelaide Island, October 1998 - April 2001. a) UV-B 

(280-315 nm). b) UV-A (315-400 nm). C) visible radiation (400-600 nm). 
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Figure 4. A plot of daily dose of UV-B against daily dose of UV-A using data obtained at 

Rothera Station, illustrating the alteration of the UV-A:UV-B ratio experienced under ozone 

depletion. Symbols indicate the minimum ozone level (as calculated from spectroradiometer 

data) for each day. 

Terrestrial biological responses 

It was quickly recognised that the combination of the magnitude of changes being 
experienced and the generally simple ecosystems of Antarctica led to an expectation 
of clear and identifiable consequences in this region (Roberts 1989, Smith and 
Steenkamp 1990, Voytek 1990). This led to the development of a predictive 
literature (eg Wynn-Williams 1994, 1996, Kennedy 1995a, Convey 1997b, Walton 
et al. 1997, Bergstrom and Chown 1999) and the initiation of observational and 
experimental studies aimed at testing some of these predictions. At the broad scale 
of the ecosystem, patterns of changes in two major environmental variables 
(temperature, water) have generally led to predictions of increases in the rates of 
both local colonization and of colonization by species new to the Antarctic. The 
overall consequences are generally expected to include increased terrestrial 
diversity, biomass and trophic complexity, all of which contribute to the 
development of more complex ecosystem structure and an increase in the 
importance of competitive interactions and abilities. The effects of changes in 
radiation patterns, while subtle, are expected to be negative, through requiring 
resource allocation to mitigation, while also ramifying throughout food webs. 

Studies of Antarctic terrestrial biology that have been used to test or corroborate 
predictions associated with climate change separate into two classes – those that are 
simply descriptive or observational and those that involve more or less realistic 
manipulations, either in the laboratory or in natural habitats. A number of recent and 
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extensive reviews of the findings of these studies are available (Kennedy 1996, 
Convey 2001, 2003, Walther et al. 2002) and will not be repeated in detail here. 
Other chapters within this volume deal primarily with studies of responses at the 
level of physiology and biochemistry (Hennion et al. this volume), life history 
strategy (Convey et al. this volume b) and biological invasion processes (Frenot et 
al. 2005, Convey et al. this volume a).

In the maritime and continental Antarctic, a key factor in predicting or 
understanding responses of terrestrial biota to climate change is the large degree of 
flexibility inherent to many life history and physiological characteristics (Convey 
1996b, Convey et al. this volume b). This itself relates to the wide, sometimes rapid, 
and unpredictable variation in environmental parameters that is characteristic of the 
Antarctic terrestrial environment and far outweighs in magnitude many of the 
systematic changes in climate (particularly relating to temperature) that are being 
experienced. This life history flexibility allows immediate changes in development 
rate and shortening of life cycle duration in response to factors such as climate 
warming or extension of the active season. In the subantarctic, while flexibility 
remains an important factor, here it is driven by a rather different feature of the 
environment – the relative stability over the annual cycle afforded by the strong 
oceanic influence on island climate (Adamson et al. 1988, Convey 1996a). There is 
also an increased incidence of temporally defined events, such as obligate or cued 
diapause, in the life cycles of subantarctic species (eg Nicolai and Droste 1984), 
features that are poorly or not represented in the biology of maritime and continental 
Antarctic species (Convey 1996a,b). 

Probably the most widely reported example of terrestrial organisms responding 
to climate change in the Antarctic has been that of the local colonization and striking 
recent increases in population numbers and extents of the two native Antarctic 
flowering plants (Deschampsia antarctica and Colobanthus quitensis) along the 
Antarctic Peninsula and associated islands and archipelagos (Fowbert and Smith 
1994, Smith 1994, Grobe et al. 1997, Gerighausen et al. 2003). At some sites 
numbers of plants have increased by two orders of magnitude in as little as 30 years, 
although it is often overlooked that these increases have not involved any change in 
the species’ overall geographic ranges. These increases have been interpreted in the 
context of increased temperature encouraging growth and vegetative spreading of 
established plants, in addition to increasing the probability of establishment of 
germinating seedlings. Additionally, warming is proposed to underlie a greater 
frequency of mature seed production (Convey 1996c), while it may also stimulate 
growth of seeds that have remained dormant in soil propagule banks (McGraw and 
Day 1997).  

Strangely, given the attention focussed on these two higher plant species, there 
have been no similar quantitative field studies of the bryophytes that form the 
dominant vegetation of the Antarctic Peninsula and continent, or extended studies of 
the fauna of the habitats provided by the plants. A single long-term study of the 
water relations of the arthropod fauna of Signy Island (maritime Antarctic) (Block 
and Convey 2001, Convey et al. 2003) has generated evidence suggesting systematic 
changes in patterns of water availability in terrestrial habitats, interpreted as being 
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consistent with local climate trends. On subantarctic Macquarie Island, Whinam and 
Copson (2006) have reported recent and considerable decreases in the occurrence of 
the boggy mire moss Sphagnum falcatulum over the last two decades. A 
combination of higher than average temperatures and wind speeds, and lower than 
average humidity and precipitation, are proposed to underlie this observation, 
through increasing the desiccation stress on this plant. Given the close linkage 
between occurrence of many Antarctic bryophyte species and habitat water 
availability, this example is likely to forewarn of many similar consequences in 
Antarctic terrestrial ecosystems. 

Field manipulation studies at subantarctic (South Georgia) and maritime 
Antarctic sites have been used to demonstrate that bryophyte, microbiota and fauna 
respond rapidly to improved environmental conditions (Smith 1993, 2001, Kennedy 
1994, Wynn-Williams 1996, Convey and Wynn-Williams 2002) with greatly 
increased populations. Even more so than higher plants, bryophytes, lichens and 
various microbiota produce spores and other propagules that may be transported 
easily and remain dormant in the soil propagule bank for long periods (Smith and 
Coupar 1986, Smith 1987, 1993, Hughes et al. this volume). Other than the above-
mentioned manipulations at South Georgia (Smith 2001), all these studies have 
taken place at maritime Antarctic locations, with no comparable data available from 
elsewhere in the sub- or continental zones.

 Long-term field manipulation methodologies, while subject to a range of valid 
criticisms and offering a less than perfect simulation of predicted environmental 
changes (Kennedy 1995b,c), remain the only practical option for field studies of 
biological responses to change in remote and severe environments such as the 
Antarctic. Their deployment over periods of years has led to large responses in terms 
of variables such as population number, structure, individual morphology or habitat 
structure in studies of all the major groups of Antarctic terrestrial fauna and flora 
(Convey 2003). Although many such studies were initiated with an (at least implicit) 
intention to examine responses either to warming or to selective exposure to 
particular wavelength ranges in the ultra-violet spectrum it has become increasingly 
clear that a more holistic approach is required in terms of experimental design, data 
analysis and interpretation, and in the elements of the ecosystem considered. Thus 
the most comprehensive studies completed to date anywhere in the Antarctic, those 
of Day and co-workers (Day et al. 1999, 2001, Convey et al. 2002) near Palmer 
Station (Anvers Island), employed experimental designs allowing a multifactorial 
analysis of the consequences of manipulation of thermal, hydration and radiation 
regimes, while examining responses at the levels of plant biochemistry, morphology, 
life history and ecology, and extending into studies of the decomposition cycle and 
wider food web consequences. It is becoming increasingly clear that biological 
responses to changing environmental variables are often likely to be subtle and hard 
to detect. However, because any responses will involve changes in resource 
allocation, a crucial element in the development of life history strategies, it is 
important to understand how they may integrate to give considerably greater impacts 
at the community or ecosystem levels. Thus, it is now recognised that a key to the 
understanding of ecological responses to climate change, in Antarctica or elsewhere, 
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is to focus on the integration of responses across the entire food web (Searles et al. 
2001, Day 2001, Convey 2003). 

Summary

Climate changes are occurring throughout Antarctica, affecting four major groups of 
environmental variables each with considerable biological significance: temperature, 
water, solar radiation and carbon dioxide. The first three of these have been the 
focus of study. Parts of Antarctica, particularly the Antarctic Peninsula and Scotia 
Arc, are currently experiencing amongst the fastest rates of macroclimatic warming 
recorded worldwide, although our ability to link these with any microclimatic trends 
(the scale directly relevant to terrestrial biota) is limited by a lack of long term 
monitoring data. Likewise, although general changes in precipitation and melt 
patterns are predicted and reported, the scale of modelling and observation is 
currently far too great to allow useful application to specific terrestrial ecosystems. 
Patterns of change in radiation (UV-B) exposure in relation to the Antarctic ozone 
hole are better described though, again, few datasets have been obtained/applied at 
the microhabitat scale. Further adding to an already complex picture, it is also clear 
that variation in each of the major groups of variables is closely interlinked with the 
other groups. 

In many respects, Antarctic terrestrial organisms are often well-adapted to the 
stresses of a highly variable environment, possessing features that should permit 
them to handle predicted levels of change that are often small compared with the 
natural variability already experienced. Indeed, with reference to temperature 
increase, resident biota will often be able to take advantage of reduced 
environmental stress, which will allow longer active periods/seasons, faster growth, 
shorter life cycles and population increase. Impacts of increased water availability 
are expected to be similar, although in both instances it is salient to note that exactly 
the reverse consequences can be experienced locally, either directly as a result of 
decreased water input, or as a result of interaction between increased temperature 
and water leading to greater evaporation and desiccation stress. Impacts of increased 
UV-B exposure associated with the spring ozone hole, while subtle, are expected to 
be negative. Finally, unlike most areas of the planet, Antarctic terrestrial habitats are 
protected from sources of alien colonisation by their very remoteness, meaning that 
in general the response of indigenous biota to changing climate can be considered 
separately from that to increased competition from colonizing species. The synergy 
between Antarctic climate change, reducing the barriers to establishment, and 
human activity, increasing import of exotic species, may soon act to destroy this 
protective barrier. 
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Introduction

Approximately 98% of the Antarctic continent is currently ice-covered and, except 
for subglacial lakes (Priscu and Christner 2004), possesses no liquid water 
environments. In contrast, the other 2% contains an extraordinary array of aquatic 
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environments including ice-covered freshwater and saline lakes and ephemeral 
streams. Lakes are found mostly in coastal, ice marginal regions in the Antarctic 
(Doran et al. 1994). Because of the great differences in mean-annual temperature 
related to the locations of these aquatic systems (Fig. 1), the temporal extent of ice 
covers on the lakes varies greatly. There are lakes that are ice-covered for part of 
each year, while there are perennially ice-covered systems in the dry valleys region 
of Southern Victoria Land where only ‘ moats’ (ie ice-free littoral zones) form 
during the warmest summers. Because ice cover greatly influences both the physical 
and biological processes occurring within lakes, the extent and thickness of ice 
cover is an extremely important parameter in the biogeochemistry of Antarctic lakes 
(Wharton et al. 1993, Fritsen and Priscu 1999). 

Figure 1. Mean annual temperatures (°C) for various stations in Antarctica. 

Paleolimnological investigations demonstrate that climate variations have greatly 
impacted the extent of ice cover, in addition to the overall hydrology of Antarctic 
lakes throughout the Holocene back into the Last Glacial Maximum (LGM) (Wilson 
1964, Bird et al. 1991, Björck et al. 1996, Fulford-Smith and Sikes 1996, Gore et al. 
1996, Lyons et al. 1998b, Hendy 2000). Much of the paleolimnological work from 
Antarctic lakes has recently been summarized by Hodgson et al. (2004) and Doran 
et al. (2004) and will not be repeated here. Some of the earlier work on Antarctic 
lakes illustrated its value in delineating changes in the hydrologic response to 
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climate (Wilson 1964). The integration of paleolimnological data with more recent 
observations has provided important insights into how these lakes respond to climate 
change (eg Gibson and Burton 1996, allied with the work of Roberts et al. 2001 in 
the Vestfold Hills and Poreda et al. 2004, allied with Hendy 2000 in Taylor Valley, 
Victoria Land). Understanding the impact of climate on the hydrologic balance of 
Antarctic lakes, and in turn, the influence of hydrologic changes on the overall 
ecology of these systems is a major challenge to Antarctic limnologists. This will be 
especially true in the future period of anthropogenically-induced climate change. 

Kejna (2003) has recently reviewed the air temperature records from 34 stations 
around the Antarctic continent. The data span from 1958-2000 for 21 stations and 
for 1981-2000 for all the stations. In general, warming has occurred on the Antarctic 
Peninsula and in interior West Antarctica, with Faraday Station, on the west coast of 
the Peninsula having increased at a rate of 0.67°C per decade over the period 1958-
2000. Many of the coastal stations in East Antarctica also demonstrated an increase 
in temperature over the longer time interval. However, since 1981, many regions of 
the continent, especially in East Antarctica, have shown a cooling. For example, 
Casey shows a 0.82°C per decade decrease (Kejna 2003). There has also been a 
weakening of the warming rate on the Peninsula during the last 20 years. Because 
Antarctic lakes are so sensitive to both increases and decreases in temperature (ie 
Wilson 1964, Gibson and Barton 1996, Foreman et al. 2004), the direct monitoring 
of Antarctic lakes provides an excellent sentinel of climate change, especially as 
climate impacts the local hydrologic cycle. 

Climate variation and change are not the only factors affecting Antarctic lakes. 
The activities of mammal and bird populations also exert considerable influence on 
the physical, chemical and biological evolution of many Antarctic limnetic systems. 
Human activities can also be important in certain situations. For example, Heywood 
Lake, on Signy Island, has undergone eutrophication in the last 30 years because of 
input of nutrients from an expanding fur seal population within the catchment 
(Butler 1999). This has led to increased microbial abundance and changes in the 
structure of the ecosystem, with phytoplankton taxa more typical of polluted waters, 
as opposed to the more oligotrophic waters that existed in the 1970s and early 1980s 
(Butler 1999) before the fur seal population explosion. Eutrophication has led to 
longer periods of lake anoxia during winter thermal stratification and changes in 
seasonal biological patterns within the lake. Recent work in the Larsemann Hills has 
demonstrated that lakes impacted by human activities such as grey water and human 
waste discharge and even rock crushing by tracked vehicles have enhanced nutrient 
and total dissolved solid loads (Kaup and Burgess 2002). A comparison of human 
impacted catchments with catchments with little direct human activity indicates that 
the levels of dissolved nitrogen compounds were generally much higher in the 
human-influenced catchments. Salinities were also up to an order of magnitude 
higher in the human impacted catchments (Kaup and Burgess 2002). 

Monitoring the response of lake dynamics to changing climate has long been 
recognized as an important task (Wilson 1981). The linkage between changing 
climate and lake dynamics becomes even more complicated in lakes that are 
influenced by direct human impacts. Most investigations of Antarctic lakes have 

275



LYONS ET AL.

been conducted over limited time periods (1-3 years). Although these short-term 
studies have been extremely important in establishing base-line conditions, 
determining the taxa that are present, and understanding biogeochemical processes 
in the lakes, they are not conducive to establishing long-term limnological trends. 
Our paper focuses on studies resulting in long-term data comparisons that have 
produced information about biological and/or physical and chemical trends thought 
to be driven by changing climatic parameters. This focus greatly limits the resources 
available to compare long-term trends that do exist and historic information on 
Antarctic limnology because it eliminates numerous one-time studies of specific 
limnetic systems in various parts of the continent. (We differentiate between long-
term and historic data by defining ‘ long-term’ as relatively continuous records 
through time and ‘ historic’ as data collected with time gaps between collections). In 
addition, this paper will not address trends in the epishelf lakes that exist on the 
continent especially in the Bunger Hills and Schirmacher Oasis regions (Bormann 
and Fritzsche 1995, Doran et al. 2000, Gibson and Andersen 2002). For information 
on epishelf lakes, see Gibson et al. this volume. 

Because of the important differences in the climate regimes within the Antarctic, 
we have separated our discussion into geographic regimes that have been used 
previously (Convey 2001). 

Maritime Antarctica

This region includes the western side of the Antarctic Peninsula and island groups 
such as the South Orkney Islands. 

SIGNY ISLAND, SOUTH ORKNEY ISLANDS  

Signy Island (60°43’S) contains 17 lakes, some of which have been studied since 
1961 and monitored since the 1980s (Butler 1999). Hence, the data from these lakes 
represent the longest continuous lacustrine records in the Antarctic (Quayle et al. 
2002) and a significantly important resource for the assessment of the response of 
Antarctic limnetic systems to climate change. The Antarctic Peninsula region has 
warmed at a rate of 3.7±1.6°C per century over the last ~50 years (Vaughan et al. 
2003). Other subantarctic islands are also exhibiting significant warming in 
conjunction with large variations in precipitation over the last 40-50 years 
(Bergstrom and Chown 1999). 

The hydrologic patterns on Signy Island have also changed as the climate has 
warmed. The water budget of the lakes and streams in late summer is becoming 
increasingly dominated by direct precipitation rather than snowmelt and snow pack 
is presently lost earlier in the season (Noon et al. 2002). The monitoring record of 
these lakes going back to 1980 presents an important record on how these systems 
respond to warming. In the last 15 years, water temperature has increased 0.9°C in 
response to the atmospheric warming and the mean number of ice-free days has 
increased by 31 days from 1980 to the mid-1990s (Quayle et al. 2002). Historic 
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photography indicates that the overall ice cover on the island has receded by about 
45% since 1951, again in response to the 1°C temperature increase between 1950 
and 1990 (Quayle et. al 2002). The reduction of the ice cover caused a subsequent 
increase in the fluxes of dissolved reactive phosphate, ammonium and inorganic 
carbon into the lakes that led to increased summer primary production and a four-
fold increase in chlorophyll a during the last 15 years. 

The geochemical evolution of the Signy Island lakes in response to climatic 
warming and local ice cap/glacier retreat can be compared to longer term trends 
exhibited by lakes in the Glacier Bay region, Alaska (Engstrom et al. 2000). The 
Alaskan lakes eventually became more dilute, more acidic and enriched in dissolved 
organic carbon with time as the glaciers retreated. These changes are thought to be 
due to the changes in watershed vegetation and soil conditions. However, the largest 
changes in the Alaskan lakes have been demonstrated to take place after 
approximately 100 years (Engstrom et al. 2000). Due to the differences in the 
evolutionary stage (ie time), the two systems cannot presently be adequately 
compared, but one might predict similar evolution of the Signy Island lakes over 
time. The Arctic data imply that in the next 50 years, if warming continues, the 
Signy Island lakes will evolve from Ca2+/HCO3

- rich systems to more dilute ones 
dominated by Na+/Cl- as chemical weathering of the watershed decreases (Engstrom 
et al. 2000). Like the Glacier Bay, Alaska lakes, the Signy Island lakes have also 
received higher nutrient inputs as the climate warmed (Quayle et al. 2002). The 
dissolved organic carbon concentrations in the Alaskan lakes also increased during 
this warming period, while more continental Antarctic lakes, such as those in the 
McMurdo Dry Valleys, have not (Lyons et al. 2001). 

ANTARCTIC PENINSULA 

A shorter lacustrine record from Otero Lake at Cierva Point on the Antarctic 
Peninsula (64°09’S) tells a similar story. Increases in lake temperature have led to 
increases in bacterial abundances and increases in conductivity (ie salinity) and 
nutrient loading in this shallow lake (maximum depth 3m) over a 5-year period 
between samplings (Mataloni et al. 1998, Izaguirre et al. 2001). Care must be taken 
to interpret these changes in terms of climate change alone, because the low 
sampling density could simply be recording inter-annual variability inherent to the 
lake itself. 

Continental Antarctica  

Continental Antarctica is defined to include the entire East Antarctic landmass and 
the east coast of the Antarctic Peninsula (Convey 2001). As shown in Fig. 1, this 
region has a much more extreme climate.  
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EAST ANTARCTICA 

Schirmacher Oasis and the Gurber Mountains 

The first scientific investigations of the Schirmacher Oasis occurred in 1938/39 by 
German scientists. This region has since been visited numerous times by both 
former Soviet Union and German scientists and a comprehensive investigation of 
the hydrology and limnology of the lakes was conducted in the 1980s. Aerial 
photographs revealed that the snow/ice cover in the eastern portion of the 
Schirmacher Oasis had been greatly reduced from 1939 to 1984 (Bormann and 
Fritzsche 1995). The ice covers of the lakes did not exceed 2m thick and many lakes 
were ice-free for a period in January/February (Hermichen et al. 1985). However, 
the comparison of the strandline of Lake Untersee, a large (10 km2) freshwater lake 
in the area (71°20’S), using photographs from 1939, 1961 and 1982, showed no 
change in the shape of the lake, indicating there had been little change in the 
hydrologic balance of the lake over that time (Hermichen et al. 1985). Wand et al. 
(1997) revisited the lake in 1991/92 and observed that the lake was now physically 
and chemically stratified. The depth of Lake Untersee had also increased to 94m 
with a newly observed anoxic hypolimnion of 14m where methanogenesis was 
occurring and methane turnover rates have now been measured (V. Samarkin, pers. 
comm.). The increase in depth between 1981-1991 corresponds with similar 
increases of inflow into the McMurdo Dry Valleys lakes (Chinn 1993) and in Lake 
Wilson in Southern Victoria Land (see below), inferring a large geographical scale 
temperature warming, which increased melt water input over this time period. 

Larsemann Hills

The lakes of the Larsemann Hills are thought to have formed by isostatic uplift 
following the last major glaciation some 9000 years ago (Gillieson 1991). The 
Larsemann Hills consist of two large peninsulas and a collection of offshore islands 
that support approximately 150 lakes and ponds. Geological evidence suggests that 
this area was largely ice-free during the Wisconsin Glaciation at 25 000 yr BP 
(Burgess et al. 1994). More recent work demonstrated that the Broknes Peninsula 
has been ice-free for at least 45 000 years (Hodgson et al. 2001). Changes in 
precipitation are reflected in the water chemistry of lakes. During dry periods, water 
levels fall and salinity increases resulting in biological changes in the lakewater. 
From an analysis of diatom frustules in the sedimentary record, it is possible to infer 
changes in salinity over time using transfer functions (Verleyen et al. 2003). The 
application of these diatom-based models has been applied to large saline and 
brackish lakes in addition to small freshwater lakes (Verleven et al. 2003). Diatom 
records reveal that the degree of species turnover in the oligosaline lakes is low 
when compared to much more saline lakes, indicating that changes in the diatoms 
assemblages were forced by environmental variables like depth and depth-related 
variables. This finding allows for the reconstruction of past climate conditions in 
this coastal oasis, parts of which were ice-free during the last glaciation. Based on 
an analysis of Pup Lagoon (salinity 0.5‰, maximum depth 4.6m), the climate on the 
Prydz Bay coast between 5800 and 5500 yr BP was typified by open water during 
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spring and summer warm conditions, while between 5500 and 2750 yr BP, the 
extent of sea-ice duration increased, with only a few months when the sea was ice-
free, much as it is today (Verleyen et al. 2004).  

Vestfold Hills

The Vestfold Hills, 69°30’S, extend over an area of 410km2 and supports 
approximately 150 lakes, with fresh water lakes and saline lakes making up about 
8% and 2% of the total area, respectively (Pickard 1986). These lakes have been 
extensively studied by the Australian Antarctic Program over the last 15-20 years. 
This suite of lakes offers an exciting prospect to limnologists because of their 
variety and abundance. Freshwater lakes include supraglacial and proglacial lakes, 
while the saline lakes range from brackish to hypersaline (6 x seawater) and include 
both permanently stratified (meromictic) and seasonally mixed (monomictic) lakes. 
As deglaciation occurred after the LGM, the Vestfold Hills landmass rebounded and 
marine inlets became cut off and isolated from the ocean. The Vestfold Hills and 
many of its lakes were formed by isostatic rebound after the last major glaciation 
(Adamson and Pickard 1986, Zwart et al. 1998). Many of the saline lakes arose from 
pockets of marine water that were trapped in closed basins. A review of a range of 
published palaeolimnological data indicates that eustatic sea level changes occurred 
more rapidly than isostatic rebound (Hodgson et al. 2004) resulting in marine 
incursions. A good example of this is Watts Lake, which has a surface area of 
0.38km2 and a current salt content of 2.4%. Paleolimnological data indicate that the 
lake was a marine basin that was later flushed by freshwater, mainly from 
neighbouring Crooked Lake (Pickard et al. 1986, Gore et al. 1996). Evidence also 
indicates that a number of the saline lakes were initially freshwater which 
accumulated in closed basins formed by isostatic uplift. Following a rise in sea level, 
the basins were invaded by seawater, and subsequently when the sea level 
descended to below the edge of the lakes, they underwent evolution into the saline 
lakes we see today (Roberts and McMinn 1998, 1999, Cromer et al. 2005). 
Examples are Ace Lake, one of the most studied lakes in the Vestfold Hills and 
Anderson Lake, both of which are now saline meromictic lakes. Other lakes such as 
Crooked Lake, the largest (9km2) freshwater lake in the area, were formed in deep 
basins by rivers fed by glacier melt behind a glacial impoundment that released 
incrementally, leaving four distinct shorelines (Gore et al. 1996). By applying 
transfer functions to the diatom paleolimnological record of the Vestfold Hills and 
other eastern Antarctic coastal oases, it is possible to determine changes in the 
climate during the Holocene, particularly changes in net precipitation (Roberts and 
McMinn 1998).

The saline lakes of the Vestfold Hills derived from relict seawater have become 
highly saline via cryoconcentration (Zwart et al. 1998). These lakes possess 
truncated marine food webs. Nutrient (N and P) levels tend to be higher in the saline 
lakes compared with the freshwater ones, the latter of which rank as ultra-
oligotrophic in the global context. While none of the saline systems appears to be 
nutrient limited, the freshwater systems do periodically become nutrient depleted. 
Chlorophyll a concentrations in all of these lakes are not high, so others factors such 
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as light and/or possibly trace elements may also limit primary production. Data from 
summer and early winter in Deep Lake, Crooked Lake, Ace Lake and Lake Druzhby 
show that both P and N concentrations rise during the winter as photosynthesis 
decreases (Kerry et al. 1977, Bayliss et al. 1997, Bell and Laybourn-Parry 1999, 
Henshaw and Laybourn-Parry 2002). There is considerable inter-annual variation in 
productivity and phytoplankton biomass in the lakes that have been subjected to 
long-term study. For example in Ace Lake, the primary production in January 1997 
reached a maximum of 8.7mg C.l-1.hr-1 (Bell and Laybourn-Parry 1999) under ice-
free conditions, while under ice-covered conditions in 1993 and 1999, the maximum 
rates were 0.68 and 7.0mg C.l-1.hr-1, respectively (Laybourn-Parry and Perriss 1995, 
Laybourn-Parry et al. 2002). 

The light and temperature regime are greatly influenced by the extent of lake ice 
cover. Recent detailed remotely-sensed data taken every 5 min for an entire summer 
in the water column of Crooked Lake illustrate this extremely well (Palethorpe et al. 
2004). Any climate change affecting lake ice retention could have a major impact on 
phytoplankton growth and nutrient dynamics in these lakes. For example, 
comparative work on the Vestfold Hills lakes reveals that differences in light regime 
and lake basin morphology have impact significantly the autotrophic organisms 
within the lakes (Laybourn-Parry and Bayliss 1996). Clearly, changing climatic 
parameters that affect the ice cover and/or the depth of these lakes can affect the 
distribution and diversity of the organisms within these lakes (Laybourn-Parry et al. 
2002). In years when the ice cover is lost, the water temperatures of the lakes 
increase substantially (Laybourn-Parry et al. 2002). In the hypersaline lakes of the 
area, warming and increased melt can lead to dilution and changes in bacterial 
species composition (James et al. 1994). All of these studies show unequivocally 
that local climatic variability has an important role on the structure and function of 
these ecosystems. Data from Crooked Lake and Ace Lake spanning more than 10 
years demonstrate that there are very significant inter-annual variations in biological 
activity related to local meteorological conditions that control the length of time ice 
cover occurs. These delicate lake ecosystems appear to respond very quickly to 
small climatic perturbations. While the paleolimnological record reveals long-term 
responses to cycles of precipitation and evaporation during the Holocene (Roberts 
and McMinn 1998, 1999, Hodgson et al. 2004), there are insufficient data to 
determine the fine scale response of these lakes to the present phase of climate 
warming as is possible from the continuous data set from the McMurdo Dry 
Valleys.

Northern Victoria Land

Recent research on streams and lakes in ice-free areas near Terra Nova Bay 
(~74°40’), when compared to similar data obtained 12 years earlier, indicates little 
geochemical variation and change in the biogeochemistry of these aquatic systems 
(Borghini and Bargagli 2004). Lake levels have decreased during this 12-year period 
despite a warming trend that has occurred in the region. This decrease in lake levels 
with increasing atmospheric temperatures has been argued to be related to an 
increase in the depth to the active layer in the permafrost and increased drainage and 
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evaporation loss (Borghini and Bargagli 2004). Although there was little change in 
the concentration of most major ions over the 12-year period, Borghini and Bargagli 
(2004) did observe a significant (as much as ~30-fold) increase in sulfate. The 
establishment of a long-term monitoring network in the region will enhance the 
overall understanding of climatic change on limnetic systems in this part of 
Antarctica (Borghini and Bargagli 2004), particularly since these data can be 
compared to McMurdo Dry Valleys data collected during the same time period. 

McMurdo Dry Valleys/Southern Victoria Land

The lakes in the McMurdo Dry Valleys, Southern Victoria Land, have been 
investigated extensively since the 1957/58 IGY. There are important environmental 
data sets from these lakes dating back to the early 1960s (eg Angino et al 1962, 
Angino and Armitage 1963, Goldman et al. 1967). Long-term records of lake levels 
exist back to the early 1970s based on New Zealand investigations (Chinn 1993). In 
1993, The U.S. National Science Foundation established a Long-Term Ecological 
Research (LTER) site in the McMurdo Dry Valleys, in which the primary area of 
scientific activity is Taylor Valley at ~78°S (Fig. 2). The LTER mandate requires 
long-term data collection (ie monitoring) from a series of locations in order to 
establish information on primary production, biomass concentration and species 
distribution (biodiversity) and how these parameters change over time (see 
http://www.lternet.edu/). The program was established to address ecological 
processes over long periods and across broad scales. As part of McMurdo Dry 
Valleys LTER, a suite of coordinated physical, chemical and biological parameters 
have been measured in Lakes Fryxell, Hoare and Bonney on a routine basis since 
1993/94. General results of this study are summarised in two synthesis volumes 
(Priscu 1998, 1999) and the most recent work on the lakes is presented in Lyons et 
al. (2001). One of the major aspects of the McMurdo Dry Valleys LTER is the 
interpretation of long-term trends of lake biogeochemistry and ecology as they relate 
to climatic and, hence, hydrologic change. The reader is referred to the McMurdo 
Dry Valleys LTER website (http://www.mcmlter.org) as space here will not allow 
us to discuss every aspect of the data sets, however two aspects of the work are 
presented below. 

Decadal Variation in Biogeochemistry of McMurdo Dry Valleys Lakes 

Between 1986 and 2000, Taylor Valley (Fig. 2), in the McMurdo Dry Valleys 
cooled at the rate of 0.7°C per decade with the summer and autumn cooling being 
the most dramatic, 1.2° and 2.0°C per decade, respectively (Doran et al. 2002). As 
mentioned above, Taylor Valley contains three major lakes: Bonney, Fryxell and 
Hoare (Fig. 2). Lake Bonney contains two basins separated by a sill at ~13 m depth, 
which impedes exchange of deep saline water between the basins (Spigel and Priscu 
1998). These lakes differ substantially in their salinities, geochemistry and physical 
stabilities (Lyons et al. 1998a, Spigel and Priscu 1998) with the hypolimnia of Lake 
Bonney being hypersaline, Lake Fryxell being brackish and Lake Hoare being fresh. 
The differences in chemistry (ie both salinity and ionic composition)  of  these lakes 
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are related to their age and past responses to climate change (Matsubaya et al. 1979, 
Lyons et al. 1998b, Poreda et al. 2004). 

As mentioned above, detailed multi-annual biogeochemical monitoring of these 
lakes began during the 1993/94 field season and continues to the present. Because 
Lake Hoare is the freshest of these lakes, its geochemical composition responds 
rapidly to climate changes. For example, during the decade-long period of relatively 
minimal glacier melt and low stream flow within Taylor Valley (McKnight et al. 
1999), the Cl- levels in Lake Hoare’s surface water (top 12m) varied dramatically 
from 1993 to 2002 (Fig. 3). The decrease of freshwater input into the lake brought 
about by lower summer temperatures led to ~3x increase in Cl- in the surface waters. 
This is more clearly seen in Fig. 4 where each set of connected data represents the 
changes in Cl- concentrations (mean of 5 and 6m depth samples) in both Lakes 
Hoare and Fryxell during each summer. Note that the greatest variations are in Lake 
Fryxell. The hydrologic balance of Lake Fryxell may be most impacted by climatic 
variation because it has the highest number of streams and because of its greater 
surface area to depth ratio compared to the other lakes in Taylor Valley (Hood et al. 
1998). Gibson and Burton (1996) have described in detail the increase in salinity in 
Antarctic lakes brought about by ‘ negative water balance’. Variations in the surface 
water salinities of the Taylor Valley lakes are clearly related to summer 
temperatures (Doran et al. 2002). 

Figure 2. Map of Taylor Valley, Antarctica. 
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The 2001/02 summer was the warmest one on record in Taylor Valley since 
continuous records began in 1985 (P. Doran personal communication). Extremely 
high melt water flows were observed in late December 2001 into January 2002 when 
annual stream discharge for gauged sites in the McMurdo Dry Valleys was 33 times 
that of the previous year. Seeps or subsurface discharges also appeared where they 
had not been previously observed (Lyons et al. 2005). This increased melt water 
inflow resulted in drastic decreases in surface water Cl- concentrations and increased 
lake levels (Figs. 3 and 4). The Cl- concentration in the top 2m of water in Lake 
Hoare (5-6m depth) from the Spring 2002 are the lowest observed during the 
continuous decadal record (Fig. 3), while the values for Lake Fryxell approach the 
concentrations observed in the Spring of 1993 (Fig. 4). Chlorophyll a values in Lake 
Hoare in the surface waters do not appear to be greatly affected by the changes in 
salinity (Fig. 5). However, the year after the 2001/02 freshwater input, the highest 
chlorophyll a values measured over the previous decade were observed at depths 
below 15m (Fig. 5). These relatively high values may reflect the increase in 
irradiance resulting from a thinner ice cover and nutrient advection from elevated 
stream flows the previous year. Nutrient flux to the deeper water could also result 
from the freeze back of the large moat that formed during the warm year, a process 
that has been show to occur in Lake Fryxell (Miller and Aiken 1996). 

Multi-decadal variation in biogeochemistry of McMurdo Dry Valleys lakes 

From ~1970 until the documented cooling began in the McMurdo Dry Valleys 
starting in the late 1980s, lake levels had been rising and lake ice-covers had been 
thinning (Chinn 1993, Wharton et al. 1993, Spigel and Priscu 1998) indicating 
increased melt water input and suggesting local warming. An extrapolation by 
Chinn (1993) of his records to initial measurements made by Scott’s party in 1903 
suggested a rise of lake level in Lake Bonney of 13.5m from 1903 to 1990. The lake 
level increases were most pronounced in Lake Bonney and in Lake Vanda in Wright 
Valley to the north of Taylor Valley (Chinn 1993) and are probably related to the 
steep basins occupied by these lakes. In 1993/94, the water in Lake Fryxell, between 
the bottom of the ice cover and ~11m below the ice cover, was determined to be 
younger than 25 years using isotopic techniques (Hood et al. 1998). Both data sets 
(Chinn 1993, Hood et al. 1998) indicate that large volumes of water were emplaced 
into Lake Fryxell from the 1960s into the late 1980s. We can evaluate the impact of 
these long-term variations (the increase in lake level followed by the decrease in 
lake level in the 1990s discussed previously) on the biogeochemistry of Lake 
Fryxell by utilizing both LTER data and a series of other data collected as early as 
the 1960s. 

Fig. 6 shows the dissolved SO4
2- concentration vs. depth for Lake Fryxell. The 

data show a distinct decrease in SO4
2- concentration at depth in the anoxic 

hypolimnion of the lake, especially between the early 1960s and the early 1980s 
(Fig. 6). The decrease continues from the early 1980s until the beginning of the 
McMurdo Dry Valleys LTER (1993), especially at the mid-depths of the water 
column. This decrease in SO4

2- over time is interpreted to be due to microbial sulfate 
reduction, which we have now quantified using experimental isotopic measurements 
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(J. Priscu, unpubl. data). What is driving this process? We speculate that increased 
primary production in the upper water column of the lake may lead to an increased 
flux of organic matter to the hypolimnion of the lake, reducing oxygen levels and 
producing favourable redox conditions for sulfate reduction to occur (Lee et al. 
2004). We have investigated the variation of stream flow into the lake to evaluate 
this contention. Since our gauged stream flow data in the Lake Fryxell basin only 
commence in the 1990/91 summer, we extended the Fryxell data using flows from 
another stream, which has a longer gauge record. McKnight et al. (1999) recognized 
a very strong relationship between the flow records from the Lake Fryxell basin 
streams to that from the nearby Onyx River, in Wright Valley. The Onyx River is 
the longest river in the Antarctic and has been monitored by New Zealand scientists 
since 1972, and became part of the McMurdo Dry Valleys LTER monitoring 
responsibilities in the mid 1990s. Using the relationship quantified by McKnight et 
al. (1999) for these two basins, we ‘ back casted’ the Lake Fryxell basin melt water 
input into the lake itself (Figs. 7 and 8). We then related the mixolimnetic primary 
production rate in Lake Fryxell data to the extended stream flows. Where there are 
data available for the analysis (n=9), the R=0.68 and using a one-year lag the 
R=0.56. These data include McMurdo Dry Valleys LTER data and earlier work by 
Vincent (1981). 

Figure 3. Cl  concentrations in Lake Hoare for the November sampling event of each summer 

in the period 1993-2002. These data represent conditions in the lake before significant 
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Figure 4. Each set of connected points represents the changes in Cl- concentrations (average 

of 5 and 6m depth samples) in Lakes Hoare (circles) and Fryxell (crosses) during each 

summer. 

Results from this exercise, in concert with the fact that Priscu (1995) has shown 
that primary production in Lake Fryxell is nutrient limited, implies that increased 
inflow enhances primary production in the lake, a contention that has been 
corroborated by the recent work of Foreman et al. (2004). The rapid sulfate 
reduction that occurred in the bottom of Lake Fryxell in the 1960s-1980s may result 
in part from an increase in freshwater input that increased the stability of the 
pycnocline reducing oxygen transport to deeper waters and the accompanying 
higher nutrient input to the photic zone that increased the rate of organic matter 
production by phytoplankton. At the 77mM Cl- concentration in the water column, 
the SO4

2- concentration in Lake Fryxell decreased from 4.77 to 1.40mM over a 
~38yr period for a sulfate reduction rate of ~0.09mM.yr-1. Howes and Smith (1990) 
first noted this decrease in sulfate in their studies during the mid-1980s. Using 
radiolabel techniques they measured values in the sediments as high as 
~170nM.g-1.yr (assuming a wet sediment density of 1.5g.cm-3). Using their water 
column data at 18m, we estimate an annual sulfate loss of 6.4kM at the sediment 
water interface. This should be considered a maximum value, however, as the rates 
in the shallower portion of the hypolimnion are possibly lower. These authors also 
argued that the present day stream input of SO4

2- is currently balanced by microbial 
reduction and sediment burial. 

These rates of reduction are within the same order of magnitude reported in the 
water column of Burton Lake in the Vestfold Hills (Franzmann et al. 1988). We 
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contend that the subsequent decreased rate of sulfate reduction in Lake Fryxell in the 
1990s (Fig. 6) is associated with a decrease in nutrient input and thickening of the 
ice cover, the latter of which decreased under-ice irradiance and reduced 
phytoplankton primary production (phytoplankton production that has been shown 
to be highly light dependent in this lake and all others in the McMurdo Dry Valleys 
(Lizotte and Priscu 1992, Priscu et al. 1999, Morgan-Kiss et al. 2006). This exercise 
establishes a clear linkage between climatic variability (both warming and cooling), 
the hydrologic cycle within the basin and the biogeochemistry of the lake.  

Figure 5. Chlorophyll a concentrations vs. depth in Lake Hoare from 1993-2002. These data 

are from the same samples as shown in Figure 3. 

Subsequent investigations after the very high flow year of 2001/02, confirm the 
importance of increased stream inflow in enhancing primary production and 
increasing autotrophic biomass in the Taylor Valley lakes (Foreman et al. 2004). 
Depth integrated primary production increased by a factor of 5 in Lake Fryxell 
during the period of increased stream flows in late December 2001, and during the 
following spring, primary production increased in Lake Bonney and directly under 
the ice cover in Lake Fryxell (Foreman et al. 2004). The Lake Fryxell primary 
production was more than 6 times higher than the average value at this depth over 
the previous decade. Depth integrated chlorophyll-a values increased ~150% and 
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~50% in the lobes of Lake Bonney, but showed little change in Lake Fryxell 
(Foreman et al. 2004). The importance of warming and increased glacial melt with 
the enhanced nutrient input and the decreased ice cover thickness are extremely 
important in driving the production of these systems.  

Figure 6. Dissolved SO4
2- concentration vs. depth in Lake Fryxell at selected times. The 1962 

and 1982 data are from Angino et al. (1962) and Green et al. (1989), respectively. The 

McMurdo Dry Valley LTER (MCM LTER) data have been averaged over the first six (MCM-

I) years and then the next five (MCM-II) years of the LTER program. It should be noted that 

there is scatter in the LTER data at every depth, in part, because the depth of the lake is not 

fixed in time. 

‘Most Southern Lake’ 

Lake Wilson is a permanently ice-covered lake in the Darwin Valley at 80°S. It was 
first examined in 1975 by C. Hendy and then later in 1993 by Webster et al. (1996). 
These authors noted that the lake level had risen 25m between the two samplings, a 
54% increase in volume, which is quasi-synchronous with the period of lake level 
rise and ice cover thinning noted for the McMurdo Dry Valleys lakes (eg Chinn 
1993, Wharton et al. 1993). Calculations based on the Cl- profiles of the lake suggest 
that the latest increased flux of meltwater into Lake Wilson began between ~1960-
1970 (Webster et al. 1996). Water temperatures had slightly decreased in both 
surface layer and the deepest most saline portion of the lake over this period. 
Unfortunately there are no biological data from 1975 to compare to the most recent 
data, however, the on-going Latitudinal Gradient Project (LGP) (http://www.lgp.aq) 
undertaken by New Zealand and Italian scientist includes plans to return to the 
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Darwin Valley area in 2006 to 2008 field seasons. New data from Lake Wilson 
should be forthcoming at this time and extremely useful, when compared to the 
McMurdo Dry Valleys LTER and Terra Nova Bay data, in ascertaining the impact 
of climate variation on the aquatic systems along the Victoria Land Coast.

Figure 7. Stream discharge in the Lake Fryxell Basin. Measured values (dark circles) 

represent the sum of the volume of stream discharge from all of the gauged streams in the 

Lake Fryxell basin. The modelled discharge (open circles) in the Fryxell basin was back-cast 

by running a regression between the measured discharge in the Onyx River and the Fryxell 

basin.

Figure 8. Mixolimnetic primary production rate in Lake Fryxell data (dark circles) compared 

to the measured Onyx River discharge (open circles) and modelled (crosses) Fryxell Basin 

stream discharge in the basin. 
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Conclusions 

As pointed out recently by Convey (2001) for Antarctic terrestrial ecosystems, ‘The 

identification of biological consequences of climate change in the Antarctic is still at 

a relatively early stage.’ However, it is evident that these delicate ecosystems 
appear to respond rapidly to climate change (Laybourn-Parry 2003, Doran et al. 
2002). The causal response of aquatic ecosystems in the Antarctic to climate drivers 
can only be established, however, though the integration of meteorological, 
hydrological and geochemical information collected in concert with the biological 
observations. In addition, long-term data collection and monitoring are needed to 
better establish the linkages between climate and ecological change, with the best 
examples in the Antarctic to date being the BAS work on Signy Island and the 
LTER investigations in the McMurdo Dry Valleys (Quayle et al. 2002, Doran et al. 
2002). Clearly there is a need to establish on-going, long-term lake investigations at 
other locations in the subantarctic and Antarctica, if a real understanding of how 
natural and anthropogenically induced climate changes affect ecosystems in these 
locations. Remote sensing technology offers polar limnologists a powerful tool to 
achieve this, allowing data to be gained at short-term intervals and accessed by 
satellite (Palethorpe et al. 2004). Although much more information is now available 
on the potential mechanisms that may influence Antarctic climate (eg Fischer et al. 
2004, Goosse et al. 2004, Liu et al. 2004, Nielsen et al. 2004), the linkages between 
meteorological observations and hydrological and ecosystem changes over the short 
term are not always straightforward (McConchie and Hawke 2002, Gibson et al. 
2002, Welch et al. 2003). In fact, recent work suggests that large-scale climate 
indices might predict ecological processes better than local weather variables 
(Hallett et al. 2004). Antarctic lakes offer ideal systems to study the impact of 
climate change on ecological structure and function because many of them are 
poised at the melting point of ice during the summer. We are only just beginning to 
understand the relationships between climate change and ecosystem function in 
these systems, mainly because of the long-term data sets that are not being collected 
in various regions of Antarctica. We must continue our long-term collection of a 
consortium of ecosystem parameters if we are to develop predictive tools of how 
ecosystems will respond in future climate scenarios. 

Clearly, we are not at the stage of developing a quantitative, predictive model or 
even one that completely qualifies the response of Antarctic aquatic systems to 
climate change as has been accomplished in Arctic systems (eg Hobbie et al. 1999). 
However, based on the Signy Island and Taylor Valley results from long-term 
integrative physical, chemical and biological monitoring, we can begin to develop a 
scenario of what might transpire in these systems as global warming continues. 
Much of this is straightforward common sense, but it is substantiated by the work of 
Doran et al. (2002), Quayle et al. (2002) and Foreman et al. (2004).  
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1. As summer warming occurs there will be longer melt seasons with larger 
volumes of water flowing into the lakes. This in turn will increase lake 
volumes and lake ice covers will be lost completely for longer periods. 
(Note that albedo changes by precipitation increases and permafrost effects 
as noted by Borghini and Baragagli (2004) may complicate this). 

2. The increased in-flow of ice/snow melt will increase the nutrient input into 
lakes and the loss of ice cover will increase exchange between the surface 
waters of the lake and the atmosphere. 

3. Increased primary production due to enhanced nutrient input, increased 
CO2 input via atmospheric exchange, increased light availability and higher 
water temperatures will ensue. 

4. Fresh water advection into the upper water layers will enhance physical 
stability of the deeper lakes. Lack of ice cover in the shallow lakes will lead 
to increased wind induced mixing. 

5. Increased primary production will lead to a higher organic carbon flux into 
the deeper waters of the lakes, which in the more hydrodynamically stable 
lakes may lead to anoxia and/or changes in the overall biogeochemical 
dynamics of the lake (eg increases in iron, nitrate or sulfate reduction). 

6. Increased eutrophy in concert with changes in the physical mixing regime 
will influence the biological structure of the lakes and their biodiversity. 

In short, small variations in climate, even those judged subtle by temperate 
region standards, will have a profound effect on Antarctic lake ecosystems. 
Continued monitoring together with experimental investigation is needed throughout 
the Antarctic continent to ascertain how variations in climate are driving ecosystem 
change.
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Introduction 

The subantarctic region (South Georgia, Marion and Prince Edward Islands, Iles 
Crozet, Iles Kerguelen, Heard and McDonald Islands and Macquarie Island) is faced 
with many conservation and management issues. From a scientific perspective, 
taxonomic surveys are a necessary pre-requisite to allowing biogeographic 
classification and/or comparisons between and among islands. This is particularly 
true for non-vascular plants and invertebrates. The main conservation issues in the 
subantarctic are global warming, introduced species and the management of human 
visitors. However, it is the combination of these conservation issues that poses the 
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 biggest challenge for managers and the biggest threat to the integrity of the 
subantarctic terrestrial environment. 

International legislative framework 

There are numerous international treaties (eg Man and the Biosphere Reserve 
Convention and the World Heritage Area Convention) and national management 
plans (relating to National Parks and Reserves), that deal with various aspects of 
conservation management issues in the subantarctic. Details of these treaties and 
plans are outlined in Huiskes et al. (this volume). The manner in which these treaties 
and plans are implemented for conservation management varies from nation to 
nation. These treaties impose a statutory framework on issues of conservation 
management and are addressed in the sections below.

Conservation knowledge status

The current state of knowledge of the conservation values of the different regions of 
the subantarctic is highly variable. Whereas much conservation research has been 
undertaken in the different regions over the last few decades, the focus of this 
research varies. It is important to regularly update knowledge on the glaciology, 
geology, flora, fauna and climate of the region, if the impacts of threats to the 
conservation status of species or the impacts of climate change are to be identified 
and understood. Often the relationships among individual species are not simple, 
because each species forms part of a complex and integrated ecosystem. 

GLACIOLOGY and GEOLOGY 

The focus for glaciology has been on the information that glacial cores can provide 
on past climates and rates of deglaciation, especially on South Georgia, Heard 
Island, Iles Kerguelen and Marion Island (Frenot et al. 1997a, Anon 1999, see 
Bergstrom et al. this volume). Many of the subantarctic islands (eg Marion, Heard 
and McDonald Islands) are associated with active volcanic regions. The Iles 
Kerguelen (30 to 40 million years old) are considered the oldest oceanic archipelago 
in the Indian Ocean, with the presence of fossiliferous sites testifying to the 
emergence of these islands beginning in the Miocene (Giret et al. 2003). Much 
geological interest has been focused on Macquarie Island as the only known locality 
where oceanic crust formed in a normal submarine setting which is exposed above 
sea level in a major ocean basin (Department of the Environment, Sports and 
Territories/Parks and Wildlife Service Tasmania 1996), and this was the primary 
basis for listing the island as a World Heritage Area. 
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SOILS AND EROSION 

On subantarctic islands, the coastal soils are usually organic and enriched by 
nutrient inputs from numerous seabirds and seals. Most of the energy in these 
ecosystems comes from the sea (Smith 1978). At lower altitudes, low temperatures 
and high levels of precipitation are responsible for a low rate of organic matter 
decomposition and peat deposits. Temperature dramatically decreases with 
increasing altitude and the closed vegetation cover present in coastal areas 
disappears. At higher altitudes, soils are generally more mineral with lower organic 
content and can form a surface desert pavement. The numerous freeze-thaw cycles 
can result in patterned ground. However, because of current climate changes, the 
patterned grounds located at low altitudes are no longer active in some areas (eg Iles 
Kerguelen, Y. Frenot pers. comm.). 

On some subantarctic islands (eg the eastern part of the Iles Kerguelen and 
Macquarie Island), the combination of rabbit impacts and recent climatic changes is 
responsible for major changes in vegetation and some spectacular erosion (Copson 
and Whinam 1998, Chapuis et al. 2004, M. Lebouvier pers. comm., Fig. 1). Whereas 
rabbit grazing and burrowing reduces vegetation cover, summer dryness 
significantly affects the vegetation that has developed largely in the absence of 
aridity. This results in a significant reduction in plant cover, which in turn facilitates 
wind erosion, highlighting how ecosystem disturbances can lead to long-term or 
irreversible degradation of ecosystems. 

Figure 1. Grazing by introduced European rabbits has largely eliminated tall tussock grass 

communities from the steeper slopes of Macquarie Island, resulting in increased numbers of 

landslips. Photo: G. Copson. 
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Palynological studies carried out at Iles Kerguelen demonstrated that most of the 
subantarctic flora was present at the end of the last glacial event (Bellair-Roche 
1972, Young and Schofield 1973). Vegetation changes on Marion Island over the 
last 16 000 years have been identified from pollen analysis in core samples (Schalke 
and van Zinderen Bakker 1971), whereas on Macquarie Island studies of palaeolake 
site deposits, up to 11 000yr BP have revealed vegetation composed of species 
growing on the island today (Selkirk et al.1988). 

VEGETATION 

Vegetation mapping has been undertaken on several subantarctic islands, although 
the degree of resolution and vegetation categories used necessarily varies. Complete 
taxonomic listings of vascular species are available for the subantarctic region and 
non-vascular flora has recently been the subject of taxonomic research. However, 
more work is required on taxonomic relationships among sites within the region 
(Selkirk et al. 1990) and genetic investigation is increasingly being used to 
undertake aspects of this research (eg Skotnicki et al. 2004, Skotnicki and Selkirk 
this volume, Stevens and Hogg this volume). Without this knowledge, the 
conservation status of species and communities cannot be evaluated properly 
(Chown et al. 1998). No plant species occurring in the subantarctic is currently listed 
on the IUCN endangered species list. Most of the terrestrial region is species-poor, 
with relatively few endemic species, variable numbers of alien taxa and with the 
noticeable absence of some structural groups (eg fernbrake at Heard Island). The 
isolation of these land areas has resulted in considerable interest in genetic 
evolution, methods of dispersal, colonisation processes and the ability of the plants 
to adapt to climate change. 

In spite of their extreme remoteness, many alien species have been introduced to 
the subantarctic islands (Gremmen 1997, Gremmen and Smith 1999, Frenot et al. 
2001, 2005). The current changes in climatic conditions might significantly alter the 
number of alien species, their competitive abilities and their status in the 
communities (Chapuis et al. 2004, Frenot et al. 2005). A detailed overview of the 
status of alien species in the Antarctic and subantarctic is given in Frenot et al. 
(2005) and Convey et al. (this volume). 

VERTEBRATES

Good baseline data exists for some of the native vertebrate fauna (seals and birds) of 
the region. Much of the native fauna spends most of their time foraging in the 
oceans, often at great distances from their breeding areas. Little is known regarding 
the movements of individuals or of the genetic interchange among breeding grounds 
in different areas of the subantarctic. An example of this are southern elephant seals, 
a single species that is split into three main breeding populations based on the South 
Atlantic Ocean, Indian Ocean and Macquarie Island, with very little (documented) 
interchange among the populations (Gales et al. 1989, Olsen 2003). The taxonomic 
status of many subantarctic fauna species has been revised in the last decade, eg 
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albatrosses (Robertson and Nunn 1998), which has affected the conservation status 
of several species. Changes in the conservation status of many of the native fauna 
species have been recorded in the last 50 years. Some species have decreased 
dramatically, eg southern elephant seals, rockhopper penguins and several albatross 
species (Cunningham and Moors 1994, Olsen 2003, BirdLife International 2004), 
whereas other species have experienced dramatic population increases, eg fur seals 
and king penguins (Rounsevell and Copson 1982, Boyd 1993, Guinet et al. 1995). 

Knowledge of the biology of an introduced species at a site is essential for 
management purposes, as relationships to indigenous and/or other introduced flora 
and fauna species will greatly influence a management strategy, eg eradication, 
control or do nothing. For example on the Iles Kerguelen, an alien predatory carabid 
beetle significantly reduces the specific richness of native invertebrate communities 
(Chevrier et al. 1997). However, the introduced house mouse is the only predator of 
this beetle and in this situation, it was not considered appropriate to eradicate the 
rodent that has the role of a top predator (Le Roux et al. 2002, Courchamp et al. 
1999, 2003). The knowledge is also important for prioritising actions in a pest 
management strategy, eg control of rabbits was the key to the integrated pest 
management program on Macquarie Island. In the 1970s, rabbits were the main food 
source for feral cats on the island. By controlling rabbit numbers, it was possible to 
eradicate wekas, an introduced flightless New Zealand bird when the cats turned to 
them as a secondary food source, and ultimately the feral cats (Copson 1995a, 
Copson and Whinam 2001). 

INVERTEBRATES 

The native terrestrial invertebrate fauna of the region as a whole and of individual 
locations is relatively poor in diversity and abundance compared to other regions. 
Our understanding of the native invertebrate fauna is much patchier than for the 
vertebrate fauna. Whereas taxonomic listings are good for some phyla in some 
locations (eg Crafford et al. 1986, Greenslade 1990, Pugh 1993), they are not so for 
all phyla in a single location - the terrestrial arthropod fauna usually being the best 
known. More comparative taxonomic work is required before biogeographical 
relationships and the status of species, eg the degree of endemism, are well 
understood. 

Increasingly, studies are being undertaken into the physiological adaptations and 
ecological roles of the invertebrate fauna of Antarctica and the subantarctic islands 
(Block et al. 1984, Convey and Block 1996, Pugh 1996). Indigenous, macro-
invertebrates fulfil a major role in the breakdown of vegetation matter and the 
nutrient cycle of the region (Pedersen and Bergstrom 1999) and the introduction of 
vertebrate herbivores and omnivores has significantly altered this on some 
subantarctic islands (Copson and Whinam 2001). There is also potential for 
introduced invertebrate species, such as those of predatory beetles on South Georgia, 
the diamond-backed moth on Marion Island (Chown and Avenant 1992, Ernsting 
1993) to have long-term impacts. Because the removal of established introduced 
invertebrate species may not be possible, it is essential that management procedures 
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be established to prevent further accidental introductions. This also applies to the 
movement of indigenous species, to avoid genetic mixing, and of soils, to locations 
within the region where they are not naturally found, eg between islands within 
groups and among island groups, during operations to move personnel and 
equipment among islands, or between sites on larger islands. 

MICROBIOLOGY 

The subantarctic, in common with any land surface with extensive plant cover, 
supports a rich and varied assemblage of soil and plant microorganisms. However, 
our knowledge of these organisms, together with the nature and focus of research on 
them, varies across the subantarctic region. Information is available from some areas 
on diatoms (McBride et al. 1999, Van de Vijver et al. 2002), soil arthropods 
(Greenslade 1992), kelp flies (McQuillan and Marker 1984), bacteria, algae and 
nematodes (Mawson 1958). Some information is available on seal and bird parasites 
(Murray 1967, Clarke and Kerry 1993) and helminth parasites of alien mammals 
(Pisanu and Chapuis 2003). Rabbit fleas (Spilopsyllus cuniculi) and the myxoma 
virus were introduced as a rabbit control measure on Macquarie Island in 1968 
(Sobey et al. 1973, Skira et al. 1983) and on Ile du Cimetière (Iles Kerguelen) in 
1998 (Chekchak et al. 2000). The composition and ecological roles of the microflora 
and microfauna of the subantarctic, both free-living and parasitic, are still poorly 
known. 

ECOLOGICAL COMMUNITIES 

Major factors which have influenced the development of each terrestrial ecological 
community in the subantarctic biogeographical regions include: the duration of a 
site's exposure above sea level, climate changes and founder effect influenced 
through location. Over the last 200 years, this process has been overwhelmingly 
changed by human impacts, mainly the exploitation of the indigenous fauna, the 
introduction of alien species and more recently, pollution and global warming. 
Currently, our knowledge of these ecological communities is far less developed than 
that of the taxa and their status, the latter having resulted in national recovery 
programs being implemented for several species. A better understanding of the 
ecological communities and processes is becoming increasing important as human 
visitation increases throughout the region and programs to manage introduced 
species are being implemented on more subantarctic islands. These two factors alone 
are likely to result in fast changes in regional ecosystems. Baseline knowledge is 
essential to evaluate and monitor their impacts on subantarctic environments 
(Walton and Shears 1994), especially in relation to assessing the efficacy of 
restoration programs. 
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Current Threats 

Current threats to the conservation status of subantarctic fauna and flora can be 
classified into global (eg climate change and the ozone layer ‘ hole’, Smith 1993), 
regional (eg commercial fishing practices and increasing human presence, Smith and 
Steenkamp 1990, Chown and Smith 1994) or local threats to specific areas (eg 
impacts of alien animal and plant species (Chapuis et al. 1994, Frenot et al. 2005), 
and oil spills (Pople et al. 1990, Smith and Simpson 1995). While research has 
enabled the implementation of adaptive management practices to mitigate some of 
the local and regional threats, this is not the case for the global threats where 
investigations are generally still in the research phase. The global threats will 
ultimately be more difficult to manage as they will need international cooperation 
and actions, as evidenced by the Kyoto Protocol.

The subantarctic region has long been recognised as an important area to monitor 
the impacts of climate change. Some of the greatest mean temperature changes in 
recent decades have been recorded in this region (Adamson et al. 1988, Frenot et al. 
1997b, Tweedie and Bergstrom 1999, Convey this volume). There are direct 
implications of climate change for conservation management in the subantarctic, 
including: 

the possibility of greater success in the establishment of alien species 
(Frenot et al. 2005), 
increases in population sizes and distributions of existing alien species 
(eg development of Taraxacum officinale in the Iles Kerguelen, 
Chapuis et al. 2004), 
increase in wind erosion (Iles Kerguelen, M. Lebouvier, pers. comm.), 
impacts on the availability of food sources, especially marine 
resources (Cunningham and Moors 1994, BirdLife International 
2004), 
breeding success (eg Calliphora vicina and alien plants on Iles 
Kerguelen, Chevrier et al. 1997, Frenot et al. 2001, and rabbits on 
Macquarie Island, Copson and Whinam 2001),
confusing our understanding of the responses of native and introduced 
species to adaptive management practices (Chapuis et al. 2004),
the need for reorientation of conservation research and management 
programs.

The management of alien species and their impacts on the indigenous species 
and ecosystems of the subantarctic terrestrial region has increasingly become a 
priority focus of conservation management programs. The availability of baseline 
data from the subantarctic, together with techniques that have been mainly 
developed elsewhere, are now being applied in alien species management programs. 
In recent years, the management of an individual alien species usually forms part of 
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detailed knowledge of the damaged ecosystem(s) before intervention, 
an array of management techniques sufficient to deal with a wide variety 
of alien species, without having long-term adverse effects on indigenous 
species and natural ecosystems, and 
sufficient, long-term resources to enable successful completion of the 
program, (Copson 1995b). 

An integral part of any restoration program is monitoring the responses of both 
target and non-target species. The generally simple nature of the subantarctic 
ecosystem enables an assessment of the outcomes to be applied to other areas in the 
subantarctic region (Copson and Whinam 2001, Frenot et al. 2005, Convey et al. this 
volume). Situations such as the Iles Kerguelen and Prince Edward Islands also 
provide opportunities to evaluate the impacts of introduced flora and fauna on 
indigenous species and ecosystems by comparing the biota on undisturbed islands 
with that of adjacent, disturbed islands (Chapuis et al. 2002). When eradication of 
exotic species is not possible, control programs could be implemented (Copson 
1995b, Courchamp et al. 2003). Examples of widespread control include that of 
rabbits on Macquarie Island and the Iles Kerguelen (Copson and Whinam 2001, 
Courchamp et al. 2003). 

The numbers of human visits, the levels of occupancy and the temperature of an 
island are known to strongly influence alien species richness (Chown et al. 1998, 
Frenot et al. 2005). Reasons for visitations to various parts of the subantarctic 
include all or some of the following: tourism, scientific research programs, 
construction programs associated with research and management and media visits. 
Visitations are likely to continue to increase, as is the intensities of visitations to 
certain popular areas, in addition to the range of activities undertaken (eg 
sightseeing, mountaineering and kayaking). 

QUARANTINE AND CONSERVATION THREATS 

A cornerstone of programs for the future management of these regions is effective 
prevention of further introductions of alien species. Throughout the region, this 
objective is being addressed through implementation of quarantine procedures and 
visitor education for both tourists and expeditioners, eg Prince Edward Islands 
Management Plan Working Group (1996). One aspect of quarantine is the need to 
recognise that isolated, ice-free areas are basically biological ‘ islands’ (Bergstrom 
and Chown 1999) that also need to have effective protection in place to prevent 
intra-‘ island’ spread of indigenous organisms or genetic interchange. This has 
become an increasingly important aspect of conservation management with both the 
retreat of glaciers opening up areas for colonisation, eg the expansion of reindeer on 
South Georgia (Moen and Macalister 1995) and the increased use of helicopters for 
remote field parties. 
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MANAGEMENT ACTIVITIES GUIDED BY MANAGEMENT PLANS 

Increasingly, management activities on many of the subantarctic islands are 
governed by management plans, which are generally statutory documents. Only the 
French subantarctic islands have no statutory management plans at present, but have 
programs validated by the French Polar Institute and the Terres Australes et 
Antarctiques Françaises. The intention of these management plans is to establish 
rules and procedures, to protect the natural and cultural values of a site, for activities 
undertaken in the designated region. Whereas the legal status of the management 
plans varies, the intention is to establish what is acceptable in the specified area, 
with more prescriptive procedures often as an adjunct to these plans. Although the 
scope of these management plans varies, a number of activities are generally dealt 
with including: 

defining the designated area, 
the legislative framework for management, 
the terrestrial resources and values, 
in some cases the resources and values of territorial sea surrounding 
the islands (eg Heard and McDonald Islands, and Macquarie Island), 
management aims, goals and objectives with prescriptions to achieve 
these,
zoning, which prescribes management activities on all or parts of 
these islands, and is used as a conservation protection measure to 
restrict access to sensitive sites, 
protection and management of geological features, flora, fauna and 
cultural heritage, 
issues associated with station activities, such as waste treatment 
(rubbish and sewage), building construction, visitor access (tourism, 
expeditioner and recreational), transportation (air, sea and vehicular), 
research programs, quarantine, fuel transfer (ship to shore), storage 
and usage, hazardous materials, 
recovery programs for species and/or communities listed as 
endangered, 
prevention of further introductions and management of existing alien 
species,
research, including data collection and monitoring programs, 
including conservation management, 
interpretation and education, 
milestones to measure the progress and completion of prescribed 
management actions, and 
the timeframe that the management plan will cover. 

Over recent decades, there has been increasing international cooperation among 
management authorities to develop best management practices for sites in the region 
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(Dingwall 1995). There is now a free exchange of ideas, data, draft management 
plans and personnel to efficiently address these management issues. This exchange 
has given management authorities the ability to adapt management practices 
developed elsewhere to their local situation, such as feral pest management 
programs (eg Copson and Whinam 2001, Bester et al. 2002). The various islands 
and sites in the region have different management needs and legislative frameworks, 
but in general there are land management guidelines ruling current practices for each 
of the above activities. We outline the common approaches to management of these 
activities and highlight some of the innovative responses of particular agencies. 

ZONING 

Although different terminologies are used, there are several identifiable zones, most 
of which require access permits. These include: 

service/main use zones: where the main infrastructure for management 
and research are located. This is generally the most disturbed zone and 
kept to a minimum size, 
natural zones: minimal infrastructure generally consisting of field huts, 
both permanent and temporary, tracks and helipads to support various 
conservation management and research programs, 
special management/restricted areas: established to provide extra 
protection to the natural and cultural values of specific sites. Access to 
these areas is usually restricted to scientists. Activities that would have 
long-term, adverse impacts on these values are not permitted and they 
generally contain little or no infrastructure, 
tourism zones: over the last decade it has become common for limited 
zones to be designated for tourist activities, including any infrastructure, 
marine reserves and/or buffer zones: these have been designated around 
some islands to limit resource extraction activities and to protect marine 
values. 

PROTECTION AND MANAGEMENT OF GEOLOGICAL FEATURES, FLORA 
AND FAUNA AND CULTURAL HERITAGE 

National and/or international legislation covers the protection and management of 
natural and cultural features of most subantarctic islands (Davis 1995). The 
legislation generally forbids exploitation of minerals, flora and fauna, and regulates 
activities that disturb, remove or endanger these values. Generally, the only 
activities allowed that directly impact on the natural and cultural values are 
approved scientific or management/support programs, often aimed at conservation 
management, which are regulated by permits. Cultural heritage sites are increasingly 
being evaluated, and appropriate provisions being made for them in management 
plans (eg Graham 1989, Davis 1995). Examples of this are the restoration of 
whaling stations at Iles Kerguelen and South Georgia. 
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RECOVERY PROGRAMS FOR SPECIES LISTED AS ENDANGERED 

Endangered species may be listed under specific national and/or international 
legislative frameworks. Over the last decade, there has been an increase 
internationally in the number of programs aimed at recovery of species, most 
commonly vertebrate fauna, listed as endangered. These recovery programs may 
target a single species or several ecologically similar species, eg developing 
mitigation methods to lessen the risks of long-line fishing to albatrosses 
(Weimerskirch et al. 1997, Inchausti and Weimerskirch 2001). As many of the 
species involved have circumpolar distributions and/or major impacts occur in 
international waters, recovery programs can involve international cooperation, eg 
the Agreement on the Conservation of Albatrosses and Petrels (ACAP) that has been 
ratified by eight countries as of March 2006. 

PREVENTION OF FURTHER INTRODUCTIONS AND MANAGEMENT OF 
ALIEN SPECIES 

There has been a history of both accidental and deliberate introductions of alien 
species into the subantarctic region associated with various human activities, 
including early resource exploitation, scientific expeditions and tourism. Whereas 
the management of existing alien species has been undertaken on several sites since 
the 1970s, it is only in recent years that the prevention of further introductions has 
become a high priority management objective. For example, recent research has 
identified the main vectors associated with alien species transportation (Whinam et 
al. 2005). Quarantine programs are now in place for most areas of the region, 
although the prescriptions and management programs vary enormously. While most 
quarantine programs prescribe wash-down stations to prevent soil-borne pathogens 
and organisms, and restrictions on taking poultry produce into the field to reduce the 
risk of avian disease introduction are in place, the total prohibition on fresh food 
produce exists only at the Prince Edward Islands (Cooper et al. 2005). The transport 
of domestic stock to the subantarctic has ceased, although animals such as trained 
dogs may still be used in management programs (Copson 2003). 

Control and/or eradication programs for alien species have been, or are, 
undertaken on the vast majority of subantarctic islands and some cold temperate 
islands. Details of alien species management programs are given in Convey et al. 
(this volume) and examples of eradication programs include: 

Auckland Is cattle, goats, rabbits, house mice, tree daisy 
Campbell I sheep, cattle, brown rats 
Ile Amsterdam cattle 
Ile Saint-Paul black rats, rabbits 
Iles Kerguelen feral cats, rabbits, house mice, black rats 
Macquarie I weka, feral cats, sweet vernal grass (Anthoxantum 

odoratum), curled dock (Rumex crispus)

Marion I feral cats, brown trout, thistle, Agrostis gigantea
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In recent years, there has been an increased focus on diseases of wildlife in the 
region (eg Austin and Webster 1993, Clarke and Kerry 1993). An example of this 
was the deaths of Hooker’s sea lions in the Auckland Islands caused by disease, with 
the potential to spread to Campbell and Macquarie Islands via tourist vessels (K. 
Kerry pers. comm.). Antibodies of avian diseases have been discovered in skuas and 
penguins in both the Antarctic and subantarctic (Alexander et al. 1989, Gauthier-
Clerc et al. 2002) and a new plant virus has recently been identified on Macquarie 
Island (Skotnicki et al. 2003). Several research programs are currently investigating 
the status and possible sources of these diseases and the existence of other naturally 
occurring or introduced diseases. A recently identified source of marine 
introductions is marine species carried in the ballast waters of government 
expedition and tourist vessels (Lewis et al. 2003, 2006). Quarantine procedures are 
continually being developed as management tools to prevent further introductions of 
diseases into and out of the region (eg Whinam et al. 2005), with the potential of 
new strains of existing diseases developing in the isolation of the region. In addition, 
disease preparedness and response plans are being developed to deal with outbreaks 
of diseases in the region. 

STATION ACTIVITIES 

Most activities associated with subantarctic research stations are prescribed by the 
relevant management plan. Development of infrastructure generally requires 
approval from a managing authority and possibly an environmental impact 
assessment. Whereas on some subantarctic islands such as Marion Island, stringent 
measures have been adopted for waste disposal, this is not the case on many others. 
Special procedures are prescribed to cover the handling and storage of fuel for 
heating, electricity generation and transport, both at a station and in the field. 
Increasingly, Antarctic treaty nations are attempting to use more sustainable energy 
management practices, including the development of more energy efficient 
buildings, and alternative energy sources to reduce emission of greenhouse gases 
and to reduce the risks of oil spills, while reducing costs. In 1993, a joint Australian-
French research project was established to investigate alternative energy options for 
Antarctic stations. Field trials of a 10 kW wind turbine were conducted at Casey and 
these have been followed by the installation of two 1mW turbines at Mawson. 

TRANSPORT 

Transportation within the region has implications for wildlife management, 
quarantine and expeditioner/tourism management. Prescriptions generally exist as to 
the type and use of various means of transport at a given site. For example, flight 
paths to minimise animal disturbance prescribe height, distances and routes for 
aircraft, minimum distances to be maintained from wildlife by inflatable rubber 
boats, aircraft and pedestrian traffic on animals (eg Giese and Riddle 1998, Giese et 
al. 2000). The type of transportation has a big influence on the risk that is posed to 
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 quarantine, eg helicopters allow rapid and easy access to multiple, isolated sites, 
increasing the potential of spread of organisms (both native and alien). 

FIELD HUTS AND TRACKS 

Management plans generally prescribe the location both of huts and tracks, and the 
management of their environmental footprints (such as waste disposal, fuel supplies, 
etc, Figs. 2 and 3). Recent monitoring work has indicated that many of the tracks on 
Macquarie Island are close to their environmental threshold (Dixon 2001). Recent 
technological advances have enabled field huts to be more energy efficient and to 
create smaller environmental footprints. Lightweight huts have been developed that 
can be placed and removed by helicopters at previously prepared sites, thereby 
reducing construction impacts (eg Australian and French territories). As they can be 
deployed at specific sites for the duration of a field program, they may have less 
long-term environmental impacts than huts which remain at the same site for many 
years. Careful siting can minimise the environmental impacts of field huts and 
tracks, eg locating huts at sea level on less sensitive vegetation. 

Figure 2. Two remote field huts at La Mortadelle on Iles Kerguelen. The hut on the right is 

for accommodation while the hut on the left houses food and equipment. Photo: J. Whinam. 

EXPEDITIONERS AND TOURIST IMPACTS 

Higher standards of environmental awareness have been steadily developed as the 
number of visitors, both expeditioners and tourists, has increased to the region. With 
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expeditioners, this is usually being achieved through selection of personnel and to a 
greater extent through their training and orientation before departure. 

The development of adventure tourism, together with the steady increase in 
tourist numbers has resulted in the Antarctic Treaty nations currently investigating 
environmental procedures to minimise adverse tourism impacts in the subantarctic 
and Antarctica. Increasingly, tourist operators visiting the region are required to 
undertake environmental impact assessments before permits for visits are issued. 
These assessments generally cover prescriptions to minimise the impacts of the 
tourists on the natural and cultural values of the region, and to ensure that mitigation 
measures are in place in case of accident, oil spill, etc. Most subantarctic islands 
have specified contractual conditions and guidelines for tourist visits. These may 
include landing and visitation sites, duration of visits, safety procedures, numbers 
ashore and procedures to minimise impacts on flora and fauna. Observers are often 
carried on ships, or meet tourist parties as they arrive at sites, to oversee the 
compliance with permit conditions. In addition, the industry has developed its own 
guidelines for the conduct of tourist operations in the region through the 
International Association of Antarctica Tour Operators. However this does not cover 
all operators. 

Figure 3. The barge ‘ L’Aventure II’ which is used to move people and materials among 

islands at Iles Kerguelen. This barge is moving fencing and building materials to Ile Longue 

and transporting expeditioners. Photo: J. Whinam. 
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FISHING EXPLOITATION 

Commercial fisheries pose the greatest danger to albatrosses through their incidental 
capture and death. Between the 1950s and 1980s, pelagic gillnets and driftnets 
ensnared tens of thousands of albatrosses, causing major drops in populations 
(Robertson and Gales 1998). Public condemnation of the unacceptable levels of by-
catch in these fisheries resulted in a global moratorium on driftnet fishing in 1993. 
However, the global expansion of longline fisheries presented new threats to 
albatrosses, as they tend to follow fishing vessels (Robertson and Gales 1998). 
Albatrosses forage in waters favoured by fishing vessels, they commute great 
distances to foraging grounds (increasing the risk of contact with fishing vessels), 
and they are habitual ship followers and scavengers. It has been estimated that 
longline fishing kills more than 100 000 seabirds each year. Most of these deaths 
could be prevented if fishing vessels implemented an accepted set of mitigation 
measures (Gales 1998). However, regulation and enforcement are made more 
difficult with up to one half of all the birds caught as by-catch from long-lining 
being killed by illegal fishing vessels. 

RESEARCH 

A large part of the current focus of research in the region is on the conservation of 
its natural and cultural values. The rarity of the subantarctic resource combined with 
its environmental fragility has resulted in most management authorities stipulating 
minimal impact methods of research. International collaboration has increased the 
value of programs addressing issues of regional or global concerns, such as climate 
change, while minimising the impacts on any one area. Specific restrictions on 
research programs are generally addressed by scientific and/or access permits and, 
where appropriate, animal ethic guidelines. 

INTERPRETATION/EDUCATION PROGRAMS 

The use of interpretation and education programs as a valuable conservation tool in 
the region is being recognised. In addition to an interest in the many natural, cultural 
and historic values of the region, there has been a rise in interest in the conservation 
management programs being undertaken. The general public’s understanding of the 
values of the region has been heightened by documentary film-makers who can 
graphically display the fragile nature of the subantarctic. Antarctic tourists now 
demand a high level of sophistication in interpretation/education programs. 

Conclusions 

Over the last 20 years, there have been significant changes in most areas of 
subantarctic management by most nations. However, the focus and degree of 
environmental protection afforded still varies among nations. Most importantly, 
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international cooperation is occurring at various levels (such as information and staff 
exchanges) and is essential for efficient and successful management of conservation 
values and mitigation of conservation threats in the region. It is clear that statutory 
management plans prepared by nations for their territories are essential to ensure on-
going management of the various aspects of station infrastructure, transport, 
research, tourism and quarantine. Subantarctic species provide a wonderful 
opportunity to monitor the health of the Southern Ocean. Changes in populations of 
animal species dependent on marine foraging areas that can be monitored on land 
are likely to provide vital information on marine resources. Similarly, changes in 
populations of both native and exotic plant species, combined with information on 
glacial retreat, are essential to understanding biotic responses to climate change. 
Baseline data (including updating taxonomic survey data to allow biogeographic 
analyses) and on-going monitoring are essential if there is to be effective feedback 
into management programs to address threats to the conservation values of 
subantarctic ecosystems. 
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Introduction 

Antarctica’s natural environment is known globally for its attributes such as 
wilderness and aesthetic values and as being a unique and valuable locality to 
conduct science. This chapter explores the current framework that exists for 
conservation and management of terrestrial and limnetic ecosystems under the 
Antarctic Treaty System (ATS), ie applying to continental and maritime Antarctica 
south of 60°S. We provide a brief history of human activities in the region and 
discuss the formation and operation of the ATS and the Madrid Protocol. We then 
consider knowledge management and examine the Antarctic continent within the 
context of the four big conservation issues facing the world in the first decade of the 
21st Century: (i) local impacts and habitat loss, (ii) homogenisation of biota, (iii) the 
impact of climate change, and (iv) harvesting and removal of resources. Finally we 
provide a critique of management of these issues within the ATS regime and 
consider possible directions for the future. 
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Humans and Antarctica  

Perhaps one of the first interactions between humans and the Antarctic region was 
the Polynesian voyage of Ui–te–Rngiora. Legend tells of him and other Polynesians 
sailing south to the frozen ocean, known as Te tai–uka–a–pia, in about 650CE 
(Headland 1989). However, it was not until the mid 16th Century that the first 
recorded extensive harvesting of Antarctic resources took place. Francis Pretty, 
accompanying Sir Francis Drake on his second circum–navigation from 1577 to 
1580, when south of Tierra del Fuego, recorded that Drake and his crew found: 

“great store of foule which could not fly with the bigness of geese, whereof we killed in 

lessee than one day three thousand and victualled ourselves thoroughly (Pretty 1910).” 

Drake’s victualling was the precursor to the massive harvesting of Southern Ocean 
whales and seals from the late 18th to the early 20th Centuries, following the 
discoveries and publication of reports by Cook, Kerguelen and Bellingshausen. The 
extensive exploitation of seals led James Weddell, a sealer himself, to propose what 
might well be the first, although unheeded, Antarctic conservation measure: 

“ the fur seal, might, by a law similar to that which restrains fisherman in the size of the 

mesh of their net, have been spared to render annually 100,000 furs for many years to 

come. This would have followed from not killing the mothers till the young were able to 

take to the water; and even then, only those which appear to be old, together with a 

proportion of the males, thereby diminishing their numbers, but in a slow progression”
(Weddell 1825).” 

The last decade of the 19th Century saw the major scientific investigations and 
explorations of the Heroic Era, also described by Headland as the era of ‘ continental 
penetration’ (Headland 1989). Adrian Gerlache, leading the Belgian Antarctic 
Expedition in the Belgica, involuntarily spent the winter of 1898 drifting in the pack 
ice south of Peter I Øy. Carstens Borchgrevink of the British Antarctic Expedition 
led the first continental wintering expedition at Cape Adare in 1899. Other wintering 
expeditions followed: Drygalski’s German South Polar Expedition (1901–03), the 
British National Antarctic Expedition under Scott (1901–04), Nordenskjold’s 
Swedish South Polar Expedition (1901–03), the Scottish National Antarctic 
Expedition commanded by Bruce (1902–04), and Mawson’s Australasian Antarctic 
Expedition (1911–14). These expeditions left evidence of their activities, with 11 of 
the remaining historic huts in Antarctica being from this period. 

Following these exploratory campaigns, Argentina, Australia, Chile, France, 
New Zealand, Norway and the United Kingdom all claimed parts of Antarctica, 
covering approximately 85% of the continent. A number of expeditions were active 
during the period between World Wars I and II, with exploration often being 
associated with whaling activities. The expeditions of the Heroic Era were the 
predecessors of an unremitting and increasing flow of visitors: explorers, scientists, 
tourists and adventurers to Antarctica that continues to this day. The 1950s saw the 
establishment of large permanent bases in Antarctica by Argentina, Australia, 
France, Great Britain, Chile and the United States of America.  
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Genesis of the Antarctic Treaty 1959 

Momentum for the development of a treaty on Antarctica emanated from the 
political and military conditions of the world following World War II. Conflict was 
developing in Antarctica in concert with the Cold War between the Western powers 
and the Soviet Union and its allies. Counter to the conflict of the period, the 
International Geophysical Year (IGY) took place from 1957 to 1958 in an 
atmosphere of unprecedented scientific cooperation (Vicuna 1985). These two 
counter points provided impetus for the creation of the Antarctic Treaty and in the 
year following the IGY, the USA convened a conference on the topic, inviting States 
with an interest in Antarctic affairs (comprising the 12 national IGY participants) to 
Washington in late 1959.  

Foremost in the minds of the Countries that met in Washington in 1959 to agree 
the Antarctic Treaty was to recognise: 

“…that it is in the interests of all mankind that Antarctica shall continue forever to be 

used exclusively for peaceful purposes and shall not become the scene or object of 

international discord…” 

The conference was “a remarkable diplomatic achievement” (Dodds 2002) 
which defused States’ differing positions on sovereignty and territorial claims, and 
preserved and promoted the international cooperation in scientific research 
developed during the IGY (Scully 1985). Despite the challenging nature of a number 
of the issues, the Treaty was quickly concluded and signed on 1 December 1959. It 
was ratified by the 12 participating IGY nations and, additionally, Poland, and 
entered into force on 23 June 1961. There are now 45 signatories to the Treaty.  

The preamble to the Treaty provided the principles by which Antarctica has been 
governed for the last 45 years: Antarctica is to be used exclusively for peaceful 
purposes, and for the promotion of international cooperation through freedom of 
scientific investigation. The Treaty prohibits activities of a military nature, nuclear 
explosions and the disposal of radioactive waste in Antarctica. Military personnel 
and equipment however, were (and still are) allowed to support scientific research. 

Although the focus of the Treaty was primarily international cooperation and 
scientific research in Antarctica, Article IX recognised the need for “measures to 
conserve the living resources”. The Agreed Measures for the Conservation of 
Antarctic Fauna and Flora were adopted in 1964, however it took more than 20 
years for these measures to come into effect (Ministry of the Environment New 
Zealand 2006). Despite this delay, awakening environmental awareness of the 
Treaty System is demonstrated by that approximately 60% of the total 330 
Recommendations, Measures and Decisions that have been made between 1961 and 
2005 have been environmentally based. The incremental awareness of 
environmental matters has reflected changing attitudes within Treaty countries, and 
this trend led to the adoption of the Protocol on Environmental Protection to the 
Antarctic Treaty (the Madrid Protocol) in 1991.  

The suite of instruments that now comprises the ATS includes the Antarctic 
Treaty, the Agreed Measures for the Conservation of Antarctic Fauna and Flora 
1964, the Convention for the Conservation of Antarctic Seals 1972, the Convention 
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on the Conservation of Antarctic Marine Living Resources 1980, the Convention on 
the regulation of Antarctic Mineral Resource Activities 1988, (although this has 
never been ratified), the Protocol on Environmental Protection to the Antarctic 
Treaty 1991 (the Madrid Protocol) and, most recently, the Agreement on the 
Conservation of Albatrosses and Petrels 2004. Subordinate instruments such as 
‘ Measures’, ‘ Decisions’ and ‘ Resolutions’ supplement the Treaty. These interrelated 
instruments and recommendations provide the framework for the management of 
activities and protecting environmental values in Antarctica. Consultative Parties are 
expected to implement the requirements through appropriate national processes. 
Legally binding Measures come into effect when all Parties have done so, unless 
reservations have been entered. Heap (1991) described the legal framework of the 
Treaty as one that is:  

“hortatory rather than mandatory in character — it cajoles rather than orders” 

Governance of Antarctica through the Treaty is provided by means of an annual 
forum, the Antarctic Treaty Consultative Meeting (ATCM). Parties meet to 
exchange information, consult on matters of common interest, and formulate, 
consider, and recommend to their respective Governments further measures. In 
addition, the Treaty provides a framework for national jurisdiction over visitors to 
the continent. A vote in the consensus–based ATCM is conferred on those of the 45 
signatories of the Treaty who have demonstrated a substantial commitment to the 
Antarctic by the establishment of a research station or the undertaking of a 
significant research program.  

The need to foster cooperation across a number of Antarctic issues was of 
concern to the original drafters of the Treaty (Kimball 1988). The ATCM adopted 
Recommendation I–IV that outlined the role and provision of scientific advice by 
the Scientific Committee on Antarctic Research (SCAR, see SCAR 2006) and 
Recommendation I–V that supported the establishment of bilateral relations between 
Treaty Governments, United Nations agencies and other organisations. The Parties 
also readily accepted an offer from the World Meteorological Organisation (WMO) 
to cooperate in meteorology and data collection, and recommended that 
Governments pursue cooperation through their representatives in the WMO. The 
Fourth Consultative Meeting, held in Santiago (Chile) in 1966, made provision for 
meetings of experts to provide advice on practical problems relating to Antarctic 
activities. Meetings could be called from time to time as the need arose, and be 
attended by experts of the Consultative Parties, who could also invite other experts 
with the agreement of all Consultative Parties. Meetings of experts have now been 
held covering issues such as environmental monitoring and tourism. 

However, until the early 1980s, the ATS and its associated bodies remained to 
some degree insulated from the mainstream of international environmental 
governance and convention making. This was challenged by debates promoted by a 
group of non–Antarctic States on the “Question of Antarctica” in the United Nations 
General Assembly (Beck 2004), and the international debate surrounding the issue 
of mining in Antarctica. Thus from 1983, those countries that had ratified the Treaty 
but were not Consultative Parties were invited to take part in the ATCMs, although 
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not allowed to participate in decision-making. In addition, the ATCM was opened 
up to a greater number of non–governmental environmental organisations. For 
example, UNEP (United Nations Environmental Program), IUCN (International 
Union for the Conservation of Nature) and ASOC (Antarctica and the Southern 
Ocean Coalition) attended as invited experts, as did (more recently) the International 
Association of Antarctica Tour Operators (IAATO). Since the 1980s, the trend 
within the ATS has been towards more open governance, greater participation and 
increased environmental regulation. 

The Protocol on Environmental Protection to the Antarctic Treaty (Madrid 

Protocol) 

The Madrid Protocol was very quickly developed and adopted after rejection of 
Convention on the Regulation of Antarctic Mineral Resource Activities (CRAMRA), 
which sought to regulate prospecting, exploration, and exploitation of minerals. The 
Madrid Protocol, which entered into force in January 1998, designates Antarctica as 
“a natural reserve devoted to peace and science” and provided for comprehensive 
environmental protection, the pursuit of scientific activity and a ban on mining in the 
Antarctic. 

The Madrid Protocol established a fundamental set of Environmental Principles 
by which all activities in Antarctica are to be planned and conducted so as to limit 
adverse impacts on the environment. Matters identified as being worthy of 
protection included: the atmosphere, climate, weather patterns, air and water quality; 
terrestrial (including aquatic), glacial and marine environments; the distribution, 
abundance and productivity of species or populations of fauna and flora; endangered 
or threatened species or populations and areas of biological, scientific, historic, 
aesthetic or wilderness significance. 

Article 11 of the Protocol established the Committee for Environmental 
Protection (CEP, see CEP 2006) that provides advice and formulates 
recommendations to the ATCM on the operation of the Protocol and its Annexes. 
The ATCM may also refer other issues to the CEP. In particular, the CEP is 
expected to provide advice, where appropriate, on the following areas: minimisation 
or mitigation of environmental impacts and the application and implementation of 
the environmental impact assessment; procedures for response action in 
environmental emergencies; operation and improvement of the Antarctic protected 
area system; procedures and conduct of inspections; collection and exchange of 
information relating to environmental protection; the state of the Antarctic 
environment; the need for scientific environmental research, including 
environmental monitoring.  

The annexes to the Protocol deal with specific environmental management and 
protection concerns. The original Annexes make provision for environmental impact 
assessment, conservation of Antarctic fauna and flora, waste disposal and 
management, prevention of marine pollution, and for area protection and 
management. At the ATCM XXVIII in 2005, Parties adopted a sixth Annex to the 
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Protocol, which covers liability arising from environmental emergencies. Of 
immediate relevance to terrestrial and limnetic environments are the four annexes (I, 
II, III and V) dealing with environmental impact assessment, waste management, 
conservation of flora and fauna, and area protection and management. 

Annex I established the procedures for prior environmental impact assessment of 
all activities or changes in activities undertaken in the Antarctic Treaty Area. Prior 
assessment of activities is undertaken to establish whether the activities are 
identified as having one of three levels of impact on the Antarctic environment and 
associated ecosystems: (1) a less than a minor or transitory impact, (2) a minor or 
transitory impact, and (3) more than a minor or transitory impact. The Parties have 
resolved however, in revised guidelines for the preparation of environmental impact 
assessments, that it no agreement can be reached on the definition of the term ‘ minor 
or transitory’ as no suggested frameworks have been universally acceptable. The 
definition of impacts has therefore been based on national interpretations, on a site–
specific and case-by-case basis (Antarctic Treaty Secretariat 2005). 

Preliminary assessment of the impact of activities is undertaken in accordance 
with appropriate national procedures and, if the activity is determined to have “less 
than a minor or transitory impact”, the activity may proceed. If the activity is 
determined to have a minor or transitory impact an Initial Environmental Evaluation 
(IEE) is prepared, and if the activity has more than a minor or transitory impact, a 
Comprehensive Environmental Evaluation (CEE) is prepared. The latter includes a 
description of the activity and condition of the site, possible alternative processes; 
estimation of the nature, extent, duration and intensity of immediate and cumulative 
impacts, monitoring activities, and mitigation and remediation measures. A draft 
CEE is made publicly available and circulated to all Parties and to the CEP before 
the ATCM at which it is to be considered. A final CEE is then prepared which 
addresses comments received from other Parties and is circulated to all parties 
before commencement of the activity. IEEs are not automatically made publicly 
available but are included in the required annual exchange of information among 
Treaty Parties made available on the Antarctic Secretariat’s website 
(http://www.ats.aq). 

Annex II sets out measures to protect the native fauna and flora of Antarctica. 
Taking or harmful interference is restricted to a limited number of circumstances, 
such as the collection for scientific study. The Annex also allows for the listing of 
any species of native mammal, bird or plant as a “Specially Protected Species”, 
prohibits the importation of any non–indigenous species of plant or animal, and 
requires Parties to put in place precautions to prevent the introduction of non–
indigenous micro–organisms. 

General obligations for the disposal, management, and reduction minimisation of 
waste are imposed by Annex III. Parties are required to clean up past and present 
waste disposal sites (on land) and abandoned work sites, except where the site has 
been designated as an historic site or monument, or where its removal would result 
in greater adverse environmental impact than leaving the material in place. The 
Annex elaborates on the specific requirements for the removal of waste from the 
Treaty area, the disposal of waste by incineration, restrictions on disposal of waste 
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onto ice–free areas or into fresh water systems, prohibition of the importation of 
PCBs, non–sterile soil, polystyrene beads or chips and similar packaging and 
pesticides, conditions for the discharge of sewage and domestic waste into the sea, 
and requirements that waste generated at field camps should be removed to base 
camps or ships when practicable. Finally, Parties are required to develop, exchange 
and review waste management plans, exchange information and appoint waste 
management officials to develop and monitor their plans. 

Area protection and management is addressed in Annex V, which allows for the 
designation of Antarctic Specially Protected Areas (ASPAs) to protect outstanding 
environmental, scientific, historic, aesthetic or wilderness values. Antarctic 
Specially Managed Areas (ASMAs) are to assist in the planning and co–ordination 
of activities, avoid possible conflicts, improve co–operation among Parties or 
minimise environmental impacts. A permitting system is in place to control entry 
into and the undertaking of activities allowed for under the management plan for an 
ASPA. No permit is required to enter an ASMA, although activities are to be 
undertaken in accordance with a code of conduct contained in the ASMA’s 
management plan. Parties may also nominate sites or monuments to the Historic 
Sites and Monuments List. 

The current status of environmental knowledge, data and information 

exchange

In addition to relying on the ATS structure for the fundamentals of effective 
management of the Antarctic environment which is an entirely borderless biome, the 
ATCM requires effective mechanisms for gaining and exchanging environmental 
knowledge. Article III–c of the Antarctic Treaty states that Contracting Parties agree, 
where feasible and practicable that,  

“ scientific observations and results from Antarctica shall be exchanged and made freely 

available”

Data capture and exchange has been one of the main advances underpinning 
Antarctic science over the last 20 years, and a major driver for enhanced 
international collaboration. This is partly due to substantial advances in all forms of 
digital technology, from the digital recording of data in the field using hand-held 
devices to substantial advances in Geographic Information Systems (GIS) 
technology and the establishment of global data repositories such as GenBank 
(GenBank 2006).  

There has also been a shift in scientific outlook towards increased scientific data 
exchange, encouraged not least by developments in the attitudes and priorities of the 
funders of science towards integrative and interdisciplinary research programmes 
addressing ‘ big science issues’. Collaboration and exchange are a prerequisite for 
success in such ventures, and almost inevitably generate greater quantities of data 
requiring more complex analytical tools and hardware. National and international 
funding agencies are also typically requiring that all data collected during a project 
be made available to the global community after a nominal time. 
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Scientific data are exchanged in a number of ways within the Antarctic research 
community. Many national Antarctic programs now have national data centres that 
are linked though the Joint Committee on Antarctic Data Management (JCADM 
2006) which promotes the establishment, coordination and support of the Antarctic 
Data Directory System (ADDS) and appropriate data management within the 
Antarctic scientific community. JCADM reports jointly to two bodies, SCAR and 
the Council of Managers of National Antarctic Programs (COMNAP 2006). The 
ADDS is a framework for linking metadata (indexes or records of data) and the data 
themselves, into Antarctic and global data directories such as NASA’s Global 
Change Master Directory. Individual project data are managed at both the researcher 
level and at the national program level.  

Globally, the number of Antarctic–wide databases is increasing, both in number 
and in their content. There are at least four topographical databases for the Antarctic 
continent. The Antarctic Digital Database (Fox and Cooper 1994, ADD–SCAR 
2006), produced by the British Antarctic Survey on behalf of SCAR, is constructed 
from data at 50m contour intervals and with a horizontal accuracy of between 150m 
– 1km. However, this and the other databases only provide, at best, broad–brush 
perspectives and are still of insufficient spatial scale for many scientific research 
purposes. The development of a systematic environmental–geographical framework 
is also in its early stages (Antarctic Treaty Secretariat 2005). BAS also supports an 
extensive meteorological database on behalf of SCAR (READER 2006). Other 
databases contain physical and biological information. For example, SCAR’s RiSCC 
Biodiversity Database (2006), housed at the Australian Antarctic Data Centre, holds 
over 80 000 terrestrial and limnetic biodiversity records. Increased awareness of the 
value of these databases with regard to their use in higher order scientific and 
environmental management questions is also increasing substantially (eg Peat et al. 
in press). 

The current nature of Antarctic data, biological or otherwise, is extremely 
spatially disparate and fragmentary. Figure 1 demonstrates these characteristics for 
part of East Antarctica, showing the spatial coverage of the majority (78% of 590) of 
biological metadata from the Australian Antarctic program since 1988. This 
coverage generally reflects the pattern of human presence and research effort. Most 
of the major blocks of biological metadata in Fig. 1 correspond with the locations of 
permanently occupied research stations. Basic biodiversity information is still to be 
gained from many large ice–free areas in this region alone, including the Bunger 
Hills (66°10'S 100°52'E), the Prince Charles Mountains (71°25'S 67°14'E), far–
northern Victoria Land (74°15'S 163°00'E), Edward VII Land (77°40'S 155°00'E) 
and Enderby Land (70°00'S 50°00'E). Incomplete geographical coverage is 
compounded by the taxonomic uncertainties that remain present for many taxa 
(Chown and Convey this volume), although the advent of molecular technology may 
deliver much–needed assistance (Stevens and Hogg this volume). 

The transfer of terrestrial and limnetic environmental information within the 
ATS takes place principally through three pathways. First, SCAR may formally or 
informally advise the CEP and the ATCM of new information or understanding 
emerging from the scientific literature. Second, scientific knowledge may filter 
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through national programs and become the basis of working or information papers 
submitted to the ATCM by Parties. Third, it may occur through individual scientists 
participating as either national representatives or in inter–sessional expert working 
groups or workshops. For example, in April 2006, New Zealand hosted an inter-
sessional workshop on the impact of non–indigenous species on Antarctic 
ecosystems (http://www.anta.canterbury.ac.nz/resources/non-native species in the 
antarctic/non-native species.shtml). Outcomes of such meetings may be developed 
initially into a working or information paper (in this example ATCM–WP13 2006), 
eventually leading to a Recommendation or Measure. 

Figure 1. Spatial coverage of 590 metadata records of biological studies by the Australian 

Antarctic Program, mapped using 5° boxes. Darker intensities represent greater numbers of 

records. Five major concentrations are within the vicinity of Australian Antarctic or 

subantarctic stations. Data gained along ship transects are not included. 

Current issues and threats 

Globally, there a number of ubiquitous major environmental threats and issues. 
These are local impact of human activity and habitat loss, homogenisation of 
biodiversity, the impact of climate change and impacts associated with harvesting or 
resource extraction (although in terms of mining and agricultural practices these can 
equally be considered as habitat loss). Despite its isolation, Antarctica is not immune 
to such threats, however, the pressures from these threats are unequal. 

LOCAL IMPACTS AND HABITAT LOSS 

Local impacts can roughly be divided into habitat loss and disturbance of the 
environment and biota, and contamination. When considering habitat loss, it is 
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important to understand just how little ice–free area there is in Antarctica. The 
Antarctic continent is approximately 14 million km2 in area, of which the total ice–
free area is only 46 000km2 (0.33%, Fox and Cooper 1994), an area similar in size to 
Switzerland. It is easiest to consider the terrestrial and limnetic ecosystems of the 
Antarctic as a series of ‘ habitat islands’ — either true islands or small areas of ice–
free land isolated by surrounding ice or sea (Frenot et al. 2005). The degree of 
biological isolation or connectivity of these conceptual ‘ islands’ is still one of the 
major questions to be addressed this century. The combination of limited ice–free 
land availability and its attractiveness to humans invites environmental pressure.  

Most Antarctic research stations are typically sited within 2km of the coast, 
determined largely by ease of shipping and logistic accessibility. Totalling just 
6000 km2 (ca 0.05% of the total land area of the Antarctic), this ice–free coastal strip 
is also the only suitable habitat for most of the flora and fauna on the coast, 
excluding off–shore islands. Therefore, human habitation is inevitably concentrated 
in areas that have increased environmentally sensitivity (Poland et al. 2003) with 
subsequent loss of ice–free habitat. As of March 2006, 82 stations had been 
established in the Antarctic (including the maritime islands). Of these, 37 year–
round stations and 12 significant seasonal stations, with a combined average winter 
population of 1030 and a peak summer population of scientists and support crew of 
3760 people, were active during 2005 (COMNAP 2006). The Antarctic Peninsula 
has been disproportionately occupied by stations due to its high degree of 
accessibility from South America. The imminent International Polar Year (2007–09) 
may also encourage further infrastructure expansion to facilitate participation by 
national operators. Either in support of IPY or as part of Consultative Parties’ on–
going operations, numerous science support developments are planned, underway or 
have been built including six new stations, two station rebuilds, three station 
upgrades, and the development of four new transport links including air links (UN 
2005). 

The other significant source of human visitation to Antarctica is presently 
through commercial tourism, which is almost exclusively ship–based and 
overwhelmingly undertaken on islands of the Scotia Arc and on the Antarctic 
Peninsula, again due to the ease of accessibility from South American ports (Frenot 
et al. 2005). Tourist numbers have increased substantially since the early 1990s (Fig. 
2). In the summer of 2004/05, approximately 27 950 tourists visited Antarctica, of 
which almost 23 000 were on voyages that made landings (IAATO 2006). Typically 
excluded in these annual figures is the number of support crew landings. In 2004/05, 
IAATO reported that staff and crew totalled around 18 000 and, of these, 
approximately 13 500 participated in voyages that made landings. Poland et al. 
(2003) noted that due to the very different nature of their operations, many more 
person–days are spent in Antarctica by those working for national programs based at 
established stations; however with the sustained increase in tourism, the difference is 
narrowing rapidly. In any event, much of the tourism is concentrated at sites 
characterised by abundant flora and fauna, and visitors come at the height of the 
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Figure 2. Trends in total tourist numbers, including voyages with and without landings. 

Crosses denote annual tourist number, and squares denote total numbers of tourists and crew. 

Exponential best–fit trendlines are shown for each series. 

Trends in human usage and local impact vary between ‘ science and sovereignty’ 
and ‘ tourism’ modes. Most national programs are based at stations with a ‘ hub and 
spoke’ footprint of their activities on their surrounding environment. Stations 
usually consist of permanent buildings close to a logistic facility – either a wharf or 
an airstrip (or both), with associated infrastructure including accommodation and 
operations buildings, roads, fuel storage facility, scientific laboratories and 
equipment, communication equipment (aerials, satellite dishes), garbage and sewage 
facilities and power generation facilities. Local areas can be contaminated or 
impacted by past and present activities such as fuel spills or construction, while the 
activities of personnel and their derived contamination (Table 1) can directly impact 
on the local flora and fauna. 

Until the late 1980s, waste from Antarctic stations was routinely either dumped 
in local landfill sites or onto the winter sea–ice. Most waste disposal sites are 
undocumented (Stark et al. 2006), and it has been estimated “that contamination in 
the Antarctic is in the order of 1 – 10 million m3 of abandoned waste, with possibly a 
similar volume of petroleum–contaminated soil” (Snape 2003). Indeed, one of the 
major issues in the context of local impact is that of cumulative effects with 
contamination, in most cases, representing the effects of multiple activities over 
many years (Goldsworthy et al. 2003). 

Stations are obvious areas of high impacts from human presence and usage (ie 
high human impact hours), but so too are areas accessible for fieldwork by 
researchers, and by support personnel for recreation. Impacts from research 
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activities can include both long– and short–term physical damage, such as track 
formation, camping ground disturbance and point source pollutants from vehicles or 
equipment, while many scientific research activities inevitably disturb the flora or 
fauna. Recreational activities also risk local disturbance. 

Table 1. Sources of contamination in the terrestrial environment generally associated with 

stations (derived from Poland et al. 2003, M.J. Riddle pers. comm.). 

Source of 
contamination 

Notes 

Long–range 
airborne 
contaminants 

Broad range of organic and metal pollutants, acidifying 
compounds and radioactive contamination transported to 
Antarctica from remote sources (Bargagli et al. 2005). Often 
accumulated by top order predators such as South Polar 
skuaCatharacta maccormicki.

Legacy waste 
and
contaminants 

Past waste disposal sites (garbage tips) and associated 
seepage and run–off, past spills and remains of past 
activities (eg buildings). Most common compounds from 
waste sites are hydrocarbons from fuel and lubricants, lead, 
copper and zinc. 

Unavoidable 
operational 
emissions 

Sewage effluent is often discharged in the form of macerate 
into the sea or into deep ice pits. Combustion products from 
generators incinerators and vehicles provide local point 
source pollutants. Hydrocarbon-based lubricants in ice and 
rock drilling activities. 

Accidents Contemporary spills of fuel, chemicals and lubricants. 

Tourism activities are substantially different to those of national research 
programs, consisting generally of high numbers of people with low individual 
person-hours ashore. Trips typically involve multiple landings by small boats at 
several areas of scenic, natural or historic interest. Larger ships may land high 
numbers of people for a short period, repeating this pattern several times over a 
short period to allow all passengers the opportunity to land. Over a season, this can 
result in substantial numbers landing at particular sites. For example in the 2004/05 
summer in the maritime Antarctic, 10 570 tourists landed at the historic whaling 
station at Whalers Bay, Deception Island; 10 523 people landed at Cuverville Island 
to view penguin colonies and 9452 landed at scenic Neko Harbour (northwest 
Antarctic Peninsula: IAATO 2006). Many of these sites have extensive ice–free 
habitats, with vegetated areas and freshwater bodies. 
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HOMOGENISATION OF BIOTA, INTRODUCTION OF NON–INDIGENOUS 
SPECIES 

Homogenisation of biota, arises from the transportation and establishment of non–
indigenous (alien) species. Frenot et al. (2005) and Convey et al. (this volume) have 
discussed this topic in detail, highlighting that as yet the Antarctic continent has not 
suffered the same pressure from introduced taxa as have the subantarctic islands. 
Chown and Convey (this volume) eloquently emphasise that, although warmer areas 
of the Antarctic (including the subantarctic islands) historically have incurred higher 
visitor frequencies, energy availability and the number of established alien species 
are also positively correlated (see also Chown et al. 2005). Thus, it is understandable 
that the number of non–indigenous species established is presently lower in the 
maritime and continental Antarctic than in the subantarctic. Although, at least for 
some locations, there is now a reasonable level of baseline knowledge of the 
presence and impacts of alien species (higher plants, vertebrates, larger 
invertebrates) in the Antarctic (Frenot et al. 2005, Convey et al. this volume), much 
less is known about much of the microfauna or microbial taxa. The recent workshop 
on the non–indigenous biota in Antarctica and the associated Treaty submissions 
(ATCM-WP13 2006) nevertheless demonstrates that this issue is now identified as a 
key threat and issue. 

National programs transport a wide variety of material into terrestrial locations in 
the Antarctic including, but not limited to, vehicles, scientific equipment, fresh food 
and building supplies. Dartnall’s (2005) and Whinam et al.’s (2005) studies both 
note that scientific equipment is often used at more than one location, potentially 
being the vector for intra–regional transfer of propagules between field sites. Inter– 
and intra–continental transport of propagules, both alien and regionally indigenous, 
has only recently been recognised as an important issue (Frenot et al. 2005). In 
recognition of this, in 2004 the RiSCC program developed a Code of Conduct for 

Fieldwork enabling scientists to minimise the chance of introduction of alien taxa, 
and to reduce the risk of accidental transfer of taxa between major ice–free localities 
(Appendix 1). 

Tourist operations offer different threats with regard to the introduction of alien 
species. Being mainly ship–based, there are reduced risks associated with cargo and 
foodstuffs. However, the increasing numbers of tourists and crew participating in 
landings results collectively in a significant potential propagule load. Five patterns 
in tourist visits have been identified (Naveen et al. 2001, Frenot et al. 2005): (a) 
tourist visits are disproportionately located at sites of high/medium bio– and 
environmental diversity (b) the intensity of use by visitors is increasing; (c) the sites 
of high popularity are not consistent, thus the potential for human impact varies with 
time; (d) the spectrum of tourist activities is changing, to include more locations 
with a greater range of activities on offer; (e) typical visitor itineraries include 
successive visits to a number of sites within the Antarctic. In the Scotia Arc region, 
these often include a transect from the relatively diverse Tierra del Fuego and 
Falkland Islands, to the subantarctic island of South Georgia to progressively more 
extreme locations along the Scotia Arc archipelagos and Antarctic Peninsula, 
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carrying a very clear risk of step–wise transport of likely pre–adapted biota between 
successive sites visited. Antarctic tourism, additionally attracts the ‘ luxury’ element 
of the tourist market, meaning that expectations of a memorable, ‘ once–in–a–
lifetime’ travel event are high, and inevitably pressurises operators to offer that 
‘ little bit more’. 

CLIMATE CHANGE 

Bergstrom et al. (this volume) place contemporary climate change into the 
perspective of the last million years, while Convey (this volume) and Lyons et al. 
(this volume) discuss the current and potential impacts of climate change on 
terrestrial and freshwater organisms and ecosystems. In the context of the last half 
million years, the Earth is experiencing a rare warming phase, while levels of 
atmospheric CO2 and their rate of increase are unprecedented within this (and 

probably a far longer) timeframe. Many species present within the Antarctic region 
are at their distributional limit (mostly southern), while the entire distributions of 
regional endemic species are included. Four biologically significant parameters are 
currently demonstrating change in some areas of the Antarctic region (Convey this 
volume): temperature, free water availability, UV–B radiation and carbon dioxide 
levels. These parameters are closely interlinked. Much standard climatic observation 
and modelling activities have yet to be undertaken at spatial scales relevant to that of 
Antarctic life, while there are insufficient long–term field monitoring or holistic 
field manipulative experiments to allow accurate predictions of impacts (Convey 
this volume). However, one disturbing possibility identified is that climate change 
processes are likely to interact synergistically with the increasing direct human 
impacts in terms of alien species introductions, to give a greater chance of successful 
transport to and establishment of these aliens in the Antarctic environment (Frenot et 
al. 2005, Convey et al. this volume). 

RESOURCE EXTRACTION 

The final major environmental issue is that of harvesting or the removal of resources 
from Antarctic ecosystems. Currently, there is no major harvesting of any biota from 
terrestrial environments in the Antarctic region. Although most sealing occurred in 
the subantarctic with extensive destruction of fur and elephant seal populations, 
small–scale, harvesting of pack–ice seals (mainly for food for dog teams) took place 
up to 1985 (Kock 2006). Commercial fisheries in the Southern Ocean focus on a 
relatively small (in global terms) Antarctic krill (Euphausia superba) fishery based 
in the South Atlantic sector, and a more widely spread but still small fin–fish fishery 
(Kock 2006). Management of all legal fisheries, with an aim of sustainable 
harvesting, is the responsibility of the Commission for the Conservation of Antarctic 
Marine Living Resources (CCAMLR 2006). In the context of this chapter and 
volume, we are unaware of any study that has examined whether these fisheries have 
impacts on ‘ marine to terrestrial’ ecosystem processes such as nutrient transfer (see 
Erskine et al. 1998 for an example of such processes). 
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Small–scale collection of biological material for ‘ bio-prospecting’ is occurring in 
Antarctica, and the extraction of genetic resources for commercialisation is an 
emerging issue globally. Lohan and Johnston (2003) noted that genes and resultant 
compounds obtained from Antarctic organisms have the potential to be valuable in a 
range of applications including novel bioactives such as cold–adapted enzymes, 
novel pigments, and antifreeze use in biotechnological, transgenic and 
pharmaceutical endeavours. They further reported that the European Patent Office 
had 62 registered patents that relied upon Antarctic biodiversity and another 92 
applications for patents in the US Patent Office, although search of the United States 
Patent and Trademark Office’s (2006) database lists 500 patents with the word 
‘ antarctica’ mentioned within their descriptions. These figures do not differentiate 
between marine and terrestrial/freshwater biodiversity, while many refer to 
temperature–stable, enzyme–based processes (particularly lipidases) derived from 
the alkaline–tolerant yeast Candida antarctica, which was initially collected from 
Lake Vanda in the Victoria Land Dry Valleys (Lohan and Johnston 2003). The main 
issues currently arising from bio-prospecting within Antarctica are political or legal 
rather than environmental, including ownership of intellectual property, benefit 
sharing, and freedom of scientific information exchange (Antarctic Treaty 
Secretariat 2005). The CEP has concluded that environmental impacts of sampling 
for bio-prospecting are small (as opposed to harvesting), and sufficiently covered 
within the environmental impact assessment (EIA) procedures in Annex X of the 
Protocol (ATCM 2003).  

The other major resource extraction issue in the Antarctic concerns mineral 
resources. Berkman and Woyach (1992) implied that there was a dramatic rate of 
increase in signatories to the Antarctic Treaty after the world oil crises of the early 
1970s, however as stated above, the Convention on the Regulation of Antarctic 
Mineral Resource Activities of 1988 has never been ratified. Article 7 of the Madrid 
Protocol states: 

“any activity relating to mineral resources, other than scientific research, shall be 

prohibited”

The Madrid Protocol, including the mining prohibition, can be modified at any 
time if all parties agree. If there is less than consensus for modification, and if a 
party so requests, a review conference may be called after 2048 to review the 
Protocol. The Protocol may then be modified, provided that it is agreed by a 
majority of the Treaty Parties at the time of the review, including ¾ of the 
Consultative Parties at the time of the adoption of the Protocol (1991). In addition, it 
is also necessary to have in place a binding legal regime for managing mining and 
which protects the sovereign interest of parties for mineral resource activities to 
commence. With current increases in world oil prices and the rapid and substantial 
increase in the demand and exploitation of fossil fuels and mineral resources in both 
emerging and established economies, this current prohibition on minerals activity in 
the Antarctic may come under threat. Mining could, of course, happen at any time 
by nationals of a state not party to the Antarctic Treaty and the Madrid Protocol. 
However, as this situation does not, at present, pose any current environmental 
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threat and that bio-prospecting is effectively covered by the Environmental Impact 
Assessment process, no further attention to this topic will be given here. 

Management of current environmental change issues within the ATS 

Traditionally Antarctica has been viewed as an isolated, insular and extreme 
continent carrying the appellation of being the highest, coldest, driest and windiest 
of all continents and cocooned from the rest of the world by ocean currents, deep 
water and distance (Clarke 2003). However, that view has radically changed in 
recent decades, with recognition that: 

“the Antarctic is no longer remote and disconnected from the rest of the world: global 
environmental processes are inextricably linked with Antarctica; technology and wealth 
ensure the Antarctica is no more immune from resource pressures than any other part of 
the planet; legally and politically, Antarctica is part of the thinking of decision makers 
and regulators” (Press 2001) 

This more global view has not yet universally permeated environmental 
management and conservation in the Antarctic. Our thesis in this concluding section 
is that full acknowledgment that Antarctica is an important part of a complex global 
system, both environmentally and economically, will require Parties to look for 
more innovative approaches in responding to global environmental concerns and 
their impact in Antarctica. This is distinct from their previous concentration on the 
management of localised impact from activities in Antarctica itself. Such an 
approach calls for more external engagement than currently is seen in the Parties’ 
consensual approach to decision making. This may be seen as a challenge, as some 
may fear fracturing what has come to be seen as a successful international regime 
that has survived intact for 45 years and provides a model for other international 
treaties.

LANGUAGE OF THE TREATY 

International Treaties, by their very nature use ambiguous language and diluted 
terminology, and the Madrid Protocol is by no means an exception. While this helps 
to preserve and facilitate a consensus approach and allows party states to participate 
at a level that their national geopolitical environment permits, it also risks 
introducing ambiguity in standard setting and implementation. This is clearly 
demonstrated within the environmental impact assessment process (see below). 

LOCAL IMPACTS 

There are a number of major issues concerning local impacts: standard setting and 
cumulative impacts, waste management, protected sites and visitor pressure. The 
lack of agreement concerning the meaning of “minor or transitory impact” has 
resulted in applications of differing standards in assessment of environmental 
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impacts across Consultative Parties’ jurisdictions (Bush 2000, Berguño 2000). For 
example, between 1993 and 2005, a total of 22 proposals were prepared and 
submitted to the ATS relating to environmental impact assessments for projects 
based around ice or rock drilling activities. Of these, 13 were prepared as IEEs 
(Initial Environmental Evaluation) and nine as CEEs (Comprehensive 
Environmental Evaluation). This illustrates differing interpretations of the potential 
for local environmental impact among Parties for broadly similar activities. CEEs 
are subject to review by Parties that, in principle, leads to a higher standard of 
assessment of the activity. Hemmings and Roura (2003) have also noted that CEEs 
are generally of high quality but that the number produced was not commensurate 
with the actual level of activity in the Antarctic. They also found greater variability 
in the quality of IEEs. A review (COMNAP 2004) of the IEEs by the Antarctic 
Environment Officers Network within COMNAP concluded that the: 

“Treatment of cumulative impacts was limited or missing in most IEE documents 
reviewed”

The concept of cumulative impacts has yet to attain the high level of awareness 
needed for the adequate protection of Antarctica in both the scientific and tourism 
fraternities, despite the recent review of the Environmental Impact Assessment 
guidelines (Antarctic Treaty Secretariat 2005). This mainly arises through a lack of 
scientific studies and monitoring demonstrating cumulative impacts, and the lack of 
established criteria of assess cumulative impacts. 

The scientific community can offer the ATS substantial support with regard to 
providing spatial, temporal and biological frameworks to define impact, and the 
baseline data and the means to monitor ecosystem health. Furthermore, applied 
scientific study can define criteria and monitoring systems for assessing cumulative 
impacts (Anon. 2005). State of Environment reporting is just one example in which 
scientific pursuits have assisted environmental management. This is a developing 
area within Antarctic science, with significant investment already by JCADM and 
COMNAP.

Waste management currently lacks clarity within the ATS. Annex III of the 
Protocol commits Parties to remediation of past and present work sites where 
practicable, and there is limited (although growing) research and remediation being 
undertaken. However there are no universally accepted guidelines or binding 
processes for assigning past liability for environmental damage (Snape 2003). Snape 
(2003) contrasts this with the widely perceived view of Antarctica being of global 
environmental significance and a symbol of good environmental stewardship. Stark 
et al. (2006) noted, however, that there has been a major paradigm shift by Parties 
towards recognition of the need to remediate sites, though also emphasising that 
while remediation is currently socially and culturally acceptable, it is economically 
unpalatable and often in direct budget competition with other Antarctic science. 
Nonetheless, major scientific advances have been made in contaminated site 
assessment, ecotoxicology, and site remediation (Snape 2003) with an ever– 
growing science network among polar remediation scientists, with Antarctic science  
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playing a lead role. This is demonstrated by a bi–annual series of contaminants in 
freezing ground conferences (http://www.freezingground.org/Portal/index.htm). 

A major advance in terms of local environmental damage is the recently agreed 
Liability Annex (Antarctic Treaty Secretariat 2005). This agreement provides a 
limited framework for responding to environmental emergencies. The annex 
provides for compensation if the operator responsible for an incident fails to respond 
and another party carries out the needed response.  

The establishment of protected status for locations has improved significantly 
with the introduction of a more uniform system of ASMAs and ASPAs. The 
selection of Antarctic protected areas, however, has largely been an ad hoc process, 
inevitably therefore not ensuring systematic and representative coverage of the 
Antarctic environment (Harris and Woehler 2004). SCAR (SCAR 2005) noted that: 

“whilst there is a wide range of measures in place for the conservation and sustainable 

use of biodiversity in the region, rational, spatially explicit conservation planning, 

which has been undertaken for many other parts of the globe, lags far behind in the 

Antarctic realm” 

SCAR further observed that, despite some spatially-explicit data being available 
for some groups such as seabirds and terrestrial biodiversity, as a consequence of the 
requirements for the establishment of ASPAs and ASMAs, these data are yet to be 
used to develop a formal, spatially-explicit conservation planning framework for 
Antarctica (but see Cooper et al. 2000). 

There are positive moves within the ATS and SCAR towards developing a more 
systematic approach to conservation. These are both stimulated by, and building on, 
the construction of geographic and biodiversity databases, such as New Zealand’s 
Antarctic Geographic Domains (ATCM–WP32 2006) and the SCAR RiSCC 
biodiversity database (http://www.aad.gov.au/default.asp?casid=3968). The 
application of such databases within frameworks of conservation theory, which has 
been aptly demonstrated for a subantarctic island (Chown et al. 2001), in concert 
with funding of biodiversity research, will provide a more solid scientific basis for 
more effective management decisions. 

One of the recurrent themes identified throughout this volume is the concept of 
Antarctic isolation. The degree of connectivity or isolation of the various ice–free 
areas of the continent remains poorly known. It is clear that most parts of the 
Antarctic cannot simply be described as ‘ pristine’, as a consequence of aerosol 
pollution such as PCBs and heavy metals (Bargagli et al. 2005). Some areas 
however, due to a combination of geography, geology and geomorphological history, 
and extremely limited or zero direct human impact through visitation, can aptly be 
described as the most isolated ecosystems on the planet. It is recognised that these 
areas must be identified and allocated the highest environmental protection possible. 
New scientific data at the species level (Gibson et al. this volume) and at the 
population and gene flow level (Skotnicki and Selkirk this volume, Stevens and 
Hogg this volume) are essential for such Antarctic conservation measures to be 
effective.  

The final major issue at the local scale regards the rapid increase in visitor 
pressure on Antarctica, and links with the previous point in the context of the 
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breakdown of isolation. Here, the ATCM is in the initial stages of grasping the 
implications of this growth. Hemmings and Rouse (2004) described a: 

“conflict between the embedded Antarctic Treaty System priority of protecting the 

Antarctic environment and the priority to open, low–cost access to Antarctica that 

commercial ventures assume or argue for”

Without mitigating measures, tourism will carry increased propagule loads to 
Antarctica, and sequential visits will have significant impacts at local sites. There is 
currently a lack of consideration of the cumulative impacts of multiple visits to the 
same location, and Hemmings and Roura (2004) concluded that there was no 
established procedure to assess the overall impact of tourist visits at any one site. 
Within the ATS, no tourism activity has been the subject of a CEE, and only limited 
use has been made of IEEs. The response of the ATS has been to begin to establish 
site guidelines (Antarctic Treaty Secretariat 2005), particularly with reference to 
mitigating impacts on charismatic megafauna. However, there appear as yet to be no 
monitoring strategies in place assessing the impact of tourism activities on terrestrial 
and limnetic ecosystems, and there is no ‘ collective testing’ of the multiple 
predictions of minor and transitory impact as required in Protocol. This is an issue 
begging scientific investigation. 

Effective management of tourism activities to minimise environmental harm, 
follow–up of the required prediction of impacts, establishment of standards of 
practice and the regulation of operators who do not belong to the self–regulating 
IAATO remain issues confronting the ATS and CEP. Furthermore, within the 
framework of the emerging patterns of visitation described above, discussion of the 
twin concepts of concentrating tourism and identifying ‘ sacrificial sites’, and 
integrating these within the ASPA or ASMA systems is just beginning. 

CLIMATE CHANGE 

Predicted impacts of climate change vary from positive, plastic metabolic responses 
of individual species (as associated flow effects such as improved competitive 
ability) to negative loss in biodiversity associated with changes in environmental 
conditions such as changed water regime and invasion by non–indigenous species 
(Frenot et al. 2005, Convey et al. this volume). Although Antarctica has relatively 
low terrestrial and limnetic biodiversity in terms of species numbers when compared 
to warmer biomes, one should note that value in biodiversity is not just related to 
species numbers alone, but should also include a measure of uniqueness and rarity 
from the genomic through to ecosystem levels. 

Chown and Convey (this volume) and Gibson et al. (this volume) emphasised 
that as we further develop our understanding of Antarctic biodiversity, more 
evidence is being uncovered of important ancient and vicariant elements in the 
Antarctic biota. Such findings should send out clear signals of substantial, global 
biodiversity significance. Furthermore, the widespread use of enzymes from the 
endemic fungi Candida antarctica throughout the biotechnological industries 
demonstrates the potential value to human endeavours of such biota. 

335 



HULL AND BERGSTROM

The Treaty, as an entity, has not engaged in world discussion concerning the 
impacts of climate change. Further, it chose to actively avoid engagement with other 
Treaties and Agreements (ATCM 1994) reinforcing its bilateral approach, leaving 
this up to individual nation states. Scientific research in Antarctica generates a 
considerable contribution to the global knowledge base on climate change and its 
impacts on ecosystems. This knowledge filters into the ATS as described above but 
mechanisms are currently lacking for ensuring its further transmittance. 

The environmental principles of the Madrid Protocol identify atmosphere, 
climate and weather patterns as worthy of protection, however this issue can not be 
mitigated locally in Antarctica by Parties, as it is indeed widely acknowledged as a 
global issue. The ATS could consider playing a greater role in the direct facilitation 
of the transfer of regionally–derived information into the wider community to 
provide input into a process that has a large human component and will directly 
impact on Antarctic biodiversity. The Treaty and the Protocol provides the 
framework for such engagement as it urges co–operation with international 
organisations. Such actions, however, provide a challenge to the status quo.

Rothwell (2000) has noted the Protocol has correlations and overlaps, and no 
conflicts, with other environmental regimes and conventions but was established in 
isolation and without mutual recognition of those treaties, thus reflecting ATS 
reluctance to engage with non–ATS fora. 

Conclusions 

The Antarctic Treaty has been recognized as a successful regime for the last 45 
years. However, as we have argued, there is greater complexity in the current 
environment than was ever envisaged at the Treaty’s birth. Global forces such as 
climate change and pollution impact on the Antarctic environment, while the 
Antarctic continent itself is a significant driving force of the world’s climate. Any 
substantial impact of climate change will not only affect Antarctic biota and habitats, 
but the entire Earth’s biota, particularly if sea level is affected. Thus, there appear to 
be strong imperatives for the ATS to improve engagement with the wider world. 
Furthermore, there is much to be learned from other environment management 
systems, such as a more systematic approach to environmental protection and 
linking with conservation theory, and the development of criteria and standards of 
risk assessment, impact assessment and remediation. As we have described above, 
there are specific areas that could be improved with regard to environmental 
management and conservation. This volume details major advances in the last 20 
years in terrestrial and limnetic science; however we are still just scraping the ‘ tip of 
the iceberg’. If there is one major ‘ take home message’, then that is that increased 
scientific knowledge of the natural environment will undoubtedly improve the 
setting in which sound environmental management decisions are made.  
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Appendix 1. RiSCC protocol for minimising potential for introductions at field 

research sites. 

Risk assessment 
As part of the fieldwork planning process, the following simple risk assessment is conducted: 

Risk assessment questions: 

a. Has any equipment/ equipment cases/field clothing/boots, planned for use in the 
subantarctic/Antarctica been used in other natural environments, particularly alpine or polar 
environments? 

b. What are the means needed to clean this equipment/equipment cases/clothing/boots? 
c. Will the field party be visiting more than one major locality? 
d. If yes, how will the field party ensure that equipment/equipment cases/clothing/boots do not 

carry diaspores between sites? 

Fieldwork
The following recommendations are made with regard to field–work: 

Field planning 

If fieldwork requires moving between major ice–free localities, aim to conduct fieldwork in low diversity 
localities before high diversity localities. 

Equipment

1. When designing field equipment, reduce the capacity of the equipment to carry additional 
material and make the equipment easy to clean and sterilise. 

2. If equipment cannot be cleaned effectively, do not use this equipment to multiple major localities, 
but instead take multiple sets of equipment (eg plankton nets). 

3. Be aware of where equipment cases are stored and that these cases do not accumulate dust or 
invertebrate infestations. 

4. When cleaning items, be particularly vigilant in removing soil, seeds and bryophyte propagules 
(including leaves).  

Outdoor clothing and boots and packs 
If clothing cannot be cleaned with bleach or a similar compound, take new clothing/boots and packs. Be 
aware that items with Velcro can collect seeds (Whinam et al. 2005). Chose items with a minimum, or 
preferably, no Velcro. 

Clean field items between sites. Be particularly vigilant in removing soil, seeds and bryophyte propagules 
(including leaves). 
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Introduction 
“Antarctica is a difficult continent to interpret” (Pickard 1986). 

Twenty years after John Pickard summed up the complexity of the Antarctic region 
in this simple yet deeply profound statement, it is appropriate to ponder whether the 
situation has changed: how has our understanding of the bottom end of the Earth 
improved? Have there been any ‘ earth-shifting’ paradigms developed in the recent 
past? 

Antarctica has now clearly been identified as having a major role in processes 
associated with the Earth System. The role of the formation of Antarctic bottom 
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water as a driver of the thermohaline current is now relatively well understood and 
its influence on the properties of the world’s oceans widely accepted (Foldvik et al. 
2004). Antarctica and the Southern Ocean are recognised as major elements in the 
equation controlling the Earth’s climate and weather, and furthermore, the signals of 
change are acute in some Antarctic locations (Convey this volume). 

Our understanding of the role of the supercontinent Gondwana and its 
subsequent breakup in shaping the Earth’s biota has increased (McLoughlin 2001), 
and if anything, there is a developing understanding and realisation that long 
distance, over-ocean dispersal has actually played a more important role in shaping 
southern continental and island floras (Muñoz et al. 2004, Hughes et al. this volume) 
than previously thought during the era of recognition of plate tectonics. For 
example, using modern molecular methods it is now hypothesised that the major 
lineages in the Poales (sedges and grasses) evolved in separate southern continents 
(Bremmer 2001). As both groups are widely dispersed in all Gonwanan land masses, 
but Africa had rifted apart early during angiosperm evolutionary time, over-ocean 
dispersal must again be considered as a component to the Gondwanan-Antarctic 
equation. Those subantarctic islands with unbroken oceanic histories provide classic 
examples of over–ocean, long distance dispersal being responsible for their entire 
biotas. 

Palaeostudies of various forms have increased our understanding of the past 
climate and biological history of the Antarctic region (Bergstrom et al. this volume) 
and recent ice cores in Antarctica have provided a much needed perspective on 
recent climatic events. The Antarctic continental ice–sheet developed far later than 
previously thought, involving a complicated process of ice advance and retreat, but, 
over the last 480kyr, ice has been the norm, with only 10% of this time spent in 
interglacials (EPICA 2004). Thus the climate change that Earth is experiencing now 
must be viewed as a rare event when compared with the last half a million years of 
the planet’s history, and over the last 1Ma there has been greater percentage of 
icehouse than greenhouse conditions.  

One of the remarkable features of the Antarctic continent and surrounding 
islands is that despite the repeated ice-ages, not all land was covered by substantial 
ice sheets. Thus, there were ice-free refugia. Some localities such as Macquarie 
Island were too low in elevation for the development of an extensive ice-cap 
(Selkirk et al. 1990), while other areas, including continental areas, escaped ice 
cover for other reasons. Regardless of reason, ice-free areas mean habitat available 
for biota. In fact, not even ice-free land is a prerequisite for life, as the emergence of 
the study of epishelf lakes, cryoconite holes and sub-glacial lakes over the last 20 
years has demonstrated (Priscu et al. 2005, Gibson et al. this volume). The essence 
of life, as clearly demonstrated by the driest continent on Earth, is liquid water 
(Convey this volume, Hennion et al. this volume). The loss of liquid water at some 
sites in Antarctica with current climate change will undoubtedly result in loss of 
local biodiversity (Convey this volume). 

Liquid water and ice-free refugia during ice ages has meant long availability of 
habitat, even extending back to the Gondwana era (Bergstrom et al. this volume). 
Understanding of colonisation processes and biogeographic patterns has increased 
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markedly over the last 20 years (eg Hughes et al. this volume, Chown and Convey, 
this volume). The degree of vagility has been identified as an important feature in 
influencing the distribution patterns of species in the Antarctic region (Greve et al. 
2005). Indeed, it has been clearly shown that standard biogeographic factors such as 
distance between land masses, age, local environmental variables and human impact 
are as much relevant in the Antarctic region as elsewhere in the world (Chown et al. 
1998, Chown and Convey this volume), giving strength to the universality of these 
principles. Aerobiological (Marshall 1996), cloche (Smith 2001) and molecular 
genetic studies (Hughes et al. this volume, Skotnicki and Selkirk this volume, 
Stevens and Hogg this volume) have provided evidence of propagule transport of 
vagile species to and/or within the Antarctic regions and their subsequent 
colonisation patterns.  

A tantalising picture of the survival of non–vagile species in ice-free habitats is 
emerging however. Pugh (2003) has concluded that some groups of mites are not 
capable of long–distance dispersal and Bayly et al. (2003) have provided strong 
argument for the presence of vicariant invertebrates in Antarctica (Gibson et al. this 
volume). The recent successful extraction for ancient copepod DNA from Antarctic 
palaeo–samples (Bissett et al. 2005) highlights new and exciting directions for 
future research. The identification of vicariant Gondwana species in the Antarctic 
region will allow us to examine what features of species allow survival through 
multiple ‘ icehouse/ greenhouse’ cycles (Bergstrom et al. this volume). 

The resounding message of current Antarctic biota, is that of isolation and life at 
the end of a planetary spectrum of conditions with regard to many variables 
(Bergstrom et al. this volume, Convey et al. this volume b, Peck et al. 2006). 
‘ Simple’ and ‘ extreme’, words commonly used in the past to describe the Antarctic 
have clearly been shown to be relative terms and perhaps often inappropriate under 
new terms of reference that have been established. Where there is life in the 
Antarctic, even under the most extreme of conditions there is a community of sorts, 
although one of the intriguing components is that, both in terrestrial/freshwater 
environments and marine, often elements, functional groups or guilds are missing 
(Bergstrom and Chown 1999, Clarke and Johnston 2003). This fact highlights that 
Antarctica demonstrates a simple but fundamental concept — that not all ecosystem 
processes are of equal impact. At this end of the spectrum, environmental factors 
(mainly chronically low temperatures, availability of liquid water and the various 
components of solar radiation) generally outweigh the impact of biotic interactions 
such that selection pressures from these physical environmental factors are strong 
(Bergstrom et al. this volume, Convey et al. this volume b). Results of these 
selection pressures include the presentation of life history strategies with features 
such as stress tolerance, lack of competitive ability or investment in dispersal 
strategies, reduced reproductive investment and output in some groups, and 
extended lifespans and life cycles. But more generally, a key element in the response 
of many Antarctic terrestrial and freshwater biota to environmental variation is the 
possession of considerable flexibility in many life history and physiological 
characteristics (Convey et al. this volume b, Hennion et al. this volume). 

With increases in the temperature component of current climate change in many 
locations of the Antarctic, many terrestrial species may respond positively by faster 

343 



BERGSTROM ET AL.

metabolic rates, shorter life cycles and local expansion of populations. But subtle 
negative impacts can also be predicted (and are perhaps being observed) with regard 
to increased exposure to UV-B (Convey this volume, Hennion et al. this volume, 
Robinson et al. 2005). Changes in water availability will also impact on both 
terrestrial and the more the stable, limnetic environments. Local reduction in water 
availability in terrestrial habitats can lead to desiccation stress (Convey this volume) 
and subsequent changes in ecosystem structure, as has been reported from Marion 
Island where there have been dramatic changes in mire communities associated with 
a substantial decrease in rainfall (Smith 2002). 

Changes in both temperature and precipitation, even changes judged as subtle by 
climate scientists, will probably have profound effects on limnetic ecosystems 
through the alteration of the surrounding landscape and of the time, depth and extent 
of surface ice cover, water body volume and lake chemistry (with increased solute 
transport from the land in areas of increased melt) (Quesada et al. this volume, 
Lyons et al. this volume, Quayle et al. 2002, 2003). Predicted impacts of such 
changes will be varied. In shallow lakes, lack of surface ice cover will lead to 
increased wind–induced mixing. Input of freshwater into the mixolimna of deeper 
lakes will increase stability and this, associated with increased primary production, 
will lead to higher organic carbon flux. Such a change will have flow–on effects 
including potential anoxia, shifts in overall biogeochemical cycles and alterations in 
the biological structure and diversity of ecosystems (Lyons et al. this volume). 

The predictions of Lyons et al. (this volume) also serve to illustrate a profound 
paradigm shift in Antarctic science that has occurred in the last 20 years. Although 
they and Convey (this volume) state that we are not yet in a situation where we can 
develop a quantitative predictive model or even models that completely qualifies the 
response of Antarctic systems to climate change, much of the predictions are based 
on a foundation of long-term studies and monitoring, such as those at the McMurdo 
Dry Valleys LTER or British Antarctic Survey sites on Signy Island. Furthermore, 
digital data capture and exchange has been one of the main recent advances in 
Antarctic science, partly due to major advances in all forms of digital technology 
and in shift in altitude towards more scientific data exchange and collective 
approaches to ‘ big science issues’ – indeed bringing to fruition one of the founding 
principles of the Antarctic Treaty system itself (Hull and Bergstrom this volume). 
This means that a more holistic approach can be taken to complex Antarctic science 
questions and increasingly larger datasets made available for these analyses.  

Finally, if the selection pressures of the past in the Antarctic have resulted in 
adaptations with emphases in stress tolerance, plasticity and variation in life 
histories but reduced competitive ability, then Antarctic ecosystems are vulnerable 
to the impact of colonisation by better competitors, that may be at more advantage 
under changed climatic conditions (Bergstrom and Chown 1999, Convey and 
Chown this volume, Convey et al. this volume a). These competitors may be either 
naturally dispersed or have ‘ hitch-hiked’ with humans (Frenot et al. 2005, Whinam 
et al. 2005, Convey this volume).  

With drastic increases in the number of humans visiting the subantarctic and 
Antarctic region (Whinam et al. this volume, Hull and Bergstrom this volume), the 
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looming threat that recent research has gained insight into, is the loss of isolation of 
the region and actual and potential changes to subantarctic and Antarctic ecosystems 
caused by alien species. That there is a correlation between energy availability and 
success rate of alien establishment (Chown and Convey this volume) has given us a 
‘ lucky break’. Some subantarctic islands such as Iles Kerguelen and Marion Island 
have provided us with salient examples of the impact of alien species in isolation of 
other impacts found elsewhere on the planet such as land clearance, salination, acid–
rain and pollution. Some subantarctic islands such as the Heard and McDonald 
Islands and much of maritime and continental Antarctica, however, still remain 
relatively free of the impact of alien species. At locations where aliens have been 
recently been introduced attempts should be made to remove or at least curb the 
expansion of populations and mitigation methods employed such described in 
Whinam et al. (2005). Antarctica has been declared a place of ‘ peace and science’. If 
we fail to stop the transfer of alien biota to and between regions in the Antarctic, we 
greatly degrade the scientific value of the continent. Currently parts of Antarctica 
are the only places on the planet where we can study natural biological phenomena 
in the knowledge that humans have not altered most of the processes. This legacy is 
far too valuable to lose. 
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